Communications Toolbox™

<

MATLAB&SIMULINK

zzzzzz ¢ )L MathWorkse



X B

How to Contact MathWorks

Latest news: www .mathworks. com

Sales and services: www.mathworks.com/sales_and_services
User community: www .mathworks.com/matlabcentral
Technical support: www . mathworks.com/support/contact_us
Phone: 508-647-7000

The MathWorks, Inc.
1 Apple Hill Drive
Natick, MA 01760-2098

Communications Toolbox™ Reference
© COPYRIGHT 2011-2022 by The MathWorks, Inc.

The software described in this document is furnished under a license agreement. The software may be used or copied
only under the terms of the license agreement. No part of this manual may be photocopied or reproduced in any form
without prior written consent from The MathWorks, Inc.

FEDERAL ACQUISITION: This provision applies to all acquisitions of the Program and Documentation by, for, or through
the federal government of the United States. By accepting delivery of the Program or Documentation, the government
hereby agrees that this software or documentation qualifies as commercial computer software or commercial computer
software documentation as such terms are used or defined in FAR 12.212, DFARS Part 227.72, and DFARS 252.227-7014.
Accordingly, the terms and conditions of this Agreement and only those rights specified in this Agreement, shall pertain
to and govern the use, modification, reproduction, release, performance, display, and disclosure of the Program and
Documentation by the federal government (or other entity acquiring for or through the federal government) and shall
supersede any conflicting contractual terms or conditions. If this License fails to meet the government's needs or is
inconsistent in any respect with federal procurement law, the government agrees to return the Program and
Documentation, unused, to The MathWorks, Inc.

Trademarks

MATLAB and Simulink are registered trademarks of The MathWorks, Inc. See
www .mathworks . com/trademarks for a list of additional trademarks. Other product or brand names may be
trademarks or registered trademarks of their respective holders.

Patents

MathWorks products are protected by one or more U.S. patents. Please see www.mathworks.com/patents for
more information.

Revision History

April 2011 First printing New for Version 5.0

September 2011 Online only Revised for Version 5.1 (R2011b)
March 2012 Online only Revised for Version 5.2 (R2012a)
September 2012 Online only Revised for Version 5.3 (R2012b)
March 2013 Online only Revised for Version 5.4 (R2013a)
September 2013 Online only Revised for Version 5.5 (R2013b)
March 2014 Online only Revised for Version 5.6 (R2014a)
October 2014 Online only Revised for Version 5.7 (R2014b)
March 2015 Online only Revised for Version 6.0 (R2015a)
September 2015 Online only Revised for Version 6.1 (R2015b)
March 2016 Online only Revised for Version 6.2 (R2016a)
September 2016 Online only Revised for Version 6.3 (R2016b)
March 2017 Online only Revised for Version 6.4 (R2017a)
September 2017 Online only Revised for Version 6.5 (R2017b)
March 2018 Online only Revised for Version 6.6 (Release 2018a)
September 2018 Online only Revised for Version 7.0 (Release 2018b)
March 2019 Online only Revised for Version 7.1 (Release 2019a)
September 2019 Online only Revised for Version 7.2 (Release 2019b)
March 2020 Online only Revised for Version 7.3 (Release 2020a)
September 2020 Online only Revised for Version 7.4 (Release 2020b)
March 2021 Online only Revised for Version 7.5 (Release 2021a)
September 2021 Online only Revised for Version 7.6 (Release 2021b)
March 2022 Online only Revised for Version 7.7 (Release 2022a)

September 2022 Online only Revised for Version 7.8 (Release 2022b)


https://www.mathworks.com
https://www.mathworks.com/sales_and_services
https://www.mathworks.com/matlabcentral
https://www.mathworks.com/support/contact_us
https://www.mathworks.com/trademarks
https://www.mathworks.com/patents

Apps

1
Functions

2
System Objects

3
Object Functions

4

Blocks

S|

iii






Apps




1 Apps

1-2

Bit Error Rate Analysis

Analyze BER performance of communications systems

Description
The Bit Error Rate Analysis app calculates the bit error rate (BER) as a function of the energy per
bit to noise power spectral density ratio (E}/N,). Using this app, you can:

* Generate BER data for a communications system and analyze performance using:

* Monte Carlo simulations of MATLAB® functions and Simulink® models.
* Theoretical closed-form expressions for selected types of communications systems.

* Run systems contained in MATLAB simulation functions or Simulink models. After you create a
function or model that simulates the system, the Bit Error Rate Analysis app iterates over
your choice of Ey/N, values and collects the results.

* Plot one or more BER data sets on a single set of axes. You can graphically compare simulation
data with theoretical results or simulation data from a series of communications system models.

» Fit a curve to a set of simulation data.
* Plot confidence levels of simulation data.
* Send BER data to the MATLAB workspace or to a file for further processing.

For more information, see “Analyze Performance with Bit Error Rate Analysis App”.



Bit Error Rate Analysis

4 Bit Error Rate Analysis = X
File Acceleration Edit Window Help

Plot BER Data Set Eb/MND (dB) BER # of Bits Confidence Fit Run Time
Level

Monte Carlo Theoretical
Ep/Ng range 1:055 dB

Simulation environment
® MATLAB

Simulink

Function name: viterbisim Browse

Simulation limits
Mumber of errors: 100

or
Number of bits 1e8

Open the Bit Error Rate Analysis App

* MATLAB Toolstrip: On the Apps tab, under Signal Processing and Communications, click the
app icon.

* MATLAB command prompt: Enter bertool.

Examples

Compute BER Using Theoretical Tab
Generate a theoretical estimate of BER performance for a 16-QAM link in AWGN.

Open the Bit Error Rate Analysis app.

bertool
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4 Bit Error Rate Analysis — X
File Edit Window Help
Plot BER Data Set Eb/MND (dB) BER # of Bits Confidence Fit Run Time

Level

Monte Carlo Theoretical

Ep/Ng range: 018 | g8
Channel type: AWGN v
Modulation type: PSK v
Demodulation type
Modulation order: | 2 v

Differential encoding

Channel coding: Synchronization:

® ) Perfect synchronization

) None
Convolutional MNormalized timing error:
Black RMS phase eror (rad):

Plot

On the Theoretical tab, set these parameters to the specified values: E,/N, range to 0:10,
Modulation type to QAM, and Modulation order to 16.

Plot the BER curve by clicking Plot.
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(4 BER Figure )
File Edit Tools Window N
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Compute BER Using Monte Carlo Tab and MATLAB Function Simulation

Simulate the BER by using a custom MATLAB function. By default, the app uses the viterbisim.m
simulation.

Open the Bit Error Rate Analysis app.
bertool

On the Monte Carlo tab, set the E;/N, range parameter to 1: .5:6. Run the simulation and plot the
estimated BER values by clicking Run.

On the Theoretical tab, set E;/N, range to 1:6 and set Modulation order to 4. Enable
convolutional coding by selecting Convolutional. Click Plot to add the theoretical upper bound of
the BER curve to the plot.
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Prepare MATLAB Function for Use in Bit Error Rate Analysis App

Add code to the simulation function template given in the “Template for Simulation Function” topic to
run in the Monte Carlo tab of the Bit Error Rate Analysis.

Prepare Function

Copy the template from the “Template for Simulation Function” topic into a new MATLAB file in the
MATLAB Editor. Save the file in a folder on your MATLAB path, using the file name
bertool simfcn.

Place lines of code that initialize parameters or create objects used in the simulation in the template
section marked Set up initial parameters. This code maps simulation variables to the template
input arguments. For example, snr maps to EbNo.

% Set up initial parameters.

siglen = 1000; Number of bits in each trial
M= 2; DBPSK is binary

snr = EbNo; Because of binary modulation

o® o o°



Bit Error Rate Analysis

% Create an ErrorRate calculator System object to compare
% decoded symbols to the original transmitted symbols.
errorCalc = comm.ErrorRate;

Place the code for the core simulation tasks in the template section marked Proceed with
simulation. This code includes the core simulation tasks, after all setup work has been performed.

msg = randi([0,M-1],siglen,1l); % Generate message sequence

txsig = dpskmod(msg,M); % Modulate

hChan.SignalPower = % Calculate and assign signal power
(txsig'*txsig)/length(txsig)

rxsig = awgn(txsig,snr, 'measured'); % Add noise
decodmsg = dpskdemod(rxsig,M); % Demodulate
berVec = errorCalc(msg,decodmsg); % Calculate BER
totErr = totErr + berVec(2);

numBits = numBits + berVec(3);

After you insert these two code sections into the template, the bertool simfcn function is
compatible with the Bit Error Rate Analysis app. The resulting code resembles this code segment.

function [ber,numBits] = bertool simfcn(EbNo,maxNumErrs,maxNumBits,varargin)

o° o°

See also BERTOOL and VITERBISIM.
% Copyright 2020 The MathWorks, Inc.

% Initialize variables related to exit criteria.
totErr = 0; % Number of errors observed
numBits = 0; % Number of bits processed

--- Set up the simulation parameters. ---
--- INSERT YOUR CODE HERE.
Set up initial parameters.

o° o° of

iglen = 1000; % Number of bits in each trial
= 2; % DBPSK is binary.
nr = EbNo; % Because of binary modulation

Create an ErrorRate calculator System object to compare
decoded symbols to the original transmitted symbols.
errorCalc = comm.ErrorRate;

e Y M)

% Simulate until the number of errors exceeds maxNumErrs
% or the number of bits processed exceeds maxNumBits.
while((totErr < maxNumErrs) && (numBits < maxNumBits))

% Check if the user clicked the Stop button of BERTool.
if isBERToolSimulationStopped(varargin{:})

break
end

--- Proceed with the simulation.

--- Update totErr and numBits.

--- INSERT YOUR CODE HERE.

msg = randi([0,M-1],siglen,1); % Generate message sequence

txsig = dpskmod(msg,M); % Modulate

hChan.SignalPower = ... % Calculate and assign signal power
(txsig'*txsig)/length(txsig);

o° o o°

rxsig = awgn(txsig,snr, 'measured'); % Add noise
decodmsg = dpskdemod(rxsig,M); % Demodulate
berVec = errorCalc(msg,decodmsg); % Calculate BER

totErr = totErr + berVec(2);
numBits = numBits + berVec(3);
end % End of loop

% Compute the BER.

ber = totErr/numBits;

The function has inputs to specify the app and scalar quantities for EbNo, maxNumErrs, and
maxNumBits that are provided by the app. The Bit Error Rate Analysis app is an input because the
function monitors and responds to the stop command in the app. The bertool simfcn function
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excludes code related to plotting, curve fitting, and confidence intervals because the Bit Error Rate
Analysis app enables you to do similar tasks interactively without writing code.

Use Prepared Function

Run bertool simfcn in the Bit Error Rate Analysis app.

Open the Bit Error Rate Analysis app, and then select the Monte Carlo tab.

Set these parameters to the specified values: E,/N, range to 0:10, Simulation environment to

MATLAB, Function name to bertool simfcn, Number of errors to 5, and Number of bits to
le8.

4 Bit Error Rate Analysis - *®

File Acceleration Edit Window Help

Plot BER Data Set Eb/NOD (dB) BER # of Bits Confidence Fit Run Time
Level

Monte Carlo Theoretical

Eg/Ng range: 010 dB

Simulation environment:
) MATLAB

Simulink

Function name bertool_simfcn Browse.

Simulation limits:

Number of errors: 5
or
Number of bits: 1e8
Run
Click Run.

The Bit Error Rate Analysis app computes the results and then plots them. In this case, the results
do not appear to fall along a smooth curve because the simulation required only five errors for each
value in EbNo.
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|4 BER Figure - O X

File Edit View Insert Tools Desktop  Window  Help k
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Fit a curve to the series of points in the BER Figure window, by selecting the Fit parameter in the
data viewer.

Plot BER Data Set Eb/NO (dBE) BER # of Bits Confidence Level | Fit
|  simulation0 0123456789.. 0.1690.1270.105.. 1000100010001.. off [+]

The Bit Error Rate Analysis app plots the fitted curve, as shown in this figure.
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Compute Error Rate Simulation Sweeps Using Bit Error Rate Analysis App

Use the Bit Error Rate Analysis app to compute the BER as a function of E},/Ng. The app analyzes
performance with either Monte Carlo simulations of MATLAB® functions and Simulink® models or
theoretical closed-form expressions for selected types of communications systems. The code in the
mpsksim.m function provides an M-PSK simulation that you can run from the Monte Carlo tab of the

app.

Open the Bit Error Rate Analysis app from the Apps tab or by running the bertool function in the
MATLAB command window.



Bit Error Rate Analysis

4 Bit Error Rate Analysis - >
File Acceleration Edit Wndoew Help

Plat BER Data Set Eb/NO (dB) BER # of Bits Confidence Fit Run Time
Level

Monte Carlo Theoretical
Ey/M; range: 1055 dB

Simulation environment:

=) MATLAB
) Simulink

Function name: viterbisim Browse...

Simulation limits:

Mumber of errors: 100
or
Mumber of bits: 1ed

Run

On the Monte Carlo tab, set the E,/N range parameter to 1:1:5 and the Function name
parameter to mpsksim.
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Theoretical Monte-Carlo

Ey/Ng range:

Simulation environment:

o MATLAE
Simulink

Function name: mpsksim

Simulation limits:
Mumber of errors; .

or
Number of bits:

115] dB

100

Teﬁ'

Browse. ..

Run

Open the mpsksim function for editing, set M=2, and save the changed file.

Run the mpsksim.m function as configured by clicking Run on the Monte Carlo tab in the app.

After the app simulates the set of E},/Ny points, update the name of the BER data set results by
selecting simulation® in the BER Data Set field and typing M=2 to rename the set of results. The
legend on the BER figure updates the label to M=2.

Plot BER Data Set Eb/ND (dB) EER # of Bits Confidence Fit Run Time
Level
:-./ simulationd 1,2,3,.45 0.056284, 0.03751... 100002000, 100... off 00:00:44
Plot BER Data Set Eb/NO (dB) BER # of Bits Confidence Fit Run Time
Lewvel
v" M=2 12345 0.056284, 0.03751... 100002000, 100.. off 00:00:44
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Plot

ekl

File

Edit

WView

4| BER Figure

Insert  Tools

Desktop

Window  Help

Dde @ 0E ~E

BER

0.055%
0.05F
0.045 |
0.04 F
0.035 |

0.03

0.025 [

0.02|

0.015

0.01

M

E./N,

(dB)

4.5

o

Update the value for M in the mpsksim function, repeating this process for M = 4, 8, and 16. For

example, these figures of the Bit Error Rate Analysis app and BER Figure window show results for
varying M values.

BER Data Set

M=2
M=4
M=
M=186

Eb/NO {dB)

1,2,3.4.5
12,345
1,2,3.4.5
1,2,3,45

BER

0.056284, 0.03751
0.056284, 0.03751.
0.10078, 0.080668....
0.15352, 0.13377, ...

# of Bits

100002000, 100...
100002000, 100...
100008000, 100...
100008000, 100...

Confidence

Level

off
off
off
off

Fit

Run Time

00:00:44
00:00:28
00:00:20
00:00:16
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Parallel SNR Sweep Using Bit Error Rate Analysis App

The default configuration for the Monte Carlo processing of the Bit Error Rate Analysis app
automatically uses parallel pool processing to process individual E},/Nq points when you have the
Parallel Computing Toolbox™ software but for the processing of your simulation code:

* Any parfor function loops in your simulation code execute as standard for loops.

* Any parfeval (Parallel Computing Toolbox) function calls in your simulation code execute
serially.

* Any spmd (Parallel Computing Toolbox) statement calls in your simulation code execute serially.

File Acceleration Edit Window Help

Plot Farallel pool | Auto

Off

- AA—="0

Copyright 2020 The MathWorks, Inc.
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Prepare Simulink Model for Use with Bit Error Rate Analysis App

Use a Simulink simulation model to run in the Monte Carlo tab of the Bit Error Rate Analysis app.
Compare the BER performance of the Simulink simulation results with theoretical BER results.

Prepare Model

Open the model by entering doc_bpsk at the MATLAB command prompt.

doc_bpsk
#3 doc_bpsk - Simulink prerelease use - (]} *
SIMULATION MODELING S C (7]
doc_bpsk =
& ||"adoc_bpsk -
“ (BPSK Modulation )
- iy YT e W L Errer Rato
&g Bamoulli . Caleulation i
Binary ¥ BPEE ¥ AWGN ¥ BPEX ¥ Rx
Pus, Error Rate
‘_' Bernoulli Binary BPSK TGN BPSK Calculation Desplay
[ =T bbodulator Charnsl Demodbalaice
Basstar Bassband
B » BER
_!: Ta Workapace
Ready 100% variableStepDiscrate

Initialize parameters in the MATLAB workspace to avoid using undefined variables as block

parameters.

EbNo = 0;
maxNumErrs = 100;
maxNumBits = 1e8;

Ensure that the Bit Error Rate Analysis app uses the correct amount of noise each time it runs the
simulation, by opening the dialog box for the AWGN Channel block and verifying that the Es/No
parameter is set to EbNo.

Note For BPSK modulation, E/N, is equivalent to E},/Nj.

Ensure that the Bit Error Rate Analysis app uses the correct stopping criteria for each iteration by:

* Opening the dialog box for the Error Rate Calculation block and verifying that Target number of
errors is set to maxNumErrs and that Maximum number of symbols is set to maxNumBits.

* Verifying that the simulation stop time is set to Inf.

Enable the Bit Error Rate Analysis app to access the BER results that the Error Rate Calculation
block computes, by ensuring that the BER variable name parameter in the app matches the
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Variable name parameter set in the To Workspace block that connects to the output of the Error
Rate Calculation block.

Tip Select the To Workspace block from the DSP System Toolbox™ / Sinks sublibrary. For more
information, see “To Workspace Block Configuration for Communications System Simulations”.

Use Prepared Model
Run the doc_bpsk model in the Bit Error Rate Analysis app.
Open the Bit Error Rate Analysis app, and then select the Monte Carlo tab.
Set these parameters to the specified values: E,/N, range to 0:9, Simulation environment to
Simulink, Function name to doc_bpsk, Number of errors to 100, and Number of bits to 1e8.
Monte Carlo | Theoretical
E,/Ng range: 0:9) g8

Simulation environment:
MATLAB

» ) Simulink

Model name doc_bpsk Browse...

BER variable name: BER

Simulation limits:

Number of efmars: 100
or
Number of bits: 1e8
Run
Click Run.

The Bit Error Rate Analysis app computes the results and then plots them.
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|4 BER Figure - O
File Edit View Insert Tools Desktop  Window  Help
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Compare these simulation results with the theoretical results, by clicking the Theoretical tab in the
Bit Error Rate Analysis app and setting E;/N, range to 0:9.

Mante Carlo Theoretical

E/N range: [ 09! ge
Channel type: AWGN v
Modulation type: | PSK v
Modulation order: | 2 v

|| Differential encoding

Channel coding:
=) None
Convolutional

Block

Click Plot.

Demodulation type:

Synchronization:
») Perfact synchronization
MNormalized iming error.

RMS phase error (rad):

Plot

1-17



1 Apps

The Bit Error Rate Analysis app plots the theoretical curve in the BER Figure window along with
the earlier simulation results.

|4 BER Figure - O X

File Edit View Insert Tools Desktop  Window  Help k

UDdde @ 0O0EE E

1|]'1 T T T T T T T T

*  simulationD
theoreticalexactd
102 1
o
T
o
103 F E
.3
10* 1
0 1 2 3 4 5 6 7 8 9
EbIND (dB)
Parameters
Theoretical

E,/Ny range — Range of E,/N, values
0:18 (default) | scalar | vector

Range of E}/N, values over which the BER is evaluated, specified as a scalar or vector. Units are in
dB.

Example: 5:10 specifies the evaluation of E;/N, values over the range [5, 10] at 1 dB increments.

Channel type — Type of channel over which BER is evaluated
AWGN (default) | Rayleigh | Rician

Type of channel over which the BER is evaluated, specified as AWGN, Rayleigh, or Rician. The
Rayleigh and Rician options correspond to flat fading channels.

Modulation type — Modulation type of communications link
PSK (default) | DPSK | 0QPSK | PAM | QAM | FSK | MSK | CPFSK

Modulation type of the communications link, specified as PSK, DPSK, 0QPSK, PAM, QAM, FSK, MSK, or
CPFSK.
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Modulation order — Modulation order of communications link
2 (default) | 4| 8| 16|32 | 64

Modulation order of the communications link, specified as 2, 4, 8, 16, 32, or 64.

Differential encoding — Differential encoding of input data
off (default) | on

Select this parameter to enable differential encoding of the input data.

Correlation coefficient — Correlation coefficient
0 (default) | real scalar in the range [-1, 1]

Correlation coefficient, specified as a real scalar in the range [-1, 1].

Dependencies
To enable this parameter, set Modulation type to FSK.

Modulation index — Modulation index
0.5 (default) | positive real scalar

Modulation index, specified as a positive real scalar.

Dependencies
To enable this parameter, set Modulation type to CPFSK.

Demodulation type — Coherent demodulation of input data

on (default) | of f

* Select this parameter to enable coherent demodulation of the input data.

* Clear this parameter to enable noncoherent demodulation of the input data.

Dependencies
To enable this parameter, set Modulation type to FSK or MSK.

Channel coding — Channel coding type used when estimating theoretical BER
None (default) | Convolutional | Block

Channel coding type used when estimating the theoretical BER, specified as None, Convolutional,
or Block.

Synchronization — Synchronization error
Perfect synchronization (default) | Normalized timing error | RMS phase noise level

Synchronization error in the demodulation process, specified as Perfect synchronization,
Normalized timing error, or RMS phase noise (rad).

* When you set Synchronization to Perfect synchronization no synchronization errors are
encountered in the demodulation process.

*  When you set Synchronization to Normalized timing error, you can set the normalized timing
error as a scalar in the range [0, 0.5].

*  When you set Synchronization to RMS phase noise (rad), you can set the RMS phase noise
level as a nonnegative scalar. Units are in radians
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Dependencies

To enable this parameter, set Modulation type to PSK, Modulation order to 2, and Channel
coding to None.

Decision method — Decoding decision method
Hard (default) | Soft

Decoding decision method used to decode the received data, specified as Hard or Soft.

Dependencies

To enable this parameter, set Channel coding to Convolutional or set Channel coding to Block
and set Coding type to General.

Trellis — Convolutional code trellis
poly2trellis(7,[171 133]) (default) | structure

Convolutional code trellis, specified as a structure variable. You can generate this structure by using
the poly2trellis function.

Dependencies
To enable this parameter, set Channel coding to Convolutional.

Coding type — Block coding type
General (default) | Hamming | Golay | Reed-Solomon

Block coding type used in the BER evaluation, specified as General, Hamming, Golay, or Reed-
Solomon.

Dependencies
To enable this parameter, set Channel coding to Block.

N — Codeword length
positive integer

Codeword length, specified as a positive integer.

Dependencies
To enable this parameter, set Channel coding to Block and set Coding type to General.

K — Message length
positive integer

Message length, specified as a positive integer such that K is less than N.

Dependencies
To enable this parameter, set Channel coding to Block and set Coding type to General.

dnin — Minimum distance of (N,K) block code
positive integer

Minimum distance of the (N,K) block code, specified as a positive integer.
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Dependencies
To enable this parameter, set Channel coding to Block and set Coding type to General.
Monte Carlo

E,/Ny range — Range of E,/N, values
1:0.5:5 (default) | scalar | vector

Range of E}/N, values over which the BER is evaluated, specified as a scalar or vector. Units are in
dB.

Example: 4:2:10 specifies evaluation of E}/N, over the range [4, 10] at 2 dB increments.

Simulation environment — Simulation environment
MATLAB (default) | Simulink

Simulation environment, specified as MATLAB or Simulink.

Function name — Name of MATLAB function
viterbisim (default)

Name of the MATLAB function for the app to run for the Monte Carlo simulation.

Dependencies
To enable this parameter, set Simulation environment to MATLAB.

Model name — Name of Simulink model
commgraycode (default)

Name of the Simulink model for the app to run for the Monte Carlo simulation.

Dependencies
To enable this parameter, set Simulation environment to Simulink.

BER variable name — Name of variable containing BER simulation data
grayBER (default)

Name of the variable containing the BER simulation data. To output the BER simulation data to the
MATLAB workspace, you can assign this variable name as the Variable name parameter value in a
To Workspace block.

Tip Select the To Workspace block from the DSP System Toolbox / Sinks sublibrary. For more
information, see “To Workspace Block Configuration for Communications System Simulations”.

Dependencies
To enable this parameter, set the Simulation environment to Simulink.

Number of errors — Number of errors to be measured before simulation stops
100 (default) | positive integer

Number of errors to be measured before the simulation stops, specified as a positive integer.
Typically, to produce an accurate BER estimate,100 measured errors are enough.
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Number of bits — Number of bits to be processed before simulation stops
1le8 (default) | positive integer

Number of bits to be processed before the simulation stops, specified as a positive integer. This
parameter is used to prevent the simulation from running too long.

Note The Monte Carlo simulation stops when either the number of errors or number of bits
threshold is reached.

Tips

* You can stop the simulation by clicking Stop on the Monte Carlo Simulation dialog box.

Simulating mpsksim at Eb/NO = 2 dB

Acceleration: Parallel pool with 6 workers

Version History
Introduced before R2006a

Semianalytic tab in the Bit Error Rate Analysis has been removed
Behavior changed in R2020b

The Semianalytic tab and functionality in the Bit Error Rate Analysis app has been removed. To
generate semianalytic BER results, you can still use the semianalytic function.

For example, this code shows you how to use the semianalytic function to programmatically
generate semianalytic BER results for a BPSK-modulated signal.

data=[0110660111106110060680].";

bpskmod = comm.BPSKModulator

txSig = rectpulse(bpskmod(data),16);

rxSig = rectpulse(bpskmod(data),16); % Before receive filter
modType = ‘psk’;

modOrder = 2;

sps = 16; % samples per symbol

num = ones(16,1) / 16; % Filter numerator

den = 1 % Filter denominator

EbNo = 0:18; % dB

BER = semianalytic(txSig, rxSig,modType,modOrder,sps,num,den,EbNo);
semilogy (EbNo, BER)

See Also

Functions
berawgn | bercoding | berfading | berfit | bersync

Topics

“Analyze Performance with Bit Error Rate Analysis App”
“Bit Error Rate Analysis Techniques”

1-22



Bit Error Rate Analysis

“Analytical Expressions Used in BER Analysis”
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Eye Diagram Analyzer

(Removed) Visualize and measure effects of impairments

Note eyescope has been removed. Use eyediagram instead.

Description

The Eye Diagram Analyzer app displays and measures the effects of various impairments. Using
this app, you can:

* Visualize eye diagrams.
* Measure these quantities:

* Horizontal and vertical eye openings
* Random, deterministic, total, RMS, and peak-to-peak jitter
* Rise and fall times
» Signal-to-noise ratio
* Import and compare measurement results for eye diagrams of multiple signals.

Open the Eye Diagram Analyzer App

* MATLAB Toolstrip: On the Apps tab, under Signal Processing and Communications, click the
app icon.

* MATLAB command prompt: Enter eyescope.

Programmatic Use
eyescope calls an empty scope.

eyescope(obj) calls the eye scope and displays object obj.

Version History
Introduced in R2008b

eyescope has been removed
Errors starting in R2020a

Eye Diagram Analyzer has been removed. Use eyediagram instead.

See Also
eyediagram
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Topics
“Eye Diagram Analysis”
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Wireless Waveform Generator

Create, impair, visualize, and export modulated waveforms

Description

The Wireless Waveform Generator app enables you to create, impair, visualize, and export
modulated waveforms.

Using the app, you can:

Generate custom OFDM, QAM, and PSK modulated waveforms.
Generate sine wave test waveforms.

Generate 5G NR uplink and downlink carrier waveforms. This feature requires “5G Toolbox”. For
more information, see the 5G Waveform Generator app reference page.

Generate LTE modulated waveforms. This feature requires the “LTE Toolbox”. For more
information, see the LTE Waveform Generator app reference page.

Generate WLAN (802.11™) modulated waveforms. This feature requires the “WLAN Toolbox”. For
more information, see the WLAN Waveform Generator app reference page.

Generate Bluetooth modulated waveforms. This feature requires the “Bluetooth Toolbox”.
Generate radar waveforms. This feature requires “Phased Array System Toolbox”.

Generate ZigBee® and UWB (IEEE® 802.15.4z) modulated waveforms. This feature requires the
Communications Toolbox Library for ZigBee and UWB add-on.

Export the waveform to your workspace or to a .mat or a . bb file.
Export waveform generation parameters to a runnable MATLAB script or a Simulink block.

* Use the exported script to generate your waveform without the app from the command line.

* Use the exported block as a waveform source in a Simulink model. For more information, see
Waveform From Wireless Waveform Generator App.

Visualize the waveform in constellation diagram, spectrum analyzer, OFDM grid, and time scope
plots.

Distort the waveform by adding RF impairments, such as AWGN, phase offset, frequency offset,
DC offset, IQ imbalance, and memoryless cubic nonlinearity.

Generate a waveform that you can transmit using a connected radio or lab test instrument.

* To transmit a waveform by using an SDR, connect one of the supported SDRs (ADALM-Pluto,
USRP™, USRP embedded series, and Xilinx® Zyng-based radios) to your computer and have
the associated add-on installed. For more information, see “Transmit Using SDR”.

* To transmit a waveform by using lab test instrument, connect one of the instruments supported
by the rfsiggen function to your computer. For more information, see “Quick-Control RF
Signal Generator Requirements” (Instrument Control Toolbox). This feature requires
“Instrument Control Toolbox”.

+ To transmit your waveforms over the air at full radio device rates, use the Wireless Testbench™
software and connect a supported radio to your computer. For a list of radios that support full
device rates, see “Supported Radio Devices” (Wireless Testbench). This feature requires
“Wireless Testbench”. For an example, see “Transmit App-Generated Wireless Waveform Using
Radio Transmitters” on page 1-49.


https://www.mathworks.com/matlabcentral/fileexchange/62845

Wireless Waveform Generator

For more information, see “Create Waveforms Using Wireless Waveform Generator App”.
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Open the Wireless Waveform Generator App

MATLAB Toolstrip: On the Apps tab, under Signal Processing and Communications, click the app
'
Wireless

icon. Waveform G...

MATLAB Command Prompt: Enter wirelessWaveformGenerator.

Examples

App-Based OFDM Waveform Generation

hlAod
OFDM

Open the Wireless Waveform Generator app and select ' from the Waveform Type
tab to configure an OFDM waveform. Click Generate to generate the default waveform. The
displayed waveform is an OFDM waveform with QPSK-modulated symbols.
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App-Based Impaired 16-QAM Waveform Generation

QAM

Open the Wireless Waveform Generator app and select' ! from the Waveform Type
tab to generate a QAM waveform. Update the default waveform settings to specify a phase imbalance
of 11.25 degrees (pi/16 radians) and an amplitude imbalance of 1.5 dB. Click Generate to generate
the waveform.

DEel

T OAM Mvriorm Comfiguratcn
Uiiatuin pede 18
Symbol mapeng  Grmn
B At Ve piiend
g Bk tanch 17 SO0 1
Anel A T (S| 15
T Fiterng Comfiguiation

THgney roca

Smpped et ol bt | T=1d B
ppreerhy St Pabahd {orrArlpcn Dagram
npair ety
won
Py athed
| Fopipbacy e
TR o
LI
= T b
Prasr Feawrce el o'l

Al kauncy (o0 11

Loy WA o T by

Carrpiried gantrn=pn of QAN wmyvlem.

Select the Filtering parameter and apply root raised cosine filtering. Click Generate again to
generate a waveform using the current configuration. The plotted waveform changes to reflect the
updated configuration.
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App-Based 5G NR Waveform Generation

This example shows how you can generate 5G NR waveforms. For more information, see the 5G
Waveform Generator app reference page.

Open 5G Waveform Generator App

On the Apps tab of the MATLAB toolstrip, under Signal Processing and Communications, click
the 5G Waveform Generator app icon. This app opens the Wireless Waveform Generator app
configured for 5G waveform generation. This feature requires “5G Toolbox”.

Generate 5G NR Waveform

This image shows the visualization results for 5G downlink waveform generation using default
parameters.
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App-Based LTE Waveform Generation

This example shows how you can generate LTE waveforms. For more information, see the LTE
Waveform Generator app reference page.

Open LTE Waveform Generator App

On the Apps tab of the MATLAB toolstrip, under Signal Processing and Communications, click
the LTE Waveform Generator app icon. This app opens the Wireless Waveform Generator app
configured for LTE waveform generation. This feature requires the “LTE Toolbox”.

Generate LTE Waveform

This image shows the visualization results for LTE downlink waveform generation using default
parameters.
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App-Based Bluetooth LE Waveform Generation

This example shows how you can generate Bluetooth® waveforms. This app opens the Wireless
Waveform Generator app configured for Bluetooth waveform generation. This feature requires the
“Bluetooth Toolbox”.

On the Apps tab of the MATLAB toolstrip, under Signal Processing and Communications, click
the Wireless Waveform Generator app icon. This app opens the Wireless Waveform Generator
app. In the Waveform Type section, click Bluetooth Low Energy. Click Generate to generate the
Bluetooth low energy (LE) waveform.

This image shows the visualization results for Bluetooth LE downlink waveform generation using
default parameters.
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App-Based WLAN Waveform Generation

This example shows how you can generate WLAN waveforms. For more information, see the WLAN
Waveform Generator app reference page.

Open WLAN Waveform Generator App

On the Apps tab of the MATLAB toolstrip, under Signal Processing and Communications, click
the WLAN Waveform Generator app icon. This app opens the Wireless Waveform Generator app
configured for WLAN waveform generation. This feature requires the “WLAN Toolbox”.

Generate WLAN Waveform

This image shows the visualization results for WLAN downlink waveform generation using default
parameters.
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App-Based Linear FM Radar Waveform Generation

This example shows how you can generate radar waveforms found in the Phased Array System
Toolbox™. For descriptions of radar waveforms, see the Pulse Waveform Analyzer app reference

page.
Linear FiM

To start, open the Wireless Waveform Generator app and select ——" from the Waveform
Type tab. Use the default waveform settings and click Generate to generate a single waveform.
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4\ Wireless Waveform Generator

TRANSMITTER
= =]
= =
New Open Save

Session Session ¥ Session v

T3 Impairments

P Visualize ~

l)

Generate

eform

~ Linear Frequency Modulated Waveform

Sample rate (

Pulse repefition frequency (Hz)
Number of pulses

Pulse width (s)

Sweep bandwidth (Hz)

Sweep direction

Sweep interval

Envelope
~ Waveform Characteristics

Range resolution
Doppler resolution

Minimum unambiguous range:
Maximum unambiguous range:
Maximum doppler
Time-bandwidth product
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| Rectangular v |
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5
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VBW = 223.789 Hz RBW = 20.0000 kHz Sample Rate = 1.00000 MHz Frames =1 T = 0.0000990000

|Cump|eted generation of Linear FM waveform.

The app shows one linear FM pulse and the spectrum of the pulse.

Next change the number of pulses in the waveform by setting the Number of pulses to 5 and then
select Generate again. There are now five pulses displayed but the spectrum stays the nearly same.
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Completed generation of Linear FM waveform. ——
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App-Based 802.15.4 Waveform Generation

Open the Wireless Waveform Generator app and select

802.15.43/=

_(HRP UWB) from the Waveform Type tab

to generate a UWB waveform. Use the default waveform settings. Click Generate to generate the
waveform.
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Select from the Waveform Type tab to generate an 802.15.4 OQPSK waveform, as

used for ZigBee. Use the default waveform settings. Click Generate to generate the waveform.
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Generate Wireless Waveform in Simulink Using App-Generated Block

This example shows how to configure and use the block that is generated using the Export to
Simulink capability that is available in the Wireless Waveform Generator app.

Introduction

The Wireless Waveform Generator app is an interactive tool for creating, impairing, visualizing,
and exporting waveforms. You can export the waveform to your workspace or to a .mat or .bb file.
You can also export the waveform generation parameters to a runnable MATLAB® script or a
Simulink® block. You can use the exported Simulink block to reproduce your waveform in Simulink.
This example shows how to use the Export to Simulink capability of the app and how to configure
the exported block to generate waveforms in Simulink.

Although this example focuses on exporting an OFDM waveform, the same process applies for all of
the supported waveform types.

Export Wireless Waveform Configuration to Simulink

Open the Wireless Waveform Generator app by clicking the app icon on the Apps tab, under
Signal Processing and Communications. Alternatively, enter wirelessWaveformGenerator at
the MATLAB command prompt.

In the Waveform Type section, select an OFDM waveform by clicking OFDM. In the left-most pane

of the app, adjust any configuration parameters for the selected waveform. Then export the
configuration by clicking Export in the app toolstrip and selecting Export to Simulink.
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The Export to Simulink option creates a Simulink block, which outputs the selected waveform when
you run the Simulink model. The block is exported to a new model if no open models exist.

modelName = 'WWGExport2SimulinkBlock';
open_system(modelName) ;

FFT length: 64
GB subcarriers: [6 5]
Cyclic prefix lengths: [16]
Tx antennas: 1
OFDM symbolds: 100

OFDM Waveform Generator

g

The Form output after final data value by block parameter specifies the output after all of the
specified signal samples are generated. The value options for this parameter are Cyclic
repetition and Setting to zero.The Cyclic repetition option repeats the signal from the
beginning after it reaches the last sample in the signal. The Setting to zero option generates
zero-valued outputs for the duration of the simulation after generating the last frame of the signal.
The Waveform sample rate (Fs) and Waveform length block parameters are derived from the
waveform configuration that is available in the Code tab of the Mask Editor dialog box. For further
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information about the block parameters, see Waveform From Wireless Waveform Generator App. This

figure shows the parameters of the exported block.

Block Pararmeters: OFDihA

OFDM Waveform Generator

code available in the Initialization pane of the Mask Editor.

the UserData of the block.

FParameters

Waveform sample rate (Fs): 64 MHz
Waveform length: 8000 samples

Samples per frame: | 1

Cancel Help Apply

This block was created using the Wireless Waveform Generator app.
The block outputs an OFDM waveform corresponding to the MATLAB

The waveform configuration, sample rate, and length are available in

Form output after final data value by: | Cyclic repetition -

close system(modelName) ;

Connect a Spectrum Analyzer block to the exported block.

modelName = 'WWGExport2SimulinkModel';
open_system(modelName) ;

FFT length: 64
GB subcarriers: [6 5] |
Cyclic prefix lengths: [16]
Tx antennas: 1

OFDM symbods: 100

OFDM Waveform Generator Spectrum
Analyzar

¥

Simulate the model to visualize the waveform using the current configuration.

sim(modelName) ;
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The Spectrum Analyzer block inherits the Waveform sample rate (Fs) parameter, which is 64 MHz.

close system(modelName);

Modify Wireless Waveform Configuration

When you run the Simulink model, the exported block outputs the waveform generated in the Code
tab of the Mask Editor dialog box for the block. The MATLAB code that initializes the waveform in
this tab corresponds to the configuration that you selected in the Wireless Waveform Generator
app before exporting the block. To modify the configuration of the waveform, choose one of these
options:

Open the Wireless Waveform Generator app, select the configuration of your choice, and export
a new block. This option provides interaction with an app interface instead of MATLAB code,
parameter range validation during the parameterization process, and visualization of the
waveform before running the Simulink model.

Update the configuration parameters that are available in the Code tab of the Mask Editor dialog
box of the exported block. This option requires modifying the MATLAB code available in this tab so
that the parameter range validation occurs only when you apply the changes. This option does not
provide visualization of the waveform before running the Simulink model. Modifying the waveform
parameters using this option is not recommended if you are not familiar with the MATLAB code
that generates the selected waveform.
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You can update the configuration in the Code tab of the Mask Editor. To open the Mask Editor, click
the exported block and press Ctrl+M.

P4 Wlask Editor: OFDM Waveform Generator — m} *
DITOR
1] =
Save Mask | Bwaluate Block | Preview Dialog
580 E EWLLATE PREYIEWY
Fararneters & Dialog Code Caonstraints lcan
Search
Initialization & Callbacks
S 1 % Initialization code section ]
Initialization . . q
2] function initialization()
~ Parameters 3 #% Generating OFDM waveform
= NSamps + | a % OFDM conflguration
= OutputsfterFinalvalus + |5 ofdmMod = comm.COFDMModulator{ FFTLength', &4,
g ‘NumiuardBandCarriers®, [6;5].
7 "InsertDCHUll®, false,
] ‘CyclicPrefixlength’, 16,
| ‘Windowing®, false,
1@ ‘Mumsymbols ', 188,
11 "MumTransmit&ntennas ', 1,
12 'PilotInputFort®, false);
15
14 sCs = 1086868 ;
15 M= 4; % Modulation order
16 % input bit source:
17 in = randi{[®& 1], 18688, 1);
15
19 datalnput = gammod{in, M, ‘gray®, 'InputType’, 'bit', 'UnitAveragePower', true);
28 ofdmInfe = info{ofdmMeod);
21 ofdmsize = ofdmInfo.Datalnputsize;
22 datalnput = reshape(datalnput, ofdmsize);
23
24 # Generation
25 waveform = ofdmMod{datalnput);
26
27 Fs = ofdmMod.FFTLength * scs; % Specify the sample rate of the wawveform 1n Hz -
14 ) >

Use the MATLAB code that is available in the Code tab to update the parameters of your choice. For
example, set the subcarrier spacing, scs, to 1,500,000 Hz.
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". Mask Editor: OFDM Waveform Generatar
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% Iniltialization code section
function initializatieon()

Preview Dialog
8 E Wit LLIATE PREWIEW
Search
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= DutputtfterFinalvalue 4
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*% Generating OFDM waveform

% OFDM conflguration

ofdmiod = comm.OFDMModulator{"FFTLength”®,
‘MumiuardBandCarriers®, [6;5].
"InsertDCHUll", false,
‘CyclicPrefixLength’, 1&,
‘Windowing®, false,
‘Mumsymbols ', 188,
‘MumTransmitantennas', 1,
'‘PilotInputPort®, false);

sCs = 1506886;

M= 4; % Modulation order
% input bit source:

in = randi{[® 1], 18688, 1),

datalnput = gammod{in, M,
ofdmInfo = info{ofdmMod);
ofdmsize = ofdmInfe.Catalnputsize;

datalnput = reshape{datalnput, ofdmsize);

‘gray’, "InputType’,

% Generation
waveform = ofdmMod{datalnput’;

Fs = ofdmMod.FFTLength * scs;

‘bit”,

% Specify the sample rate of the waveform in Hz «

‘UnitAverageFower ', truej;

Click OK to apply the changes and close the Mask Editor dialog box. Simulate the model to visualize

the updated waveform.

modelName =
sim(modelName);
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The Spectrum Analyzer block now shows a sample rate of 96 MHz, which is 1.5 times the previous
sample rate, as expected.

Share Wireless Waveform Configuration with Other Blocks in the Model

To access read-only block parameters and waveform configuration parameters, use the UserData
common block property, which is a structure with these fields.

* WaveformConfig: Waveform configuration
* WaveformLength: Waveform length
* Fs: Waveform sample rate

You can access the user data of the exported block by using the get param function.

get param([gcs '/OFDM Waveform Generator'], 'UserData')

ans =
struct with fields:
WaveformConfig: [1x1 comm.OFDMModulator]

WaveformLength: 8000
Fs: 96000000
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Store the structure available in the user data in a base workspace variable by using the InitFcn in
the callback. The InitFcn callback is executed during a model update and simulation. To use this
callback, click the MODELING tab, then click the Model Settings dropdown, and click the Model
Properties option. In the Callbacks pane, select the InitFcn callback. Assign the user data to a
new base workspace variable (for example, cfg).

hodel Properties: WWGExport2 SimulinkbdodeMfithDernod *

Main  Callbacks Info  Description  Bxternal Data

Model callbacks * | Meodel initialization function:
PreLoadFcn 1| cfg = get_parami[gcs "/OFDM Wawveform Generator'], "UserData’);
PostLoadFcn
InitFcn*
StartFcn
Pausefcn

ContinueFcn
StopFen
PreSaveFcn
PostSaveFcn

Pl RN oY

Cancel Help Apply

The parameters that are available in the user data of the exported block are updated every time you
apply configuration changes in the Code tab.

To demodulate the OFDM waveform, add an OFDM Demodulator block to the model. Connect an
AWGN Channel block between the OFDM Waveform Generator and OFDM Demodulator blocks to add
white Gaussian noise to the input signal. Also add a Constellation Diagram block to plot the
demodulated symbols.

modelName = 'WWGExport2SimulinkModelWithDemod';
open_system(modelName) ;

FFT length: 64
GB subcarriers: [6 5] hic Cil
. . - = OFDM -
Cyclic prefix lengths: [16] o BWGEN ® emodulator .-
Tx antennas: 1
OFDM symbeols: 5
OFDM Waveform Generator AWNGM OFDM Demodulator Constellation Diagram

Channel

The parameters that are required to configure the OFDM Demodulator block must match the
parameters that are used to configure the exported block, (otherwise, demodulation fails). To access
the configuration parameters of the exported block, use the variable cfg. This figure shows the
parameters of the OFDM Demodulator block.
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Block Parameters: OFDM Dernodulator *
OFDM Demodulator

Apply OFDM demodulation to the input signal. Enable pilot signal
output to separate it from the data signal after demodulation.

Source code
Parameters
FFT length: |cfg.WaveformCanfig.FFl’Length | :
Mumber of guard bands: |cfg.Waveform{:c:nfig.NumGuardBandCarriers | :

[] Remove DC subcarrier from output
] Pilot output port

Cyclic prefix length: |cfg.Waveform{:c:nfig.{I.“g.rclicF’reﬂ:-{Length | :

Number of OFDM symboals: |cfg.Waveform{:c:nfig.NumSymbals | :

Mumber of receive antennas: |cfg.Waveforch:nfig.NumTran5mit..ﬁ.ntennas | :
Simulate using: Interpreted execution -

Cancel Help Apply

Because the OFDM Demodulator block requires the entire OFDM waveform for demodulation, set the
Samples per frame parameter in the exported block to cfg.WaveformLength. Simulate the model.

sim(modelName) ;
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MEASUREMENTS
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In-phaze Amplitude

Stopped

After demodulating the OFDM waveform by using the OFDM Demodulator block, the Constellation
Diagram block displays the resulting QAM symbols.

Generate Multicarrier Waveforms

For multicarrier generation, the sampling rates for all of the waveforms must be the same. To shift
the waveforms to a carrier offset and aggregate them, you can use the Multiband Combiner block.

modelName = 'WWGExport2SimulinkMulticarrier';
open_system(modelName) ;
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FFT length: 64
GB subcarriers: [6 5]
Cyclic prefiec lemgths: [16]
Tx antennas: 1
OFDM symbols: 100

OFDM Waveform Generator 1 |

FFT length: 64
5B subcarriers: [G 3] ]
Cyclic prefix lengths: [16] > P b E’I;I_:I;ﬁn_lr;dr > |
Tx antennas: 1

OFDM symbels: 100 Multiband
OFDM Waveform Generator 2

Spectrum

Combiner Analyzer

FFT length: 64 7

GB subcarriers: [6 5] -
Cylic prefix lengths: [16] Matrix

Tx antennas: 1 Concatenate

OFDM symbols: 100

OFDM Waveform Generator 3

To shift the waveforms in frequency, you might have to increase the sampling rates. The Multiband
Combiner block provides the option to oversample the input waveforms before shifting and combining
them. This figure shows the parameters of the Multiband Combiner block.
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Black Parameters: Multiband Combiner >
Multiband Combiner (mask) (link)

Combine baseband signals after shifting them to the desired
frequency bands.

Input signals are interpolated, if needed, to avoid distortion before
shifting them per the frequency offsets parameter values. The
interpolation factor is determined automatically or per the ratio of
output sample rate to input sample rate.

Parameters

Input sample rate (Hz): |cfgl.F5 | :

Frequency offsets (Hz): |[-80e6 20e6 100e6] IF

Rate options: | Enforce single-rate processing -

Output sample rate options: | Specify via property -

Output sample rate (Hz): |cfgl.F5*1El

Output delay (samples): 120

Cancel Help Apply

Simulate the model to visualize the waveforms that are centered at -80, 20, and 100 MHz.

sim(modelName) ;
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Transmit App-Generated Wireless Waveform Using Radio Transmitters

This example shows how to use the NI™ USRP™ N310, USRP N320, USRP N321, and USRP X310
radio transmitters available in the Wireless Waveform Generator app to transmit an app-generated
waveform over the air (requires Wireless Testbench™ ). These radio transmitters enable you to
transmit up to 2 GB of contiguous data over the air at full radio device rate.

Introduction

The Wireless Waveform Generator app is an interactive tool for creating, impairing, visualizing, and
transmitting waveforms. Using the USRP N310, USRP N320, USRP N321, and USRP X310 radio
transmitters available in the app, you can transmit your generated waveform repeatedly over the air.
You can also export the waveform generation and transmission parameters to a runnable MATLAB®
script. This example shows how to configure these radio transmitters.

Although this example shows how to transmit an OFDM waveform, the same process applies for all
waveform types that you can generate with the app.
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Set Up for Radio Transmission

To use the radio transmitters in the app, you need to install the Wireless Testbench Support Package
for NI USRP Radios add-on and set up your radio outside the app. For more information, see
“Connect and Set Up NI USRP Radios” (Wireless Testbench).

Generate Waveform for Transmission

Open the Wireless Waveform Generator app by clicking the app icon on the Apps tab, under
Signal Processing and Communications. Alternatively, enter wirelessWaveformGenerator at
the MATLAB command prompt.

In the Waveform Type section, select an OFDM waveform by clicking OFDM. In the leftmost pane of
the app, adjust any configuration parameters for the selected waveform. Then generate the
configuration by clicking Generate in the app toolstrip.

4\ Wireless Waveform Generator

GEMERATOR. TRANSMITTER
™5 = T ¢ 14 Impairments £

= O a & W o B || &

New Open Save GFDM v SK Sine Wave FMCW venal= Generate || Export
Session Session v Session v FH Default Layout -

HiE & MAEF GEHERAT DA Generate waveform

f S ————— |

Waveform

~ OFDM Waveform Configuration

Guard band subcamiers:
[]insert DS null
[[] Windoving
Subcarrier spacing {Hz)
[[] itot input 0
OFDM input fype: \Wi'l Frequency (MHz)
Stopped VBW = 699.341 Hz RBW = 62.5000 kHz Sample Rate = 64.0000 MHz Frames =80 T = 0.000124984
~ QAM Waveform Configuration
OFDM Subcarrier Mapping
Modulation order: | 4 | OFDM Subcarrier Mapping for All Tx Antennas
Symbol mapping: | Gray v | 60
Bit source: | User-defined v |
Size of inpul bits:  [10800 1] w 50 Guard Band
= Filtering Configuration _?,
E 30
Filtering: | Hone v g
3 20
[
% Data
10
10 20 30 40 50 60 70 &0 90 100
OFDM Symbols
Completed generation of OFDM waveform ——

Configure Radio Transmitter

Select the Transmitter tab from the app toolstrip. In the transmitter gallery, select the USRP N310,
USRP N320, USRP N321, or USRP X310 radio transmitter.

In the leftmost pane of the app, select the name of a radio setup configuration that you saved using
the Radio Setup wizard. For more information, see “Connect and Set Up NI USRP Radios” (Wireless
Testbench).
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Set the center frequency, gain, and antennas configuration parameters. The app automatically sets
the waveform sample rate based on the waveform that you generated earlier. The radio transmitter
uses onboard data buffering to ensure contiguous data transmission at up to the full hardware sample
rate. If necessary, to achieve the specified sample rate, the radio uses a Farrow rate converter. Use
this list as a reference when setting the sample rate:

* USRP N310 — 120,945 Hz to 76.8 MHz, or one of: 122.88 MHz, 125 MHz, or 153.6 MHz
* USRP N320 — 196,851 Hz to 125 MHz, or one of: 200 MHz, 245.76 MHz or 250 MHz

+ USRP N321 — 196,851 Hz to 125 MHz, or one of: 200 MHz, 245.76 MHz or 250 MHz

+ USRP X310 — 181,418 Hz to 100 MHz, or one of: 184.32 MHz or 200 MHz

4\ Wireless Waveform Generator

‘GENERATOR TRANSMITTER

=

nstrument  USRP N310

EY
=
USRP N320

2 N "~ =

= = A [> z

USRPN321  USRPX310 |7 Find Transmit r
Hardware

TTER TYPE TRANSMISSION

Transmitter Spectrum Analyzer

~ USRP N320 Baseband Transmitter

MyN320 [ v |

IP address / Domain name:  “192 185.10.3"

Saved Configuration

Adhwuddnihes Abihi

Selectar tup cenfiguration previously saved in the Radio Setup
~ Signal Conditioning & Transmission wizard of Wireless Testbench Support P: e for NI USRFP Radios

—
Waveform sample rate (Hz):  6.4e+07

Transmitler sample rate (Hz): 6.48+07

Center frequency (Hz) | 2.4e+08

Antennas: | ["RFO:TX/RX" ] v

Stopped VBW = 699.341 Hz RBW = 62.5000 kHz Sample Rate = 64.0000 MHz Frames = 80 T = 0.000124984
OFDM Subcarrier Mapping
OFDM Subcarrier Mapping for All Tx Antennas

H Guard Band

8

=

=

[}

8

9

o Data

10 20 30 40 50 60 70 80 90 100
OFDM Symbols

1 Wireless Testbench radie found —

Transmit Waveform
To transmit the waveform continuously, click Transmit. To end the continuous transmission, click

Stop transmission. To export the waveform generation and transmission parameters to a runnable
MATLAB script, click Export MATLAB script.

Version History
Introduced in R2018b
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See Also

Apps
Bit Error Rate Analysis

Functions
rfsiggen

Blocks
Waveform From Wireless Waveform Generator App

Topics

“Create Waveforms Using Wireless Waveform Generator App”
“Quick-Control RF Signal Generator Requirements” (Instrument Control Toolbox)
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Restore ordering of symbols using algebraically derived permutation table
Syntax

deintrlvd = algdeintrlv(data,num, 'takeshita-costello', k,h)
deintrlvd = algdeintrlv(data,num, 'welch-costas',alph)
Description

deintrlvd = algdeintrlv(data,num, 'takeshita-costello',k,h) restores the original
ordering of the elements in data using a permutation table that is algebraically derived using the
Takeshita-Costello method. num is the number of elements in data if data is a vector, or the number
of rows of data if data is a matrix with multiple columns. In the Takeshita-Costello method, num
must be a power of 2. The multiplicative factor, k, must be an odd integer less than num, and the
cyclic shift, h, must be a nonnegative integer less than num. If data is a matrix with multiple rows
and columns, the function processes the columns independently.

deintrlvd = algdeintrlv(data,num, 'welch-costas',alph) uses the Welch-Costas method.
In the Welch-Costas method, num+1 must be a prime number. alph is an integer between 1 and num
that represents a primitive element of the finite field GF(num+1).

To use this function as an inverse of the algintrlv function, use the same inputs in both functions,
except for the data input. In that case, the two functions are inverses in the sense that applying
algintrlv followed by algdeintrlv leaves data unchanged.

Examples

Interleave and Deinterleave Symbols
This example uses the Takeshita-Costello method of algintrlv and algdeintrlv.

Generate random data symbols to interleave. The number of rows of input data, num, must be a
power of two.

num = 16;
ncols = 3;
data = rand(num,ncols)

data = 16x3
0.8147 0.4218 0.2769
0.9058 0.9157 0.0462
0.1270 0.7922 0.0971
0.9134 0.9595 0.8235
0.6324 0.6557 0.6948
0.0975 0.0357 0.3171
0.2785 0.8491 0.9502
0.5469 0.9340 0.0344
0.9575 0.6787 0.4387
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0.9649 0.7577 0.3816

Interleave the symbols using the Takeshita-Costello method. Set the multiplicative factor, k, to an odd
integer less than num, and the cyclic shift, h, to a nonnegative integer less than num.

k = 3;
h =4;
intdata

algintrlv(data,num, 'takeshita-costello',k,h)

intdata = 16x3

0.9572 0.6555 0.1869
0.2785 0.8491 0.9502
0.1576 0.7431 0.7655
0.0975 0.0357 0.3171
0.8147 0.4218 0.2769
0.1270 0.7922 0.0971
0.9058 0.9157 0.0462
0.9575 0.6787 0.4387
0.5469 0.9340 0.0344
0 0.0318 0.6463

.1419

Deinterleave the symbols to obtain the original order.

deintdata = algdeintrlv(intdata,num, 'takeshita-costello', k,h)

deintdata = 16x3
0.8147 0.4218 0.2769
0.9058 0.9157 0.0462
0.1270 0.7922 0.0971
0.9134 0.9595 0.8235
0.6324 0.6557 0.6948
0.0975 0.0357 0.3171
0.2785 0.8491 0.9502
0.5469 0.9340 0.0344
0.9575 0.6787 0.4387
0 0.7577 0.3816

. 9649

Version History
Introduced before R2006a

References

[1] Heegard, Chris, and Stephen B. Wicker, Turbo Coding, Boston, Kluwer Academic Publishers,
1999.
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[2] Takeshita, O. Y., and D. ]J. Costello, Jr., “New Classes Of Algebraic Interleavers for Turbo-Codes,”
Proc. 1998 IEEE International Symposium on Information Theory, Boston, Aug. 16-21, 1998.
p. 419.

Extended Capabilities

C/C++ Code Generation
Generate C and C++ code using MATLAB® Coder™.

See Also
algintrlv

Topics
“Interleaving”
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algintriv

Reorder symbols using algebraically derived permutation table
Syntax

intrlvd = algintrlv(data,num, 'takeshita-costello', k,h)
intrlvd = algintrlv(data,num, 'welch-costas', alph)
Description

intrlvd = algintrlv(data,num, 'takeshita-costello',k,h) rearranges the elements in
data using a permutation table that is algebraically derived using the Takeshita-Costello method.
num is the number of elements in data if data is a vector, or the number of rows of data if data is a
matrix with multiple columns. In the Takeshita-Costello method, num must be a power of 2. The
multiplicative factor, k, must be an odd integer less than num, and the cyclic shift, h, must be a
nonnegative integer less than num. If data is a matrix with multiple rows and columns, the function
processes the columns independently.

intrlvd = algintrlv(data,num, 'welch-costas',alph) uses the Welch-Costas method. In
the Welch-Costas method, num+1 must be a prime number. alph is an integer between 1 and num
that represents a primitive element of the finite field GF(num+1). This means that every nonzero
element of GF(num+1) can be expressed as alph raised to some integer power.

Examples

Reorder Symbols Using Algebraically Derived Permutation Table

This example illustrates how to use the Welch-Costas method of algebraic interleaving.
Define num such that num+1 is prime. Create data to interleave.

num = 10;

ncols = 3; % Number of columns of data to interleave

data = randi([0® num-1],num,ncols); % Random data to interleave

Find primitive polynomials of the finite field GF(num+1). The gfprimfd function represents each
primitive polynomial as a row containing the coefficients in order of ascending powers.

pr = gfprimfd(1, 'all',num+1)

pr = 4x2

ouhWw
==

Notice from the output that pr has two columns and that the second column consists solely of 1s. In
other words, each primitive polynomial is a monic degree-one polynomial. This is because num+1 is
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prime. As a result, to find the primitive element that is a root of each primitive polynomial, find a root
of the polynomial by subtracting the first column of pr from num+1 .

primel = (num+l)-pr(:,1) % Primitive elements of GF(num+1)
primel = 4x1

8

7

6

2

Now define alph as one of the elements of primel and use algintrlv to interleave.

alph = primel(1);
intrlvd = algintrlv(data,num, 'Welch-Costas', alph);

Algorithms

* A Takeshita-Costello interleaver uses a length-num cycle vector whose nth element is
mod (k*(n-1)*n/2, num) for integers n between 1 and num. The function creates a permutation
vector by listing, for each element of the cycle vector in ascending order, one plus the element's
successor. The interleaver's actual permutation table is the result of shifting the elements of the
permutation vector left by h. (The function performs all computations on numbers and indices
modulo num.)

» A Welch-Costas interleaver uses a permutation that maps an integer K to mod (AX, num+1) - 1.

Version History
Introduced before R2006a

References

[1] Heegard, Chris, and Stephen B. Wicker, Turbo Coding, Boston, Kluwer Academic Publishers,
1999.

[2] Takeshita, O. Y., and D. ]J. Costello, Jr., “New Classes Of Algebraic Interleavers for Turbo-Codes,”

Proc. 1998 IEEE International Symposium on Information Theory, Boston, Aug. 16-21, 1998.
p. 419.

Extended Capabilities

C/C++ Code Generation
Generate C and C++ code using MATLAB® Coder™.

See Also
algdeintrlv
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Topics
“Interleaving”
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amdemod

Amplitude demodulation

Syntax

z = amdemod(y,Fc,Fs)

z = amdemod(y,Fc,Fs,ini phase)

z = amdemod(y,Fc,Fs,ini phase,carramp)

z = amdemod(y,Fc,Fs,ini phase,carramp,num,den)
Description

z = amdemod(y, Fc,Fs) returns a demodulated signal z, given the input amplitude modulated (AM)
signal y, where the carrier signal has frequency Fc. The carrier signal and y have sampling frequency
Fs. The modulated signal y has zero initial phase and zero carrier amplitude, resulting from a
suppressed-carrier modulation.

Note The value of Fs must satisfy Fs = 2Fc.

z = amdemod(y,Fc,Fs,ini phase) specifies the initial phase of the modulated signal in radians.

z = amdemod(y,Fc,Fs,ini phase, carramp) demodulates a signal created through transmitted-
carrier modulation instead of suppressed-carrier modulation, where carramp is the carrier amplitude
of the modulated signal.

z = amdemod(y,Fc,Fs,ini phase,carramp,num,den) specifies the numerator and
denominator of the lowpass Butterworth filter used in the demodulation. The numerator and
denominator are generated by [num,den] = butter(n,Fc*2/Fs), where n is the order of the
lowpass filter.

Examples

Demodulate AM Signal

Set the carrier frequency to 10 kHz and sampling frequency to 80 kHz. Generate a time vector having
a duration of 0.01 s.

fc 10e3;
fs 80e3;
t = (0:1/fs:0.01)";

Create a two-tone sinusoidal signal with frequencies 300 and 600 Hz.
S = sin(2*pi*300*t)+2*sin(2*pi*600*t);
Create a lowpass filter.

[num,den] = butter(10,fc*2/fs);
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Amplitude modulate the signal s.

y = ammod (s, fc,fs);

Demodulate the received signal.

z = amdemod(y, fc,fs,0,0,num,den);

Plot the original and demodulated signals.
plot(t,s,'c',t,z,'b--")

legend('Original Signal', 'Demodulated Signal')

xlabel('Time (s)"')
ylabel('Amplitude")
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0 0001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Time (s)

The demodulated signal is nearly identical to the original signal.

Input Arguments

y — Amplitude modulated input signal
scalar | vector | matrix | 3-D array

Amplitude modulated input signal, specified as a scalar, vector, matrix, or 3-D array. Each element of
y must be real.

Data Types: double | single
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Fc — Carrier signal frequency
positive scalar

Carrier signal frequency in hertz (Hz), specified as a positive scalar.

Data Types: double

Fs — Sampling frequency
positive scalar

Sampling frequency of the carrier signal and input message signal in hertz (Hz), specified as a

positive scalar. To avoid aliasing, the value of Fs must satisfy Fs > 2(Fc + BW), where BW is the
bandwidth of the original modulated signal.

Data Types: double

ini_phase — Initial phase
scalar

Initial phase of the modulated signal in radians, specified as a scalar.

Data Types: double

carramp — Carrier amplitude
scalar

Carrier amplitude of the modulated signal, specified as a scalar.

Data Types: double

num — Lowpass Butterworth filter numerator
scalar

Lowpass Butterworth filter numerator, specified as a scalar.

Data Types: double

den — Lowpass Butterworth filter denominator
scalar

Lowpass Butterworth filter denominator, specified as a scalar.

Data Types: double

Output Arguments

z — Amplitude demodulated output signal
scalar | vector | matrix | 3-D array

Amplitude demodulated output signal, returned as a scalar, vector, matrix, or 3-D array.

Version History
Introduced before R2006a
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See Also
ammod | ssbdemod | fmdemod | pmdemod

Topics
“Analog Passhand Modulation”
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ammod

Amplitude modulation

Syntax

ammod (x, Fc,Fs)
ammod (x,Fc,Fs,ini phase)
ammod(x,Fc,Fs,ini phase,carramp)

Yy
Yy
Yy

Description

y = ammod (X, Fc,Fs) returns an amplitude modulated (AM) signal y, given the input message
signal x, where the carrier signal has frequency Fc. The carrier signal and x have a sampling
frequency Fs. The modulated signal has zero initial phase and zero carrier amplitude, so the result is
suppressed-carrier modulation.

Note The value of Fs must satisfy Fs = 2Fc.

y = ammod(x,Fc,Fs,ini phase) specifies the initial phase in the modulated signal y in radians.

y = ammod(x,Fc,Fs,ini phase,carramp) performs transmitted-carrier modulation instead of
suppressed-carrier modulation where carramp is the carrier amplitude of the modulated signal.

Examples

Compare Double-Sideband and Single-Sideband Amplitude Modulation
Set the sample rate to 100 Hz. Create a time vector 100 seconds long.

fs = 100;
t = (0:1/fs:100)"';

Set the carrier frequency to 10 Hz. Generate a sinusoidal signal.

fc = 10;
X = sin(2*pi*t);

Modulate x using single- and double-sideband AM.

ammod (x, fc, fs);
ssbmod(x, fc,fs);

ydouble
ysingle

Create a spectrum analyzer object to plot the spectrum of the double-sideband signal.

sadsb = spectrumAnalyzer( ...
SampleRate=fs,
PlotAsTwoSidedSpectrum=false,
YLimits=[-60 30]);
sadsb(ydouble)
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Frocessing

ESTIMATIOM MEASUREMENTS SPECTRUM SPECTRAL MASK  CHANNMEL MEASUREMENTS

24
Frequency

VBW = 819.540 uHz RBW = 48.8281 mHz Sample Rate = 100.000 Hz Frames =1 T = 100.000

Create a separate spectrum analyzer object to plot the single-sideband spectrum. A separate
spectrum analyzer object is used to isolate each spectrum analyzer's signal buffers for the two
signals.

sassb = spectrumAnalyzer(
SampleRate=fs,
PlotAsTwoSidedSpectrum=false,
YLimits=[-60 30]);
sassb(ysingle)
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ESTIMATIOM MEASUREMENTS SPECTRUM SPECTRAL MASK  CHANNMEL MEASUREMENTS

21 24
Frequency

VBW = 819.540 uHz RBW = 48.8281 mHz Sample Rate = 100.000 Hz Frames =1 T = 100.000

Input Arguments

x — Input message signal
scalar | vector | matrix | 3-D array

Input message signal, specified as a scalar, vector, matrix, or a 3-D array. Each element of x must be
real.

Data Types: single | double

Fc — Carrier signal frequency
positive real scalar

Carrier signal frequency in hertz (Hz), specified as a positive real scalar.
Data Types: single | double

Fs — Sampling frequency
positive real scalar

Sampling frequency of carrier signal and input message signal in hertz (Hz), specified as a positive
real scalar. To avoid aliasing, the value of Fs must satisfy Fs > 2(Fc + BW), where BW is the bandwidth
of x.

Data Types: single | double
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ini_phase — Initial phase
real scalar

Initial phase of the modulated signal in radians, specified as a real scalar.

Data Types: single | double

carramp — Carrier amplitude
real scalar

Carrier amplitude of the modulated signal, specified as a real scalar.

Data Types: single | double

Output Arguments

y — Amplitude modulated output signal
scalar | vector | matrix | 3-D array

Amplitude modulated signal, returned as a scalar, vector, matrix, or 3-D array.

Version History
Introduced before R2006a

See Also
amdemod | ssbmod | fmmod | pmmod

Topics
“Analog Passhand Modulation”
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apskdemod

Amplitude phase shift keying (APSK) demodulation

Syntax

z = apskdemod(y,M, radii)

z = apskdemod(y,M, radii,phaseoffset)
z = apskdemod(  ,Name,Value)
Description

z = apskdemod(y,M, radii) performs APSK demodulation of the input signal y, based on the
specified number of constellation points per PSK ring, M, and the radius of each PSK ring, radii. For
a description of APSK demodulation, see “APSK Hard Demodulation” on page 2-23 and “APSK Soft
Demodulation” on page 2-24.

Note apskdemod specifically applies to multiple ring PSK constellations. For a single ring PSK
constellation, use pskdemod.

z = apskdemod(y,M, radii,phaseoffset) specifies an initial phase offset for each PSK ring of
the APSK modulated signal.

z = apskdemod(  ,Name,Value) specifies options using one or more name-value pair
arguments using any of the previous syntaxes. For example, 'OutputDataType', 'double’
specifies the desired output data type as double. Specify name-value pair arguments after all other
input arguments.

Examples

Demodulate 16-APSK Signal

Demodulate a 16-APSK signal that has an unequal number of constellation points on each circle. Plot
the received constellation.

Define vectors for modulation order and PSK ring radii. Generate random 16-ary data symbols.
M= [4 12];

radii = [1 21;

modOrder = sum(M);

X = randi([0 modOrder-1],1000,1);

Apply APSK modulation to the data.

txSig = apskmod(x,M, radii);

Pass the modulated signal through a noisy channel.



apskdemod

snr

= 20; % dB
rxsig =

awgn(txSig,snr, 'measured');
Plot the transmitted (reference) signal points and the noisy received signal points.

plot(rxSig, 'b*")

hold on

grid

plot(txSig, 'r+")

xlim([-3 3])

ylim([-3 3])

xlabel('In-Phase')

ylabel('Quadrature")

legend('Received constellation', 'Reference constellation')

#  Received constellation
+ Reference constellation

Quadrature
L=

In-Phase

Demodulate the received signal and compare to the input data.

z = apskdemod(rxSig,M, radii);
isequal(x,z)

ans = logical
1

2-17



2 Functions

Demodulate 64-APSK Custom Symbol Mapped Signal

Demodulate a 64-APSK signal with custom symbol mapping. Compute hard decision bit output and
verify that the input matches the output.

Define vectors for modulation order and PSK ring radii. Generate 100 symbols of random bit input.

M = [8 12 16 28]; % 4-PSK circles

modOrder = sum(M);

radii = [0.5 1 1.3 2];

X = randi([0 1],100*1og2(modOrder),1);

Create a custom symbol mapping vector of binary mapping.
cmap = 0:63;

Modulate the data and plot the constellation.

y = apskmod(x,M, radii, 'SymbolMapping',cmap, 'inputType', 'bit"',
'PlotConstellation’, true);

64-APSK with Custom Mapping

25+ .
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Quadrature Amplitude
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At 510100 o111 %1{)0001 11101 ]
I qio101 P11 ,d11100 |
1.5 »d10110 F1on
Al #1011 1 0ag1100d 1" |
25} ]

25 -2 415 1 L5 0 05 1 15 2 25
In-phase Amplitude
Demodulate the received signal.
z = apskdemod(y,M, radii, 'SymbolMapping',cmap, 'OutputType', 'bit');
Verify that the demodulated signal is equal to the original data.

isequal(x,z)
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ans = logical
1

Soft Bit Demodulate 32-APSK Signal
Demodulate a 32-APSK signal and calculate soft bits.

Define vectors for modulation order and PSK ring radii. Generate 10000 symbols of random bit data.
M= [16 16];

modOrder = sum(M);

radii = [0.6 1.2];

numSym = 10000;
x = randi([0 1], numSym*1log2(modOrder),1);

Generate a reference constellation. Create a constellation diagram object.

refAPSK = apskmod(0:modOrder-1,M, radii);

constDiagAPSK = comm.ConstellationDiagram('ReferenceConstellation', refAPSK,
'Title', 'Received Symbols', 'XLimits',[-2 21, 'YLimits',[-2 21);

Modulate the data.

txSig = apskmod(x,M,radii, 'InputType', 'bit"');
sigPow = var(txSig);

Pass the signal through a noisy channel.

snr = 15;
rxSig = awgn(txSig,snr,sigPow, 'linear"');

Plot the reference and received constellation symbols.

constDiagAPSK(rxSig)
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MEASUREMENTS

Received Symbols

]
=
=
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o
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In-phase Amplitude

Faused

Demodulate the signal and compute soft bits.

z = apskdemod(rxSig,M, radii, 'OutputType', "approxllr’,
'NoiseVariance',sigPow/snr);

Input Arguments

y — APSK modulated signal
scalar | vector | matrix

APSK modulated signal, specified as a complex scalar, vector, or matrix. Each column is treated as an
independent channel.

Data Types: double | single
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Complex Number Support: Yes

M — Constellation points per PSK ring
vector

Constellation points per PSK ring, specified as a vector with more than one element. Vector elements
indicate the number of constellation points in each PSK ring. The first element corresponds to the
innermost circle, and so on, until the last element, that corresponds to the outermost circle. Element
values must be multiples of four and sum(M) must be a power of two. The modulation order is the
total number of points in the signal constellation and equals the sum of the vector elements, sum(M).

Example: [4 12 16] specifies a three PSK ring constellation with a modulation order of sum(M) =
32.

Data Types: double

radii — PSK ring radii
vector

PSK ring radii, specified as a vector with the same length as M. The first element corresponds to the
innermost circle, and so on, until the last element, that corresponds to the outermost circle. The
elements must be positive and arranged in increasing order.

Example: [0.5 1 2] defines constellation PSK ring radii. The inner ring has a radius of 0.5, the
second ring has a radius of 1.0, and the outer ring has a radius of 2.0.

Data Types: double

phaseoffset — PSK ring phase offsets
[pi/M(1) pi/M(2) .. pi/M(end)] (default) | scalar | vector

Phase offset of each PSK ring in radians, specified as a scalar or vector with the same length as M.
The first element corresponds to the innermost circle, and so on, until the last element, that
corresponds to the outermost circle. The phaseoffset can be a scalar only if all the elements of M
are the same value.

Example: [pi/4 pi/12 pi/16] defines three constellation PSK ring phase offsets. The inner ring
has a phase offset of pi/4, the second ring has a phase offset of pi/12, and the outer ring has a phase
offset of pi/16.

Data Types: double
Name-Value Pair Arguments

Specify optional pairs of arguments as Namel=Valuel, ..., NameN=ValueN, where Name is the
argument name and Value is the corresponding value. Name-value arguments must appear after
other arguments, but the order of the pairs does not matter.

Before R2021a, use commas to separate each name and value, and enclose Name in quotes.

Example: y = apskdemod(x,M, radii, 'OutputType', 'bit', 'OutputDataType', 'single');

SymbolMapping — Symbol mapping
'gray' | 'contourwise-gray' | integer vector

Symbol mapping, specified as the comma-separated pair consisting of SymbolMapping and one of
the following:
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* ‘'contourwise-gray' — Uses Gray mapping along the contour in phase dimension.

* 'gray' — Uses Gray mapping along the contour in both the amplitude and phase dimensions. For
Gray symbol mapping, all the values for M must be equal and all the values for phaseoffset must
be equal. For a description of the Gray mapping used, see [2].

» integer vector — Use custom symbol mapping. Vector must consist of sum(M) unique elements
with values from 0 to (sum(M) -1). The first element corresponds to the constellation point in the
first quadrant of the innermost circle, with subsequent elements positioned counterclockwise
around the PSK rings.

The default symbol mapping depends on M and phaseOffset. When all the elements of M and
phaseOffset are equal, the default is 'gray'. For all other cases, the default is ' contourwise-

gray'.
Data Types: double | char | string

OutputType — Output type
"integer' (default) | 'bit' | 'llr' | 'approxllr’

Output type, specified as the comma-separated pair consisting of 'OQutputType' and 'integer’,
'bit', 'llr', or 'approxllr'. For a description of the returned output, see z.

Data Types: char | string

OutputDataType — Output data type
‘double’ (default) | ...

Output data type, specified as the comma-separated pair consisting of OutputDataType and one of
the indicated data types. Acceptable values for QutputDataType depend on the OutputType value.

OutputType Value Acceptable OutputDataType Values

"integer’ 'double’, 'single', 'int8"', 'intl6"', 'int32"', 'uint8', 'uintl6’,
or 'uint32'
'bit! 'double’, 'single', 'int8"', 'intl6"', 'int32"', 'uint8', 'uintl6’,

'uint32', or 'logical'’

Dependencies
This name-value pair argument applies only when OutputType is set to 'integer' or 'bit"'.
Data Types: char | string

NoiseVariance — Noise variance
1 (default) | positive scalar | vector of positive values

Noise variance, specified as the comma-separated pair consisting of NoiseVariance and a positive
scalar or vector of positive values.

»  When specified as a scalar, the same noise variance value is used on all input elements.

* When specified as a vector, the vector length must be equal to the number of columns in the input
signal.

When the noise variance or signal power result in computations involving extreme positive or
negative magnitudes, see “APSK Soft Demodulation” on page 2-24 for algorithm selection
considerations.
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Dependencies

This name-value pair argument applies only when OutputTypeissetto 'Llr' or 'approxllr"'.

Data Types: double

PlotConstellation — Option to plot constellation
false (default) | true

Option to plot constellation, specified as the comma-separated pair consisting of
'PlotConstellation' and a logical scalar. To plot the constellation, set PlotConstellation to
true.

Data Types: Llogical

Output Arguments

z — Demodulated signal
scalar | vector | matrix

Demodulated signal, returned as a scalar, vector, or matrix. The dimensions of z depend on the
specified OutputType value.

OutputType Return Value of apskdemod |Dimensions of z
Value
"integer’ Demodulated integer values Z has the same dimensions as input y.
from 0 to (sum(M) - 1)
'bit' Demodulated bits The number of rows in z is log,(sum(M)) times the
r Log-likelihood ratio value for number of rows in y. Each demodulated symbol is
—_— mapped to a group of log,(sum(M)) elements in a
. — — column, where the first element represents the
‘approxllr' |Approximate log-likelihood ratio | MSB and the last element represents the LSB.
value for each bit

More About
APSK Hard Demodulation

The hard demodulation algorithm applies amplitude phase decoding as described in [1].
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APSK Soft Demodulation

For soft demodulation, two soft-decision log-likelihood ratio (LLR) algorithms are available: exact LLR
and approximate LLR. The exact LLR algorithm is more accurate but has slower execution speed than
the approximate LLR algorithm. For further description of these algorithms, see the “Hard- vs. Soft-
Decision Demodulation” topic.

Note The exact LLR algorithm computes exponentials using finite precision arithmetic. For
computations involving very large positive or negative magnitudes, the exact LLR algorithm yields:

* Inf or -Inf if the noise variance is a very large value
* NaN if the noise variance and signal power are both very small values

The approximate LLR algorithm does not compute exponentials. You can avoid Inf, -Inf, and NaN
results by using the approximate LLR algorithm.

Version History
Introduced in R2018a
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References

[1] Sebesta, J. “Efficient Method for APSK Demodulation.” Selected Topics on Applied Mathematics,
Circuits, Systems, and Signals (P. Pardalos, N. Mastorakis, V. Mladenov, and Z. Bojkovic, eds.).
Vouliagmeni, Athens, Greece: WSEAS Press, 2009.

[2] Liu, Z., Q. Xie, K. Peng, and Z. Yang. "APSK Constellation with Gray Mapping." IEEE
Communications Letters. Vol. 15, Number 12, December 2011, pp. 1271-1273.

Extended Capabilities

C/C++ Code Generation
Generate C and C++ code using MATLAB® Coder™.

See Also

Functions
apskmod | dvbsapskdemod | mil188gamdemod | pskdemod | gamdemod | genqgamdemod

Objects
comm.GeneralQAMDemodulator | comm.PSKDemodulator

Topics
“Hard- vs. Soft-Decision Demodulation”
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Amplitude phase shift keying (APSK) modulation

Syntax

apskmod(x,M, radii)
apskmod(x,M, radii, phaseoffset)
apskmod( _ ,Name,Value)

y
y
y

Description

y = apskmod(x,M, radii) performs APSK modulation on the input data, x, based on the specified
number of constellation points per PSK ring, M, and the radius of each PSK ring, radii. For a
description of APSK modulation, see “Algorithms” on page 2-34.

Note apskmod specifically applies to multiple ring PSK constellations. For a single ring PSK
constellation, use pskmod.

y = apskmod(x,M, radii,phaseoffset) specifies an initial phase offset for each PSK ring of the
APSK modulated signal.

y = apskmod(  ,Name,Value) specifies options using one or more name-value pair arguments
using any of the previous syntaxes. For example, 'OutputDataType', 'double’ specifies the
desired output data type as double. Specify name-value pair arguments after all other input
arguments.

Examples

Apply APSK Modulation

Modulate data using APSK with an unequal number of constellation points on each circle.
Define vectors for modulation order and PSK ring radii. Generate data for constellation points.
M= [4 8 20];

radii = [0.3 0.7 1.2];

modOrder = sum(M);

X = 0:modOrder-1;

Apply APSK modulation to the data.

y = apskmod(x,M, radii);

Plot the resulting constellation using a scatter plot.

scatterplot(y)
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Scatter plot

n-Phase

Apply APSK Modulation with Phase Offset

Modulate a random data sequence using APSK with zero phase offset for the inner circle and pi/6
phase offset for the outer circle.

Define vectors for modulation order, PSK ring radii, and PSK ring phase offset. Generate random
data.

M= [8 8];

modOrder = sum(M);

radii = [0.5 1];

phoff = [0 pi/6];

X = randi([0 modOrder-1]1,100,1);
Apply APSK modulation to the data.

y = apskmod(x,M, radii,ph0ff);

Plot the resulting constellation using a scatter plot and observe the phase offset between the
constellation circles.

scatterplot(y)

2-27



2 Functions

2-28

Scatter plot

ature

dr

Apply APSK Modulation Modifying Symbol Ordering
Plot APSK constellations for Gray-coded and custom-coded symbol mappings.

Define vectors for modulation order and PSK ring radii. Generate bit data for constellation points.

M= [8 8];

modOrder = sum(M);
radii = [0.5 1.5]1;
X = 0:modOrder-1;

The apskmod function assumes the single channel binary input is left-MSB aligned and specified
column-wise. Use the int2bit function to express the integer input symbols as a single column
binary vector.

xBit = int2bit(x,log2(modOrder));

Apply APSK modulation to the data using the default phase offset. Since element values for M are
equal and element values for phase offset are equal, the symbol mapping defaults to 'gray'. Plot the
constellation using binary input to highlight the Gray-coded nature of the constellation mapping.

y = apskmod(xBit,M, radii,PlotConstellation=true,InputType='bit');
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16-APSK with Gray Mapping
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In-phase Amplitude

Create a custom-coded symbol mapping vector. This custom mapping happens to be another Gray-
coded mapping.

cmap = [0;1;9;8;12;13;5;4;2;3;11;10;14;15;7;6];

Apply APSK modulation with a custom-coded symbol mapping. Plot the constellation using binary
input to highlight that the custom mapping defines different Gray-coded symbol mapping.

z = apskmod(xBit,M, radii,
SymbolMapping=cmap,
PlotConstellation=true,
InputType='bit');
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16-APSK with Custom Mapping
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Apply APSK Modulation to Input Bits

Modulate a random bit sequence using APSK and output data type single. Pass the signal through a
noisy channel and display the constellation diagram.

Define vectors for modulation order and PSK ring radii. Generate random binary data.

M= [8 12 20 24];

radii = [0.8 1.2 2 2.5];

bitsPerSym = log2(sum(M));

X = randi([0 1],2000*bitsPerSym,1);

Apply APSK modulation to the data and use a name-value pair to output as data type single.
y = apskmod(x,M, radii, 'InputType', 'bit"', 'OutputDataType', 'single');

Pass through an AWGN channel with a 25 dB SNR.

yrec = awgn(y,25, 'measured');

Plot the received constellation as a scatter plot.

scatterplot(yrec)
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Scatter plot
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Input Arguments

X — Input signal
scalar | vector | matrix

Input signal, specified as a scalar, vector, or matrix. The elements of x must be binary values or
integers in the range [0, (sum(M) - 1)].

Note To process the input signal as binary elements, set the 'InputType' name-value pair to 'bit".
For binary inputs, the number of rows must be an integer multiple of log,(sum(M)). Groups of
log,(sum(M)) bits in a column are mapped onto a symbol, with the first bit representing the MSB and
the last bit representing the LSB.

Data Types: single | double | int8 | int16 | int32 | uint8 | uint16 | uint32 | logical

M — Constellation points per PSK ring
vector

Constellation points per PSK ring, specified as a vector with more than one element. Each vector
element indicates the number of constellation points in its corresponding PSK ring. The first element
corresponds to the innermost circle, and so on, until the last element, which corresponds to the
outermost circle. Element values must be multiples of four and sum(M) must be a power of two. The
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modulation order is the total number of points in the signal constellation and equals the sum of the
vector elements, sum(M).

Example: [4 12 16] specifies a three PSK ring constellation with a modulation order of sum(M) =
32.

Data Types: double

radii — Radius per PSK ring
vector

Radius per PSK ring, specified as a vector with the same length as M. The first element corresponds to
the innermost circle, and so on, until the last element, which corresponds to the outermost circle. The
elements must be positive and arranged in increasing order.

Example: [0.5 1 2] defines radii for three constellation PSK rings. The inner ring has a radius of
0.5, the second ring has a radius of 1.0, and the outer ring has a radius of 2.0.

Data Types: double

phaseoffset — Phase offset per PSK ring
[pi/M(1) pi/M(2) .. pi/M(end)] (default) | scalar | vector

Phase offset per PSK ring in radians, specified as a scalar or vector with the same length as M. The
first element corresponds to the innermost circle, and so on, until the last element, which
corresponds to the outermost circle. The phaseoffset can be a scalar only if all the elements of M
are the same value.

Example: [pi/4 pi/12 pi/16] defines three constellation PSK ring phase offsets. The inner ring
has a phase offset of pi/4, the second ring has a phase offset of pi/12, and the outer ring has a phase
offset of pi/16.

Data Types: double
Name-Value Pair Arguments

Specify optional pairs of arguments as Namel=Valuel, ..., NameN=ValueN, where Name is the
argument name and Value is the corresponding value. Name-value arguments must appear after
other arguments, but the order of the pairs does not matter.

Before R2021a, use commas to separate each name and value, and enclose Name in quotes.

Example: y = apskmod(x,M, radii, 'InputType', 'bit', 'OutputDataType', 'single');

SymbolMapping — Symbol mapping
‘gray' | 'contourwise-gray' | integer vector

Symbol mapping, specified as the comma-separated pair consisting of 'SymbolMapping' and one of
the following:

* ‘'contourwise-gray' — Uses Gray mapping along the contour in the phase dimension for each
PSK ring.

* 'gray' — Uses Gray mapping along the contour in both the amplitude and phase dimensions. For
Gray symbol mapping, all the values for M must be equal and all the values for phaseoffset must
be equal. For a description of the Gray mapping used, see [2].

» integer vector — Use custom symbol mapping. Vector must consist of sum(M) unique elements
with values in the range [0, (sum(M) - 1]. The first element corresponds to the constellation point
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in the first quadrant of the innermost circle, with subsequent elements positioned
counterclockwise around the PSK rings.

The default symbol mapping depends on M and phaseOffset. When all the elements of M are equal
and all the elements of phaseOffset are equal, the default is 'gray'. For all other cases, the
default is 'contourwise-gray'.

Data Types: double | char | string

InputType — Input type
"integer' (default) | 'bit"

Input type, specified as the comma-separated pair consisting of ' InputType' and either of these
options:
* ‘'integer' -- The input signal must consist of integers in the range [0, (sum (M) - 1)].

* 'bit' -- The input signal must contain binary values, and the number of rows must be an integer
multiple of log,(sum(M)). Binary input signals are assumed to be left-MSB aligned and specified
column-wise. Groups of log,(sum(M)) bits in a column are mapped onto a symbol, with the first bit
representing the MSB and the last bit representing the LSB.

Data Types: char | string

OutputDataType — Output data type
'"double’ (default) | 'single’

Output data type, specified as the comma-separated pair consisting of 'OutputDataType' and
either 'double’ or 'single’.
Data Types: char | string

PlotConstellation — Plot reference constellation
false (default) | true

Plot reference constellation, specified as the comma-separated pair consisting of
'"PlotConstellation' and alogical scalar. To plot the reference constellation, set
PlotConstellation to true.

Data Types: logical

Output Arguments

y — APSK modulated signal
scalar | vector | matrix

APSK modulated signal, returned as a complex scalar, vector, or matrix. The dimensions of y depend
on the specified ' InputType' value.

InputType Dimensions of y

"integer' y has the same dimensions as input x.

'bit' The number of rows in y equals the number of rows in x divided by
log,(sum(M)).
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Algorithms
The function implements a pure APSK constellation.

A pure M-APSK constellation is composed of N concentric rings or contours, each with uniformly
spaced PSK points. The M-APSK constellation set is

(21T . .
Riex ( (—1+ )) i=0,..M -1,
18xp\J{ 37,1+ 91 1
R2exp(j(1%/[—ni + ¢2)), i=0,..My—1,
x= 2
[ 2m . .
Rncexp|j M—ch +ONe|, 1=0,.... MNo - 1,
where:
* The modulation order is equal to the sum of all M; forl =1, 2, ..., N.

* N¢is the number of concentric rings. N = 2.

* M, is the number of constellation points in the Ith ring.
* Ris the radius of the Ith ring.

* ¢y is the phase offset of the Ith ring.

+ j=F1

Version History
Introduced in R2018a
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Extended Capabilities

C/C++ Code Generation
Generate C and C++ code using MATLAB® Coder™.

See Also

Functions
apskdemod | dvbsapskmod | mi1188gammod | pskmod | gammod

Objects
comm.GeneralQAMModulator | comm.PSKModulator
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arithdeco

Decode binary code by arithmetic decoding

Syntax

dseq = arithdeco(code,counts,len)

Description

dseq = arithdeco(code, counts, len) decodes the binary arithmetic code in code to recover
the corresponding sequence of len symbols. The input countsspecifies the statistics of the source by
listing the number of times each symbol of the source alphabet occurs in a test data set. code must
be an output of the arithenco function.

Examples

Decode Sequence Using Arithmetic Code

Using a source with a two-symbol alphabet, produce a test data set in which 99% of the symbols are
1s. Encode 1000 symbols from this source to produce a code vector with less than 1000 elements.
The actual number of elements in the encoded sequence varies depending on the particular random
sequence.

Specify for symbol 1 from the source alphabet to occur 99 times in the test data set.
counts = [99 1];
Generate a random sequence of length 1000.

len
seq

1000;
randsrc(1l,len,[1 2; .99 .01]1);

Encode the random sequence. Then, decode the encoded sequence.

code
dseq

arithenco(seq, counts);
arithdeco(code,counts,length(seq));

Verify that the decoded sequence matches the original random sequence.
isequal(seq,dseq)

ans = logical
1

Input Arguments

code — Binary arithmetic code
nonnegative binary row vector
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Binary arithmetic code, specified as a nonnegative binary row vector. This value must be a binary
arithmetic code produced by the arithenco function.

Data Types: double

counts — Statistics of symbols
positive numeric vector

Statistics of symbols, specified as a positive numeric vector. This input specifies the number of times
each symbol of the source alphabet occurs in a test data set.

Data Types: double

len — Length of sequence
positive scalar

Length of the sequence to decode, specified as a positive scalar.
Data Types: double
Output Arguments

dseq — Decoded arithmetic code
positive numeric row vector

Decoded arithmetic code with a sequence of len source symbols, specified as a positive numeric row
vector.

Algorithms

The arithdeco function uses the algorithm described in [1] .

Version History
Introduced before R2006a

References

[1] Sayood, Khalid. Introduction to Data Compression. 2nd ed. San Francisco: Morgan Kaufmann
Publishers, 2000.

See Also

Functions
arithenco

Topics
“Arithmetic Coding”
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arithenco

Encode sequence of symbols by arithmetic encoding

Syntax

code = arithenco(seq, counts)

Description

code = arithenco(seq, counts) generates the binary arithmetic code corresponding to the
sequence of symbols specified in seq. The input counts specifies the statistics of the source by
listing the number of times each symbol of the source alphabet occurs in a test data set.

Examples

Encode Data Sequence with Arithmetic Code

Using a source with a two-symbol alphabet, produce a test data set in which 99% of the symbols are
1s. Encode 1000 symbols from this source to produce a code vector with less than 1000 elements.
The actual number of elements in the encoded sequence varies depending on the particular random
sequence.

Specify for symbol 1 from the source alphabet to occur 99 times in the test data set.

counts [99 1]
counts = 1Ix2

99 1

Generate a random sequence of length 1000.

len
seq

1000;
randsrc(1l,len,[1 2; .99 .01]1);

Encode the random sequence and display the encoded length.

code = arithenco(seq, counts);
s = size(code)

s = Ix2

1 57

Input Arguments

seq — Sequence of symbols
positive numeric row vector
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Sequence of symbols, specified as a positive numeric row vector. This input specifies the random
sequence for the function to encode.

Data Types: double

counts — Statistics of symbols
positive numeric row vector

Statistics of symbols, specified as a positive numeric row vector. This input specifies the number of
times each symbol of the source alphabet occurs in a test data set.

Data Types: double

Output Arguments

code — Generated binary arithmetic code
nonnegative binary row vector

Generated binary arithmetic code corresponding to the sequence of source symbols, returned as a
nonnegative binary row vector.

Algorithms

The arithenco function uses the algorithm described in [1].

Version History
Introduced before R2006a
References

[1] Sayood, Khalid. Introduction to Data Compression. 2nd ed. San Francisco: Morgan Kaufmann
Publishers, 2000.

See Also

Functions
arithdeco

Topics
“Arithmetic Coding”
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Add white Gaussian noise to signal

Syntax

y = awgn(x,snr)

y = awgn(x,snr,signalpower)

y = awgn(x,snr,signalpower, randobject)
y = awgn(x,snr,signalpower,seed)

y = awgn(___ ,powertype)

[y,var] = awgn(__ )

Description

y = awgn(x,snr) adds white Gaussian noise to the vector signal x. This syntax assumes that the
power of x is 0 dBW. For more information about additive white Gaussian noise, see “What is AWGN?”
on page 2-45

y = awgn(x,snr,signalpower) accepts an input signal power value in dBW. To measure the
power of x before adding noise, specify signalpower as 'measured'. The 'measured' option does
not generate the requested average SNR for repeated awgn function calls in a loop if the input signal
power varies over time due to fading and the coherence time of the channel is larger than the input
duration.

y = awgn(x,snr,signalpower, randobject) additionally accepts a random number stream
object to generate normal random noise samples. For information about producing repeatable noise
samples, see “Tips” on page 2-45.

y = awgn(x,snr,signalpower, seed) specifies a seed value for initializing the normal random
number generator that is used to add white Gaussian noise to the input signal.

y = awgn( ,powertype) specifies the signal and noise power type as 'dB"' or 'linear' in
addition to the input arguments in any of the previous syntaxes. For information on the relationships
between SNR and other measures of the relative power of the noise, such as E/N,, and E,/N,, see

“AWGN Channel Noise Level”.

[y,var]l = awgn( ) also returns the total noise variance used to produce random noise
samples.
Examples

Add AWGN to Sawtooth Signal

Create a sawtooth wave.

t
X

(0:0.1:60)';
sawtooth(t);
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Add white Gaussian noise and plot the results.

y = awgn(x,10, 'measured');
plot(t,[x yl)
legend('Original Signal','Signal with AWGN')

1.5‘ T T T T T

Original Signal
Signal with AWGHN

| ] |i

0.5

05 ’ -

_1-5 i i i i i

Estimate Symbol Rate for General QAM Modulation in AWGN Channel

Transmit and receive data using a nonrectangular 16-ary constellation in the presence of Gaussian
noise. Show the scatter plot of the noisy constellation and estimate the symbol error rate (SER) for
two different SNRs.

Create a 16-QAM constellation based on the V.29 standard for telephone-line modems.
¢ =[-5-51 551 -3 -3-31 -3i 3-31 3 3+3i 31 -3+3i -1 -1i 1 1i];

sigpower = pow2db(mean(abs(c).”2));

M = length(c);

Generate random symbols.

data = randi([0 M-1],2000,1);

Modulate the data by using the gengammod function. General QAM modulation is necessary because
the custom constellation is not rectangular.
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modData = gengammod(data,c);

Pass the signal through an AWGN channel with a 20 dB SNR.

rxSig = awgn(modData,20,sigpower);

Display a scatter plot of the received signal and the reference constellation c.
h = scatterplot(rxSig);

hold on

scatterplot(c,[],[],"'r*"',h)

grid
hold off

Scatter plot

Demodulate the received signal by using the genqamdemod function. Determine the number of
symbol errors and the SER.

demodData = gengamdemod(rxSig,c);
[numErrors,ser] = symerr(data,demodData)

numErrors = 1

ser = 5.0000e-04
Repeat the transmission and demodulation process with an AWGN channel with a 10 dB SNR.

Determine the SER for the reduced SNR. As expected, the performance degrades when the SNR is
decreased.

2-41



2 Functions

rxSig = awgn(modData, 10, sigpower);
demodData = gengamdemod(rxSig,c);
[numErrors,ser] = symerr(data,demodData)
numErrors = 461

ser = 0.2305

Repeatable AWGN Simulation

Generate random data symbols and the 4-PSK modulated signal.

M= 4,;

k = 1log2(M);

snr = 3;

data = randi([0 M-1],2000,1);
x = pskmod(data,M);

Set the random number generator seed.
seed = 12345;
Generate repeatable random noise using the rng function before calling the awgn function.

rng(seed);
y = awgn(x,snr);

Compute the bit errors.

dataHat
numErrl

pskdemod(y,M) ;
biterr(data,dataHat, k)

numErrl = 321

Reset the random number generator seed.

rng(seed);

Demodulate the PSK signal and compute the bit errors.

y = awgn(x,snr);

dataHat pskdemod(y,M);
numErr2 biterr(data,dataHat, k)
numErr2 = 321

Compare numErrl to numErr2. The errors are equal even after you reset the random number
generator seed.

isequal(numErrl, numErr2)

ans = logical
1
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Repeatable AWGN with RandStream

Generate white Gaussian noise addition results using a RandStream object and the reset object
function.

Specify the power of X as 0 dBW, add noise to produce an SNR of 10 dB, and use a local random
stream.

S = RandStream('mt19937ar', 'Seed',5489);
sigin = sqrt(2)*sin(0:pi/8:6*pi);
sigoutl = awgn(sigin,10,0,S);

Add white Gaussian noise to sigin. Use isequal to compare sigoutl to sigout2. The outputs are
not equal when you do not reset the random stream.

sigout2 = awgn(sigin,10,0,S);
isequal(sigoutl,sigout?2)

ans = logical
0

Reset the random stream object, returning the object to its state prior to adding AWGN to sigoutl.
Add AWGN to sigin and compare sigoutl to sigout3. The outputs are equal when you reset the
random stream.

reset(S);
sigout3 = awgn(sigin,10,0,S);
isequal(sigoutl,sigout3)

ans = logical
1

Input Arguments

x — Input signal
scalar | vector | array

Input signal, specified as a scalar, vector, or array. The power of the input signal is assumed to be 0
dBW.

Data Types: double
Complex Number Support: Yes

snr — Signal-to-noise ratio
scalar

Signal-to-noise ratio in dB, specified as a scalar. The function applies the same snr value to each
channel. The columns of the input signal represent the different channels of a multichannel signal.

Data Types: double

signalpower — Signal power
scalar | 'measured'

Signal power in dBW, specified as a scalar or 'measured’.
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* Scalar — The value is used as the signal level of in to determine the appropriate noise level based
on the value of snr.

* 'measured' — The signal level of in is computed to determine the appropriate noise level based
on the value of snr.

If the input signal is a multichannel signal, the function calculates the signalpower value across all
channels as a single value. It then uses the value to calculate the noise level for all the channels.

Data Types: double

randobject — Random number stream object
RandStream object

Random number stream object, specified as a RandSt ream object. The state of the random stream
object determines the sequence of numbers produced by the randn function. Configure the random
stream object using the reset (RandStream) function and its properties.

For information about producing repeatable noise samples, see “Tips” on page 2-45.

seed — Random number generator seed
scalar

Random number generator seed value, specified as a scalar.

Data Types: double

powertype — Signal power unit
'"dB' (default) | ' linear'

Signal power unit, specified as 'dB' or 'linear"'.

* When powertypeis 'dB', snris measured in dB and signalpower is measured in dBW.

* When powertypeis 'linear’', the snris measured as a ratio and signalpower is measured in
watts assuming a reference load of 1 ohms.

To set the powertype argument, you must also set snr and signalpower.

Output Arguments

y — Output signal
scalar | vector | array

Output signal, returned as a scalar, vector, or array. The returned output signal is the input signal
with added white Gaussian noise.

var — Noise variance
scalar

Total noise variance, returned as a positive scalar. The function uses the noise variance to generate
random noise samples.
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More About
What is AWGN?

Additive white Gaussian noise (AWGN) is a simple noise model that represents electron motion in the
RF front end of a receiver. As the name implies, the noise gets added to the signal. The noise is called
“white” because it is spectrally flat across the entire sampling bandwidth. Analogously, the color
white contains equal spectral power levels at all frequencies of the visible light spectrum. The noise is
Gaussian because its amplitude can be modeled with a normal probability distribution.

The AWGN channel is often used to model a satellite communications channel, since that channel
typically does not suffer from common terrestrial impairments like fading, multipath, and
interference. An AGWN channel serves as a good starting point for the analysis of terrestrial wireless
links because it establishes a best-case bound on the bit error rate performance of a terrestrial link.

Tips

* For information on the relationships between SNR and other measures of the relative power of the
noise, such as E,/N,, and E,/N,, see “AWGN Channel Noise Level”.

* To generate repeatable white Gaussian noise samples, do one of the following:

* Use rng(seed) before calling the awgn function to generate repeatable random noise.
* Provide a static seed value as an input to awgn.

* Usethe reset (RandStream) function on the randobject before passing it as an input to
awgn.

* Provide randobject in a known state as an input to awgn. For more information, see
RandStream.

Version History
Introduced before R2006a

Extended Capabilities

C/C++ Code Generation
Generate C and C++ code using MATLAB® Coder™.

Usage notes and limitations:

Code generation supported, except for syntaxes that include a RandSt ream object.

See Also

Functions
convertSNR | wgn | randn | bsc | RandStream

Objects
comm.AWGNChannel

2-45



2 Functions

Topics
“AWGN Channel Noise Level”
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bchdec

BCH decoder

Syntax

decoded = bchdec(code,N,K)

decoded = bchdec(code,N,K,paritypos)
[decoded, cnumerr] = bchdec( )
[decoded, cnumerr,ccode] = bchdec( )
Description

decoded = bchdec(code,N,K) attempts to decode the received signal in code using an (N,K)
BCH decoder with the narrow-sense generator polynomial. Parity symbols are at the end and the
leftmost symbol is the most significant symbol.

In the decoded Galois field array, each row represents the attempt at decoding the corresponding
row in code.

decoded = bchdec(code,N,K,paritypos) specifies in paritypos whether the parity symbols in
code were appended or prepended to the message in the coding operation.

[decoded, cnumerr] = bchdec( ) returns a column vector, cnumerr, where each element is

the number of corrected errors in the corresponding row of code. You can return cnumerr with
either of the preceding syntaxes.

[decoded, cnumerr,ccode] = bchdec( ) returns ccode, the corrected version of code.

Examples

Results of Error Correction

BCH-decode an input that has more errors per codeword than the error correcting capability of the
BCH decoder. Decode a BCH coded message with two errors per codeword using a single-error
correcting BCH decoder. View the effects of the error mismatch on the output codeword.

Check the number of errors per codeword a [63,57] BCH decoder is capable of correcting.

n = 63;

k = 57;

t = bchnumerr(n,k)
t=1

The [63,57] BCH decoder is capable of correcting one error per codeword.

Create a random stream and use it to generate a GF array. Encode the message.
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s = RandStream('swbh2712', 'Seed',9973);
msg = gf(randi(s,[0 1],1,k));
code = bchenc(msg,n,k);

Add two errors per codeword and decode the errored code.

cnumerr2 = zeros(nchoosek(n,2),1);
nErrs = zeros(nchoosek(n,2),1);
cnumerrIdx = 1;
for idx1 =1 : n-1
%ssprintf('idx1l for 2 errors = %d', idx1l)
for idx2 = idx1+1 : n
errors = zeros(1l,n);
errors(idxl) = 1;
errors(idx2) = 1;
erroredCode = code + gf(errors);
[decoded2, cnumerr2(cnumerrIdx)]
= bchdec(erroredCode,n, k) ;

Encode the decoded message. Check that the re-encoded message differs from the errored message
in only one bit.

if cnumerr2(cnumerrIdx) ==
code2 = bchenc(decoded2,n,k);
nErrs(cnumerrIdx) = biterr(double(erroredCode.x),

double(code2.x));
end
cnumerrIdx = cnumerrIdx + 1;
end
end

Plot the computed number of errors, based on the difference between the doubly-errored code and
the re-encoded version of the initial decoding.

plot(nErrs)
title('Number of Actual Errors')
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5 Number of Actual Errors

16 T

1.4 T

1.2}F .

0.8

0.6

0.4 .

0.2

D i i i i i i i
0 200 400 600 800 1000 1200 1400 1600 1800 2000

All inputs with two errors were decoded to a codeword that differs in exactly one bit from the re-
encoded version.

Decode Received BCH Codeword in Noisy Channel

Set the BCH parameters for a Galois array of GF(2).

M =4,

n=2"M-1; % Codeword length

k =5; % Message length

nwords = 10; % Number of words to encode

Create a message.

msgTx = gf(randi([0 1],nwords,k));
Find the error-correction capability.

t = bchnumerr(n, k)

t =3

Encode the message.

enc = bchenc(msgTx,n,k);
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Corrupt up to t bits in each codeword.
noisycode = enc + randerr(nwords,n,1l:t);
Decode the noisy code.
msgRx = bchdec(noisycode,n,k);
Validate that the message was properly decoded.
isequal (msgTx,msgRx)
ans = logical
1
Increase the number of possible errors, and generate another noisy codeword.

t2 =1t + 1;
noisycode2 = enc + randerr(nwords,n,1l:t2);

Decode the new received codeword.
[msgRx2,numerr] = bchdec(noisycode2,n,k);

Determine if the message was properly decoded by examining the number of corrected errors,
numerr. Entries of -1 correspond to decoding failures, which occur when the codeword has more
errors than can be corrected for the specified [n, k] pair.

numerr

numerr = 10x1

WNPRARFRRFRWNENRE

Two of the ten transmitted codewords were not correctly received.

Input Arguments

code — Encoded message
Galois field array

Encoded message, specified as a Galois field array of symbols over GF(2). Each N-element row of
code represents a corrupted systematic codeword.

For more information, see “Creating a Galois field array”.
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N — Codeword length
integer

Codeword length, specified as an integer of the form N = 2-1, where M is an integer from 3 to 16.
See “Tips” on page 2-52 for information about valid N values, valid (N,K) pairs, and error correcting
capabilities for a given BCH code.

Example: 15 for M=4

K — Message length
integer

Message length, specified as an integer. N and K must produce a narrow-sense BCH code.
Example: 5 specifies a Galois field array with five elements.

paritypos — Parity position
'end' (default) | 'beginning'

Parity position, specified as 'end' or 'beginning'. Parity symbols are at the end or beginning of
each word in the output Galois field array. If paritypos is 'beginning’, then a decoding failure
causes bchdec to remove N-K symbols from the beginning rather than the end of the row.

Output Arguments

decoded — Decoded message
Galois field array of symbols over GF(2)

Decoded message, returned as a Galois field array of symbols over GF(2). Each row represents the
attempt at decoding the corresponding row in code. A decoding failure occurs if bchdec detects
more than T errors in a row of code, where T is the number of errors per codeword that the decoder
is capable of correcting. When a decoding failure occurs, bchdec forms the corresponding row of
decoded by removing N-K symbols from the end of the row of code. For more information, see “Error
Correcting Capability” on page 2-51.

cnumerr — Number of corrected errors
column vector

Number of corrected errors in the corresponding row of code, returned as a column vector. A value
of -1 in cnumerr indicates a decoding failure in that row in code.

ccode — Corrected version of code
Galois field array

Corrected version of code, returned as a Galois field array. ccode has the same format as the input
code. If a decoding failure occurs in a certain row of code, the corresponding row in ccode contains
that row unchanged.

More About

Error Correcting Capability

BCH decoders correct up to a specified number of errors per codeword based on the (N,K) pair used
to BCH encode that message. The error correcting capability, T, of a given (N,K) pair is returned by
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bchnumerr. See “Tips” on page 2-52 for information about valid N values, valid (N,K) pairs, and
error correcting capabilities for a given BCH code.

If the coded message contains more errors per codeword than the decoder is capable of correcting,
the decoder is unlikely to decode to the correct codeword. For example, when a single-error-
correcting BCH decoder (T=1) is given an input with two errors per codeword, it decodes it to a valid
codeword but not the correct codeword. When a double-error-correcting BCH decoder (T=2) is given
an input with three errors per codeword, the decoder sometimes decodes to an invalid codeword. The
cnumerr and ccode output provide feedback to analyze the correctness of the decoded message.

Tips

» To generate the list of valid (N,K) pairs along with the corresponding values of the error-correction
capability, run bchnumerr(N).

+ Valid values for N = 2M-1, where M is an integer from 3 through 16. The maximum allowable value
of N is 65,535.

Algorithms

bchdec uses the Berlekamp-Massey decoding algorithm. For information about this algorithm, see
the works listed in “References” on page 2-52.

Version History
Introduced before R2006a

References

[1] Wicker, Stephen B. Error Control Systems for Digital Communication and Storage. Upper Saddle
River, NJ: Prentice Hall, 1995.

[2] Berlekamp, Elwyn R. Algebraic Coding Theory. New York: McGraw-Hill, 1968.

See Also

Functions
bchenc | bchgenpoly | bchnumerr

Objects
comm.BCHDecoder

Topics
“Block Codes”
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BCH encoder

Syntax

code
code

bchenc(msg,N,K)
bchenc(msg,N,K, paritypos)

Description

code = bchenc(msg,N,K) encodes the input message using an (N,K) BCH encoder that uses a

narrow-sense generator polynomial. For a description of Bose-Chaudhuri-Hocquenghem (BCH)

coding, see [1].

code = bchenc(msg,N,K,paritypos) appends or prepends the parity symbols to the encoded

input message to form the output.

Examples

Decode Received BCH Codeword in Noisy Channel

Set the BCH parameters for a Galois array of GF(2).

M=4;

n=2"M-1; % Codeword length

k =5; % Message length

nwords = 10; % Number of words to encode

Create a message.

msgTx = gf(randi([0 1],nwords,k));

Find the error-correction capability.

t = bchnumerr(n,k)

t=3

Encode the message.

enc = bchenc(msgTx,n,k);

Corrupt up to t bits in each codeword.
noisycode = enc + randerr(nwords,n,1l:t);
Decode the noisy code.

msgRx = bchdec(noisycode,n,k);

Validate that the message was properly decoded.
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isequal(msgTx,msgRx)
ans = logical
1
Increase the number of possible errors, and generate another noisy codeword.

t2 =1t + 1;
noisycode2 = enc + randerr(nwords,n,1l:t2);

Decode the new received codeword.
[msgRx2,numerr] = bchdec(noisycode2,n,k);

Determine if the message was properly decoded by examining the number of corrected errors,
numerr. Entries of -1 correspond to decoding failures, which occur when the codeword has more
errors than can be corrected for the specified [n, k] pair.

numerr

numerr = 10x1

WNPRARFRPFFRPWNRENPRE

Two of the ten transmitted codewords were not correctly received.

Input Arguments

msg — Message to encode
Galois field array of symbols over GF(2)

Message to encode, specified as a Galois field array of symbols over GF(2). Each K-element row of
msg represents a message word, where the leftmost symbol is the most significant symbol.

For more information, see “Creating a Galois field array”.

Example: msgTx = gf(randi([0 1],10,5)), where msgTx is a 10-by-5 gf array.

N — Codeword length
integer

Codeword length, specified as an integer of the form N = 2M-1, where M is an integer from 3 through
16. For more information, see “Tips” on page 2-55.

Example: 15 for M=4
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K — Message length
integer

Message length, specified as an integer. N and K must produce a narrow-sense BCH code.

Example: 5 specifies a Galois array with five elements

paritypos — Parity position
'end' (default) | 'beginning'

Parity position, specified as 'end' or 'beginning'. Parity symbols are at the end or beginning of

each word in the output Galois array.

Output Arguments

code — Encoded message
Galois field array

Encoded message, returned as a Galois field array. Parity symbols are at the end or beginning of each
word in the output Galois array. To specify the position of the parity symbols, use the paritypos
argument.

Tips

* To generate the list of valid (N,K) pairs along with the corresponding values of the error-correction
capability, run bchnumerr(N).

* Valid values for N = 2M-1, where M is an integer from 3 through 16. The maximum allowable value
of N is 65,535.

Version History
Introduced before R2006a

References

[1] Clark, George C., Jr., and ]J. Bibb Cain. Error-Correction Coding for Digital Communications, New
York: Plenum Press, 1981.

See Also

Functions
bchdec | bchgenpoly | bchnumerr | gf

Objects
comm.BCHEncoder

Topics

“Block Codes”

“Galois Field Computations”

“How Integers Correspond to Galois Field Elements”
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Generator polynomial of BCH code

Syntax

genpoly = bchgenpoly(n,k)

genpoly = bchgenpoly(n,k,prim poly)

genpoly = bchgenpoly(n,k,prim poly,outputFormat)

[genpoly,t] = bchgenpoly(...)

Description

genpoly = bchgenpoly(n, k) returns the narrow-sense generator polynomial of a BCH code with
codeword length n and message length k. The codeword length n must have the form 2™-1 for some
integer m between 3 and 16. The output genpoly is a Galois row vector that represents the
coefficients of the generator polynomial in order of descending powers. The narrow-sense generator
polynomial is LCM[m_1(x), m 2(x), ..., m_2t(x)], where:

* LCM represents the least common multiple,

* m i(x) represents the minimum polynomial corresponding to o, « is a root of the default primitive
polynomial for the field GF(n+1),

* and t represents the error-correcting capability of the code.

Note Although the bchgenpoly function performs intermediate computations in GF(n+1), the final
polynomial has binary coefficients. The output from bchgenpoly is a Galois vector in GF(2) rather
than in GF(n+1).

genpoly = bchgenpoly(n,k,prim poly) is the same as the syntax above, except that
prim_poly specifies the primitive polynomial for GF(n+1) that has Alpha as a root. prim poly is
either a polynomial character vector or an integer whose binary representation indicates the
coefficients of the primitive polynomial in order of descending powers. To use the default primitive
polynomial for GF(n+1), set prim poly to [].

genpoly = bchgenpoly(n,k,prim poly,outputFormat) is the same as the previous syntax,
except that outputFormat specifies output data type. The value of outputFormat can be ‘gf' or
'‘double’ corresponding to Galois field and double data types respectively. The default value of
outputFormat is 'gf".

[genpoly,t] = bchgenpoly(...) returns t, the error-correction capability of the code.
Examples
Create a BCH Generator Polynomial

Create two BCH generator polynomials based on different primitive polynomials.

Set the codeword and message lengths, n and k.
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n
k

15;
11;

Create the generator polynomial and return the error correction capability, t.

[genpoly,t] = bchgenpoly(15,11)

genpoly = GF(2) array.
Array elements =

1 0o 0 1 1

Create a generator polynomial for a (15,11) BCH code using a different primitive polynomial
expressed as a character vector. Note that genpoly?2 differs from genpoly, which uses the default
primitive.

genpoly?2 bchgenpoly(15,11,'D"4 + D3 + 1')

genpoly2 = GF(2) array.
Array elements =

1 1 0 0 1

Limitations

The maximum allowable value of n is 65535.

Version History
Introduced before R2006a

References

[1] Peterson, W. Wesley, and E. J. Weldon, Jr., Error-Correcting Codes, 2nd ed., Cambridge, MA, MIT
Press, 1972.

Extended Capabilities

C/C++ Code Generation
Generate C and C++ code using MATLAB® Coder™.

Usage notes and limitations:

All inputs must be constants. Expressions or variables are allowed if their values do not change.

See Also
bchenc | bchdec | bchnumerr
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Topics
“Block Codes”
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bchnumerr

Number of correctable errors for BCH code

Syntax
T = bchnumerr(N)
T = bchnumerr (N, K)

Description

T = bchnumerr(N) returns all the possible combinations of message length, K, and number of
correctable errors, T, for a BCH code of codeword length, N.

T = bchnumerr (N, K) returns the number of correctable errors, T, for an (N, K) BCH code.

Examples

Determine Message Length Combinations for BCH Code

Calculate the possible message length combinations for a BCH code word length of 15.

T = bchnumerr(15)
T = 3x3
15 11 1
15 7 2
15 5 3

Compute the Correctable Errors for BCH Code
Calculate the number of correctable errors for BCH code 15,11

T bchnumerr(15,11)

T 1

Input Arguments

N — Codeword length
integer scalar

Codeword length, specified as an integer scalar. N must have the form 2™-1 for some integer, m,
between 3 and 16.

Example: 15
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Data Types: double

K — Message length
integer scalar

Message length, specified as an integer scalar. N and K must produce a narrow-sense BCH code.
Example: 11
Data Types: double

Output Arguments

T — Number of correctable errors
scalar or matrix

Number of correctable errors, returned as a scalar or matrix value.

bchnumerr(N) returns a matrix with three columns. The first column lists N, the second column lists
K, and the third column lists T.

bchnumerr (N, K) returns a scalar, which represents the number of correctable errors for the BCH
code.

Version History
Introduced before R2006a

See Also
bchdec | bchenc

Topics

“Block Codes”
“BCH Codes”
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berawgn

BER and SER for uncoded data over AWGN channels

Syntax

ber = berawgn(EbNo,modtype,M)

ber = berawgn(EbNo, 'psk',M,dataenc)

ber = berawgn(EbNo, 'oqpsk',dataenc)

ber = berawgn(EbNo, 'fsk',M, coherence)

ber = berawgn(EbNo, 'fsk',M,coherence, rho)

ber = berawgn(EbNo, 'msk',precoding)

ber = berawgn(EbNo, 'msk',precoding, coherence)

ber = berawgn(EbNo, 'cpfsk',M,modindex, kmin)

[ber,ser] = berawgn( )

Description

The berawgn function returns the bit error rate (BER) and symbol error rate (SER) in an additive
white Gaussian noise (AWGN) channel for uncoded data using various modulation schemes. The first
input argument, EbNo, is the ratio of bit energy to noise power spectral density in dB (E},/N,). Values
in the output ber and ser vectors correspond to the theoretical error rate at the specified E}/N,
levels for a Gray-coded signal constellation. For more information, see “Analytical Expressions Used
in berawgn Function and Bit Error Rate Analysis App”.

ber = berawgn(EbNo,modtype,M) returns the BER of uncoded data over an AWGN channel at the
specified E}/N, levels for the modulation type and modulation order specified by modtype and M,
respectively.

ber = berawgn(EbNo, 'psk',M,dataenc) specifies the data encoding type as differential or
nondifferential for PSK modulation.

ber = berawgn(EbNo, 'ogpsk',dataenc) specifies the data encoding type as differential or
nondifferential for OQPSK modulation.

ber = berawgn(EbNo, 'fsk',M, coherence) specifies the receiver technique as coherent or
noncoherent for FSK modulation.

ber = berawgn(EbNo, 'fsk',M, coherence, rho) additionally specifies the complex correlation
coefficient of the FSK-modulated signal.

ber = berawgn(EbNo, 'msk',precoding) specifies whether precoding is applied for MSK
modulation.

ber = berawgn(EbNo, 'msk',precoding, coherence) additionally specifies the receiver
technique as coherent or noncoherent for MSK modulation.
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ber = berawgn(EbNo, 'cpfsk',M,modindex, kmin) specifies the modulation index, modindex,
and the number of paths having the minimum distance, kmin, for CPFSK modulation.

[ber,ser] = berawgn( ) returns the BER and symbol error rate (SER) using any input
argument combination from previous syntaxes.

Examples

Return Theoretical BER Data for AWGN Channels
Return theoretical bit error rate data for several modulation schemes in an AWGN channel.
Create a vector of E},/N values and specify the modulation order.

EbNo = (0:10)"';
M = 4; % Modulation order

Return theoretical BER data for QPSK modulation.
berQ = berawgn(EbNo, 'psk',M, 'nondiff');
Return equivalent data for DPSK and FSK modulations.

berD
berF

berawgn (EbNo, 'dpsk',M);
berawgn(EbNo, ' fsk',M, 'coherent');

Plot the results.

semilogy (EbNo, [berQ berD berF])
xlabel('Eb/No (dB)"')

ylabel('BER")
legend('QPSK', 'DPSK', 'FSK")
title("Theoretical Bit Error Rate")
grid
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Theoretical Bit Error Rate
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Input Arguments

EbNo — Energy per bit to noise power spectral density ratio

scalar | vector

Eb/No (dB)

Energy per bit to noise power spectral density ratio in dB, specified as a scalar or vector.

Data Types: single | double

modtype — Modulation type
'psk' | 'ogpsk' | 'dpsk’ | ...

Modulation type, specified as one of these options.

modtype Value

Modulation Scheme

Dependencies

'psk’ Phase shift keying (PSK) When you set the input
dataencto 'diff’,
modulation order M must be 2 or
4,

'oqpsk Offset quadrature phase shift None

keying (OQPSK)
"dpsk’ Differential phase shift keying |None

(DPSK)

2-63



2 Functions

2-64

modtype Value Modulation Scheme Dependencies

'pam' Pulse amplitude modulation None
(PAM)

‘gam' Quadrature amplitude The modulation order M must be
modulation (QAM) at least 4.

* When k = log,M is odd, the
symbols lie in a rectangular
constellation of size M = I X

k-1
J, wherel =272 and
k+1
J=2"2".

* When k is even, the symbols

lie in a square constellation
k k
of size22 x 22

'fsk' Frequency-shift keying (FSK) When you set the input
coherence to
'noncoherent', modulation
order M must be in the range [2,

64].
'msk' Minimum-shift keying (MSK) None
"cpfsk’ Continuous-phase frequency- None

shift keying (CPFSK)

Data Types: char | string

M — Modulation order
2k

Modulation order, specified as an integer equal to 2%, where k is a positive integer.
Example: 4 or 272
Data Types: single | double

dataenc — Data encoding type
'diff' | 'nondiff’

Data encoding type, specified as one of these values.

+ 'diff' — For differential data encoding
* 'nondiff' — For nondifferential data encoding

Dependencies

To enable this argument, set the modtype argument to 'psk' or 'oqpsk"'.
Data Types: char | string

coherence — Coherent detection type
"conherent' | 'noncoherent'
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Coherent detection type, specified as one of these values.

 ‘'conherent' — For coherent detection
* 'noncoherent' — For noncoherent detection

Dependencies
To enable this argument, set the modtype argument to ' fsk' or 'msk"'.

Data Types: char | string

rho — Complex correlation coefficient
complex scalar

Complex correlation coefficient, specified as a complex scalar. For more information about the
complex correlation coefficient and how to compute it for nonorthogonal binary frequency-shift
keying (BFSK) modulation, see “Nonorthogonal 2-FSK with Coherent Detection”.

Dependencies

To enable this argument, set the modtype argument to ' fsk' and the M argument to 2.

Data Types: single | double
Complex Number Support: Yes

precoding — Enable precoding
‘off' | 'on'

Enable precoding, specified as one of these values.

e« 'off' — For conventional MSK
* 'on' — For precoded MSK

Dependencies

To enable this argument, set the modtype argument to 'msk".

Data Types: char | string

modindex — Modulation index
positive integer

Modulation index, specified as a positive integer.

Dependencies

To enable this argument, set the modtype argument to 'cpfsk'.

Data Types: single | double

kmin — Number of paths having minimum distance
positive integer

Number of paths having the minimum distance, specified as a positive integer. If the number of paths
is unknown, specify a value of 1.

Dependencies

To enable this argument, set the modtype argument to 'cpfsk'.
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Data Types: single | double

Output Arguments

ber — Bit error rate
scalar | vector

Bit error rate (BER) for uncoded data over an AWGN channel, returned as a scalar or vector. The BER

is computed for each E}/N, setting specified by input EbNo according to the modulation type specified
by input modtype and related dependencies.

Data Types: double

ser — Symbol error rate
scalar | vector

Symbol error rate (SER) for uncoded data over an AWGN channel, returned as a scalar or vector. The

SER is computed for each E/N, setting specified by input EbNo according to the modulation type
specified by input modtype and related dependencies.

Data Types: double

Limitations

The numerical accuracy of the output returned by this function is limited by approximations related
to the numerical implementation of the expressions to roughly two significant digits.

Alternatives

You can configure the Theoretical tab in the Bit Error Rate Analysis app to compute theoretical
BER values instead of using the berawgn function.

Version History
Introduced before R2006a

References

[1] Anderson, John B., Tor Aulin, and Carl-Erik Sundberg. Digital Phase Modulation. New York:
Plenum Press, 1986.

[2] Cho, K., and D. Yoon. "On the General BER Expression of One- and Two-Dimensional Amplitude
Modulations." IEEE Trans. Commun. 50, no. 7, (2002): 1074-1080.

[3] Lee, P. J. "Computation of the Bit Error Rate of Coherent M-ary PSK with Gray Code Bit Mapping."
IEEE Trans. Commun. COM-34, no. 5, (1986): 488-491.

[4] Proakis, John G. Digital Communications. 5th ed. New York: McGraw Hill, 2007.

[5] Simon, M. K, S. M. Hinedi, and W. C. Lindsey. Digital Communication Techniques - Signal Design
and Detection. Prentice-Hall, 1995.
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[6] Simon, M. K. "On the Bit-Error Probability of Differentially Encoded QPSK and Offset QPSK in the
Presence of Carrier Synchronization." IEEE Trans. Commun. 54, (2006): 806-812.

[7] Lindsey, W. C., and M. K. Simon. Telecommunication Systems Engineering. Englewood Cliffs, N.]J:
Prentice-Hall, 1973.

See Also

Apps
Bit Error Rate Analysis

Functions
bercoding | berfading | bersync

Topics
“Analytical Expressions Used in berawgn Function and Bit Error Rate Analysis App”
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BER for coded AWGN channels

Syntax

ber = bercoding(EbNo, 'conv',decision, coderate,dspec)

ber = bercoding(EbNo, 'block',decision,N,K,dmin)
ber = bercoding(EbNo, 'Golay"', 'hard',24)

ber = bercoding(EbNo, 'Hamming', 'hard',N)

ber = bercoding(EbNo, 'RS', 'hard',N,K)

ber = bercoding(EbNo,coding,  ,modulation)
Description

The bercoding function returns an upper bound or approximation of the bit error rate (BER) for
coherent BPSK or QPSK modulation over an additive white Gaussian noise (AWGN) channel for a
specified coding type, decoding decision, code rate, and distance spectrum of the code. The results
for binary PSK and quadrature PSK modulation are the same. This function computes only modulation
order 2 or 4 for M-ary PSK modulation. For more information, see “Analytical Expressions Used in
bercoding Function and Bit Error Rate Analysis App”.

ber = bercoding(EbNo, 'conv',decision, coderate,dspec) returns an upper bound or
approximation of the BER for the convolutionally coded signal with the specified decoding decision,
code rate, and distance spectrum of the code.

ber = bercoding(EbNo, 'block',decision,N,K,dmin) returns the upper bound of the BER for
an [N,K] binary block code for the specified decoding decision type and minimum distance of the code.

ber = bercoding(EbNo, 'Golay', 'hard',24) returns the upper bound of the BER for an the
extended (24, 12) Golay code using hard-decision decoding and coherent BPSK modulation. In
accordance with [3], the Golay coding upper bound assumes only the correction of 3-error patterns.
Even though correcting approximately 19% of 4-error patterns is theoretically possible in practice,
most decoders do not have this capability.

ber = bercoding(EbNo, 'Hamming', 'hard',N) returns an approximation of the BER for a
Hamming code using hard-decision decoding and coherent BPSK modulation.

ber = bercoding(EbNo, 'RS', 'hard',N,K) returns an approximation of the BER for an (N,K)
Reed-Solomon code using hard-decision decoding and coherent BPSK modulation.

ber = bercoding(EbNo,coding,  ,modulation) specifies a modulation type in addition to

any of the previous input argument combinations. This syntax returns an approximation of the BER
for coded AWGN channels.

Examples
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Find Upper Bound of Theoretical BER for Block Code
Find the upper bound of the theoretical BER for a (23,12) block code.

Set the codeword length, message length, minimum distance, and E},/Ng range in dB.

n = 23; % Codeword length
k = 12; % Message length

dmin = 7; % Minimum distance
EbNo = 1:10; % Eb/No range (dB)

Estimate the BER.

berBlk = bercoding(EbNo, 'block', "hard',n,k,dmin);
Plot the estimated BER.

berfit (EbNo, berBlk)

ylabel('Bit Error Probability')
title('BER Upper Bound vs. Eb/No with Best Curve Fit')

0 EER Upper Bound vs. Eb/No with Best Curve Fit
1[} é T T T T T T T T T

e

1[;‘2 - T '

100 F

Bit Error Probability

108

#  Empirical BER
Exp Fit

10710

Eb/No (dB)

Estimate Coded BER Performance for 16-QAM in AWGN

Estimate the BER performance in an AWGN channel for a 16-QAM signal when encoded with a
(15,11) Reed-Solomon code using hard-decision decoding.
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Set the input Eb/No range and find the uncoded BER for 16-QAM.

ebno = (2:12)"';
uncodedBER = berawgn(ebno, 'gam',16);

Estimate the coded BER for a 16-QAM signal with a (15,11) Reed-Solomon code using hard-decision
decoding.

codedBER = bercoding(ebno, 'RS', 'hard',15,11, 'gam',16);
Plot the estimated BER curves.

semilogy(ebno, [uncodedBER codedBER])

grid

title('Compare Uncoded and R-S Coded 16-QAM Transmission')
legend('Uncoded BER', 'Coded BER')

xlabel('Eb/No (dB)")

ylabel('BER")
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Input Arguments

EbNo — Energy per bit to noise power spectral density ratio
scalar | vector

Energy per bit to noise power spectral density ratio in dB, specified as a scalar or vector.

Data Types: single | double
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coding — Source coding type
‘conv' | 'block' | "Hamming' | 'Golay' | 'RS'

Source coding type, specified as one of these options.

* 'conv' — The returned BER is an upper bound of the BER for binary convolutional codes with
coherent BPSK or QPSK modulation.

* 'block' — The returned BER is an upper bound of the BER for (N, K) linear binary block codes
with coherent BPSK or QPSK modulation.

* 'Hamming' — The returned BER is an approximation of the BER for a Hamming code using hard-
decision decoding and coherent BPSK or QPSK modulation.

* 'Golay' — The returned BER is an upper bound of the BER for an extended (24,12) Golay code
using hard-decision decoding and coherent BPSK or QPSK modulation. In accordance with [3], the
Golay coding upper bound assumes the correction of 3-error patterns only. Even though correcting
approximately 19% of 4-error patterns is theoretically possible, in practice, most decoders do not
have this capability.

* 'RS' — The returned BER is an approximation of the BER for an (N,K) Reed-Solomon code using
hard-decision decoding and coherent BPSK modulation.

Data Types: char | string

decision — Decoding decision type
‘hard' | 'soft’

Decoding decision type, specified as one of these options.

* ‘'hard' — Use this option for hard-decision decoding.

+ 'soft' — Use this option for unquantized soft-decision decoding. This option applies only when
codingissetto 'conv' or 'block’.

Data Types: char | string

coderate — Code rate of convolutional code
positive scalar

Code rate of the convolutional code, specified as a positive scalar.

Dependencies

To enable this argument, set the coding argument to 'conv'.

Data Types: double | single

dspec — Distance spectrum of code
structure

Distance spectrum of the code, specified as structure containing these fields. To find distance spectra
for sample codes, use the distspec function or see [5] and [3].

dfree — Minimum free distance of code
positive scalar

Minimum free distance of the code, specified as a positive scalar.

Data Types: double | single
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weight — Weight spectrum of code
positive scalar

Weight spectrum of the code, specified as a positive scalar.

Data Types: double | single

Dependencies

To enable this argument, set the coding argument to 'conv'.

Data Types: struct

N — Codeword length
integer

Codeword length, specified as an integer of the form 2M-1, where M is an integer in the range [3, 16].
For more information, see “N-K Pairs for Source Coding” on page 2-73.

Example: 15 or 2°4-1

Dependencies
To enable this argument, set the coding argument to 'block', 'Hamming', 'Golay', or 'RS".

K — Message length
positive integer

Message length, specified as a positive integer. For more information, see “N-K Pairs for Source
Coding” on page 2-73.

Example: 5 specifies a Galois field array with five elements.

Dependencies
To enable this argument, set the coding argument to 'block’ or 'RS"'.

dmin — Minimum distance of code
positive scalar

Minimum distance of the code, specified as a positive scalar smaller than or equal to (N - K + 1).

Dependencies

To enable this argument, set the coding argument to 'block’.
Data Types: double | single

modulation — Modulation type
"psk’ (default) | 'ogpsk' | 'dpsk’ | "pam' | ‘gam' | 'fsk' | "msk’

Modulation decision type, specified as 'psk', 'ogpsk', 'dpsk’', 'pam', 'gam', 'fsk', or 'msk'.
The default modulation scheme is PSK modulation with a modulation order of 2 (specifically,
nondifferential BPSK modulation).

Data Types: char | string
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Output Arguments

ber — BER
scalar | vector

BER upper bound or approximation, returned as a scalar or vector. If the EbNo input is a vector, ber
is a vector of the same size, and its elements correspond to the elements of the E,/N, vector.

Limitations

In general, the numerical accuracy for the output BER is limited to approximately two significant
digits. The numerical accuracy output by this function is limited by these restrictions.

* Approximations in the analysis leading to the closed-form expressions used by the function
* Approximations related to the numerical implementation of the expressions

More About

N-K Pairs for Source Coding

For block codes the codeword length (N) and message length (K) pairs must comply with these
guidelines.

* N and K must produce a narrow-sense BCH code.

* To generate the list of valid (N,K) pairs and their corresponding values of error-correction
capability, run the command bchnumerr(N).

* Valid values for N have the form 2M-1, where M is an integer in the range [3, 16]. The value of N
cannot exceed 65,535.

For Hamming codes, K is computed directly from N.

For Reed-Solomon codes, N and K must differ by an even integer. Valid values for N have the form 2M-
1, where M is an integer in the range [3, 16]. The value of N cannot exceed 65,535.

Alternatives

You can configure the Theoretical tab in the Bit Error Rate Analysis app to compute theoretical
BER values instead of using the bercoding function.

Version History
Introduced before R2006a

References
[1] Proakis, John G. Digital Communications. 4th ed. New York: McGraw Hill, 2001.

[2] Frenger, P, P. Orten, and T. Ottosson. “Convolutional Codes with Optimum Distance Spectrum.”
IEEE Communications Letters 3, no. 11 (November 1999): 317-19. https://doi.org/
10.1109/4234.803468.
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[3] Odenwalder, J. P. Error Control Coding Handbook, Final Report, LINKABIT Corporation, San
Diego, CA: 1976.

[4] Sklar, Bernard. Digital Communications: Fundamentals and Applications. 2nd ed. Upper Saddle
River, N.J: Prentice-Hall PTR, 2001.

[5] Ziemer, R. E., and R. L., Peterson. Introduction to Digital Communication. 2nd ed. Prentice Hall,
2001.

See Also

Apps
Bit Error Rate Analysis

Functions
berawgn | berfading | bersync | distspec

Topics

“Analytical Expressions Used in bercoding Function and Bit Error Rate Analysis App”
“Theoretical Performance Results”
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berconfint

Error probability estimate and confidence interval of Monte Carlo simulation

Syntax

berconfint(nerrs,ntrials)
berconfint(nerrs,ntrials, level)

[errprobest,interval]
[errprobest,interval]

Description

[errprobest,interval] berconfint(nerrs,ntrials) returns the error probability
estimate and 95% confidence interval for a Monte Carlo simulation of ntrials trials with nerrs
errors.

[errprobest,interval] = berconfint(nerrs,ntrials, level) specifies the confidence
level.

Examples

Compute BER Confidence Interval for Simulation Results

Compute the confidence interval for the simulation of a communication system that has 100 bit errors
in 106 trials. The bit error rate (BER) for that simulation is 1074

Compute the 90% confidence interval for the BER of the system. The output shows that, with 90%
confidence level, the BER for the system is between 0.0000841 and 0.0001181.

nerrs = 100; % Number of bit errors in simulation
ntrials = 1076; % Number of trials in simulation
level = 0.90; % Confidence level

[ber,interval]l = berconfint(nerrs,ntrials, level)

ber = 1.0000e-04

interval = 1Ix2
103 x

0.0841 0.1181

For an example that uses the output of the berconfint function to plot error bars on a BER plot, see
“Use Curve Fitting on Error Rate Plot”.

Input Arguments

nerrs — Number of errors
scalar

Number of errors from Monte Carlo simulation results, specified as a scalar.
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Data Types: single | double

ntrials — Number of trials
scalar

Number of trials from Monte Carlo simulation results, specified as a scalar.

Data Types: single | double

level — Confidence level
scalar in the range [0, 1]

Confidence level for a Monte Carlo simulation, specified as a scalar in the range [0, 1].

Data Types: single | double

Output Arguments

errprobest — Error probability estimate
scalar

Error probability estimate for a Monte Carlo simulation, returned as a scalar.

» Ifthe errors and trials are measured in bits, the error probability is the bit error rate (BER).

» If the errors and trials are measured in symbols, the error probability is the symbol error rate
(SER).

interval — Confidence interval
two-element column vector

Confidence interval for a Monte Carlo simulation, returned as a two-element column vector that lists
the endpoints of the confidence interval for the confidence level specified by the input level.

Version History
Introduced before R2006a

References

[1] Jeruchim, Michel C., Philip Balaban, and K. Sam Shanmugan. Simulation of Communication
Systems. Second Edition. New York: Kluwer Academic/Plenum, 2000.

See Also

Apps
Bit Error Rate Analysis

Functions
berfit
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berfading

BER and SER for uncoded data over Rayleigh and Rician fading channels

Syntax

ber = berfading(EbNo,modtype,M,divorder)

ber = berfading(EbNo, 'psk',M,divorder)

ber = berfading(EbNo, 'depsk',2,divorder)

ber = berfading(EbNo, 'ogpsk',divorder)

ber = berfading(EbNo, 'dpsk',divorder)

ber = berfading(EbNo, 'fsk',M,divorder, coherence)

ber = berfading(EbNo, 'fsk',2,divorder, coherence, rho)
ber = berfading(  ,K)

ber = berfading(EbNo, 'psk',2,1,K,phaserr)

[ber,ser] = berfading( )

Description

The berfading function returns the bit error rate (BER) and symbol error rate (SER) over a
Rayleigh or Rician fading channel for uncoded data using a specified modulation scheme. The first
input argument, EbNo, is the energy per bit to noise power spectral density ratio (E/Ny) in dB. Values
in the ber and ser output vectors correspond to the theoretical error rates at the specified E,/N,
levels for a Gray-coded signal constellation. For more information, see “Analytical Expressions Used
in berfading Function and Bit Error Rate Analysis App”.

ber = berfading(EbNo,modtype,M,divorder) returns the BER for PAM or QAM data over an
uncoded Rayleigh fading channel with coherent demodulation at the specified E}/N, levels for the
modulation type, modulation order, and diversity order (specified by modtype, M, and divorder,
respectively).

ber = berfading(EbNo, 'psk',M,divorder) returns the BER for coherently detected PSK data
over an uncoded Rayleigh fading channel.

ber = berfading(EbNo, 'depsk',2,divorder) specifies coherently detected PSK data with
differential data encoding over an uncoded Rayleigh fading channel. In this case, the modulation
order is 2.

ber = berfading(EbNo, 'ogpsk',divorder) specifies coherently detected OQPSK data over an
uncoded Rayleigh fading channel.

ber = berfading(EbNo, 'dpsk',divorder) specifies DPSK data over an uncoded Rayleigh
fading channel. For DPSK modulation, the resulting BER assumes slow fading (such that any two
consecutive symbols are affected by the same fading coefficient).

ber = berfading(EbNo, 'fsk',M,divorder, coherence) returns the BER for orthogonal FSK
data over an uncoded Rayleigh fading channel. coherence specifies the coherent detection type.
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ber = berfading(EbNo, 'fsk',2,divorder, coherence, rho) specifies binary nonorthogonal
FSK data over an uncoded Rayleigh fading channel. rho specifies the complex correlation coefficient.
The modulation order is 2. For the definition of the complex correlation coefficient and how to
compute it for nonorthogonal BFSK modulation, see “Nonorthogonal 2-FSK with Coherent Detection”.

ber = berfading( _ ,K) returns the BER over an uncoded Rician fading channel using any input
argument combination from previous syntaxes. K is the ratio of specular to diffuse energy in linear
scale. If you use the modulation type 'fsk', rho is required and must be specified before K.

ber = berfading(EbNo, 'psk',2,1,K,phaserr) returns the BER of BPSK data over an uncoded
Rician fading channel. phaserr specifies the imperfect phase synchronization, which is the standard
deviation of the reference carrier phase error.

[ber,ser] = berfading( ) returns the BER and SER using any input argument combination
from previous syntaxes.

Examples

Estimate BER Performance of 16-QAM in Rayleigh Fading Channel
Generate a vector of E},/Ng values to evaluate.

EbNo = 8:2:20;

Initialize a BER results vector.

ber = zeros(length(EbNo),20);

Generate BER versus Ep/Nj curves for 16-QAM in a Rayleigh fading channel. Vary the diversity order
from 1 to 20.

for L = 1:20
ber(:,L) = berfading(EbNo, 'gam',16,L);
end

Plot the results.

semilogy (EbNo,ber, 'b")

text(18.5, 0.02, sprintf('L=%d',1))

text(18.5, le-11, sprintf('L=%d',20))

title('QAM over Rayleigh Fading Channel with Diversity Order 1 to 20')
xlabel('E b/N 0 (dB)"')

ylabel('BER")

grid on
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o QAM over Rayleigh Fading Channel with Diversity Order 1 to 20
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Input Arguments

EbNo — Energy per bit to noise power spectral density ratio

scalar | vector

Energy per bit to noise power spectral density ratio in dB, specified as a scalar or vector.

For cases where diversity is used, the E,/N, on each diversity branch is EbNo/divorder.

Data Types: single | double

modtype — Modulation type

12 14 16

Ep/Ng (dB)

"pam' | 'qam’' | 'psk' | 'ogpsk' | 'dpsk' | 'fsk'|...

Modulation type, specified as one of these options.

18 20

modtype Value

Modulation Scheme

Dependencies

lpaml

Pulse amplitude modulation
(PAM)

None
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modtype Value

Modulation Scheme

Dependencies

‘gam' Quadrature amplitude The modulation order M must be
modulation (QAM) at least 4.
* When k = log,M is odd, the
symbols lie in a rectangular
constellation of size M =T x
k-1
J, where I =2~ 2 and
k+1
J=2"2".
* When k is even, the symbols
lie in a square constellation
k k
of size 22 x 22.
"psk’ Phase shift keying (PSK) None
'oqpsk Offset quadrature phase shift None
keying (OQPSK)
"dpsk Differential phase shift keying |None
(DPSK)
'fsk' Frequency-shift keying (FSK) When you set the input

coherence to
'noncoherent', modulation
order M must be in the range [2,
64].

Data Types: char | string

M — Modulation order
2k

Modulation order, specified as an integer equal to 2%, where k is a positive integer.

Example: 4 or 272
Data Types: single | double

divorder — Diversity order

0 | nonnegative integer

Diversity order, specified as a nonnegative integer that represents the number of diversity branches.

When you specify a divorder value greater than 0, the error rate is computed using diversity. For
cases where diversity is used, the E}/N, on each diversity branch is EbNo/divorder.

Data Types: single | double

coherence — Coherent detection type

"coherent' | 'noncoherent'’

Coherent detection type, specified as one of these options.

* 'coherent' — For coherent detection
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* 'noncoherent' — For noncoherent detection

Dependencies

To enable this argument, set the modtype argument to ' fsk'.
Data Types: char | string

rho — Complex correlation coefficient
complex scalar

Complex correlation coefficient, specified as a complex scalar. For more information about the
complex correlation coefficient and how to compute it for nonorthogonal binary FSK (BFSK)
modulation, see “Nonorthogonal 2-FSK with Coherent Detection”.

Dependencies

To enable this argument, set the modtype argument to ' fsk' and the M argument to 2.
Data Types: single | double
Complex Number Support: Yes

K — Ratio of specular to diffuse energy

nonnegative scalar

Ratio of specular to diffuse energy in linear scale, specified as a nonnegative scalar.

Data Types: single | double

phaserr — Standard deviation of reference carrier phase error

nonnegative scalar

Standard deviation of the reference carrier phase error in radians, specified as a nonnegative scalar.

Data Types: single | double

Output Arguments

ber — BER
scalar | vector

BER for uncoded data over a Rayleigh or Rician channel, returned as a scalar or vector. The BER is
computed for each E,/N, setting specified by input EbNo according to the modulation type specified
by input modtype and related dependencies.

Data Types: double

ser — SER
scalar | vector

SER for uncoded data over a Rayleigh or Rician channel, returned as a scalar or vector. The SER is
computed for each E,/N, setting specified by input EbNo according to the modulation type specified
by input modtype and related dependencies.

Data Types: double
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Limitations

The numerical accuracy of the output returned by this function is limited by approximations related
to the numerical implementation of the expressions to roughly two significant digits.

Alternatives

You can configure the Theoretical tab in the Bit Error Rate Analysis app to compute theoretical
BER values instead of using the berfading function.

Version History
Introduced before R2006a
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“Nonorthogonal 2-FSK with Coherent Detection”
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berfit

Fit curve to nonsmooth empirical BER data

Syntax

fitber = berfit(empEbNo, empber)

fitber = berfit(empEbNo,empber, fitEbNo)

fitber = berfit(empEbNo,empber, fitEbNo,options)

fitber = berfit(empEbNo,empber, fitEbNo,options,fittype)

[fitber,fitprops] = berfit( )
berfit( )

berfit(empEbNo,empber, fitEbNo,options, 'all')

Description

fitber = berfit(empEbNo,empber) fits a curve to the empirical BER data, empber, and returns
a vector of fitted BER points. The values in empber and fitber correspond to the empirical energy
per bit to noise power spectral density ratio (E,/N,) values given by empEbNo. For a general
description of unconstrained nonlinear optimization, see [1].

Note The berfit function is intended for curve fitting or interpolation (not extrapolation).
Extrapolating BER data beyond an order of magnitude below the smallest empirical BER value is
inherently unreliable.

fitber = berfit(empEbNo,empber, fitEbNo) specifies a vector of E}/N, values to use when
fitting a curve to the empirical BER data in empber that correspond to the empirical E;/N, values in
empEbNo.

fitber = berfit(empEbNo,empber, fitEbNo,options) specifies a structure to override the
default options used for optimization.

fitber = berfit(empEbNo,empber, fitEbNo,options, fittype) specifies the closed-form
function used to fit the empirical data. If you do not want to override the default options for
optimization, specify options as| ].

[fitber,fitprops] = berfit( ) returns the fitprops structure with fields that describe
the properties of the curve fit. Use any input argument combination from previous syntaxes.

berfit( ) plots the empirical and fitted BER data.

berfit(empEbNo,empber, fitEbNo,options, 'all"') plots the empirical and fitted BER data
from all possible settings of fittype that are valid. If you do not want to override the default options
for optimization, specify options as | ].

Note To be valid a fit must conform to these criteria, otherwise it is rejected.
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* real-valued
* monotonically decreasing
* greater than or equal to 0 and less than or equal to 1

Examples

Fit Curve to BER Points

This example shows the use of the berfit function using hard-coded or theoretical BER points for
simplicity. For an example that uses empirical BER data from a simulation, see “Use Curve Fitting on
Error Rate Plot”.

Best Fit for Set of Sample Data
Define a range of E}/Ng values and BER points. Use this data as inputs for the berfit function.
EbNO = 0:13;

berdata = [.2 .15 .13 .12 .08 .09 .08 .07 .06 .04 .03 .02 .01 .004];
berfit (EbNO,berdata);

BER vs. Eb/No with Best Curve Fit

1[}[} T T T
x"ﬂ-\.
—_
10 —
i ——_
s
—x_
o N
m “
t
102 \ :
*,
p"
#  Empirical BER
Paly Ratio Fit
1[}_3 I I I I I I I
0 i 4 & 8 10 12 14
Eb/Mo (dB)
Plot Best Fit

The curve connects the points created by evaluating the fit expression at the specified Ey,/Nj values.
To make the curve look smoother, provide an input vector of Ey,/Nj values for curve fitting in
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ascending order. This vector provides more points for plotting the curve and does not change the fit
expression.

fitEbNo = 0:0.2:13;
berfit (EbNO,berdata, fitEbNo)

0 BER vs. Eb/Mo with Best Curve Fit
10 T T T T T T T
e
1 T
101 — ]
* —
i
"-K__ -
e B
Hd .
102 ]
\1\‘.
"
®  Empirical BER
Paly Ratio Fit
_3 | | | I | | |
10 0 2 4 6 8 10 12 14
Eb/No (dB)

Fit for BER Curve with Error Floor

Run the berfit function using the 'all' option on empirical BER results for a simulation of BPSK
data transmitted over a channel with a null (ch = [0.5 0.47]) and recovered by using a linear
MMSE equalizer at the receiver for the Ey/Ng range [-10, 15]. Comparing the results of curve fitting
methods

* ‘'doubleExp+const' fit type does not provide a valid fit

* ‘'exp' fit type does not work well for this data

* ‘'exp+const' and 'polyRatio’ fit types closely match the simulated data

EbNO = -10:3:15;

empBER = [0.3361 0.3076 0.2470 0.1878 0.1212 0.0845 0.0650 0.0540 0.0474];

figure;
berfit (EbN@,empBER, [],[],'all");
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0 BER vs. Eb/No with All Curve Fits
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Use of options Input Structure and fitprops Output Structure

The 'notify' value for the display level causes the function to produce output when one of the
attempted fits does not converge. The exitState field of the output structure indicates which fit
type converges.

Generate theoretical BER results for 8-PSK data with a diversity order of 2 transmitted over a
Rayleigh fading channel for the E},/Ng range [3, 10] dB.

M = 8; EbNO = 3:10;
berdata = berfading(EbN@O, 'psk',M,2); % Compute the theoretical BER
noisydata = berdata.*[.93 .92 1 .59 .08 .15 .01 .01];

Create the options structure by using the optimset function to configure display and notification
of fit type results. Run exponential and polynomial ratio fit types.

options = optimset('display', 'notify');
disp('*** Trying exponential fit.') % Poor fit

***% Trying exponential fit.
[fitberl,fitpropsl] = berfit(EbN®,noisydata,EbNO, ...

options, 'exp')

Exiting: Maximum number of function evaluations has been exceeded
- increase MaxFunEvals option.
Current function value: 2.749919
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fitberl = 1Ix8

0.1247 0.0727 0.0376 0.0168 0.0064 0.0020 0.0005 0.0001

fitpropsl = struct with fields:
fitType: 'exp'
coeffs: [4x1 double]
sumSqErr: 2.7499
exitState: 'The maximum number of function evaluations has been exceeded'

funcCount: 10001
iterations: 6193

disp('*** Trying polynomial ratio fit.') % Good fit
*** Trying polynomial ratio fit.

[fitber2,fitprops2] = berfit(EbNO,noisydata,EbNO, ...
options, 'polyRatio")

fitber2 = 1x8

0.1701 0.0874 0.0407 0.0169 0.0060 0.0016 0.0003 0.0001

fitprops2 = struct with fields:
fitType: 'polyRatio’
coeffs: [6x1 double]
sumSqErr: 2.3880
exitState: 'The curve fit converged to a solution'
funcCount: 554
iterations: 331

Input Arguments

empEbNo — Empirical E,/N, values
vector

Empirical E}/N, values in dB, specified as a vector with at least four elements. The element values in
the vector must be in ascending order.

Data Types: single | double

empber — Empirical BER data
vector

Empirical BER data, specified as a vector with the same number of elements as input empEbNo. The
values in empber correspond to the E/N, values given by empEbNo.

Data Types: single | double

fitEbNo — E,/N, values for curve fitting
vector

E}/N, values in dB for curve fitting, specified as a vector with element values in ascending order. The
length of fitEbNo must equal or exceed that of input empEbNo.
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Data Types: single | double

options — Override default options used for optimization
[ 1] structure

Override default options used for optimization, specified as a structure. The fields specified in the
options structure are used by the fminsearch function. You can create the options structure by
using the optimset function. This table describes the fields that are most relevant when using the
berfit function. To use default options, you can specify this input as [ ].

Field Description

options.Display Level of display.

« 'off' (default) -- displays no output
+ ‘'iter' -- displays output at each iteration
+ 'final' -- displays only the final output

* 'notify' -- displays output only if the
function does not converge

options.MaxFunEvals The maximum number of function evaluations
before optimization ceases. The default is 10%.

options.MaxIter The maximum number of iterations before
optimization ceases. The default is 104,

options.TolFun The termination tolerance for the closed-form
function used to generate the fit. The default is
104,

options.TolX The termination tolerance for the coefficient

values of the closed-form function used to
generate the fit. The default is 10

Data Types: struct

fittype — Closed-form function used to fit empirical data
‘exp' | 'exp+const' | 'polyRatio' | 'doubleExp+const'’

Closed-form function used to fit the empirical data, specified as 'exp', 'exp+const’,
"polyRatio’, or 'doubleExp+const'. For more information, see “Algorithms” on page 2-90.

Data Types: char | string

Output Arguments

fitber — Fitted BER points
vector

Fitted BER points, returned as a vector. The BER is computed for each E}/N, setting specified by the
input empEbNo vector.

Data Types: double

fitprops — Fit properties
structure
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Fit properties, returned as a structure with these fields to describe the properties of the curve fit.

Field

Description

fitprops.fitType

The closed-form function type used to generate
the fit. Valid values include: 'exp', 'exp
+const', 'polyRatio’, or 'doubleExp
+const’.

fitprops.coeffs

The coefficients used to generate the fit. If the
function cannot find a valid fit,
fitprops.coeffs is an empty vector.

fitprops.sumSqErr

The sum squared error between the log of the
fitted BER points and the log of the empirical
BER points.

fitprops.exitState

The exit condition of berfit. Valid values
include:

* 'The curve fit converged to a
solution.'

e 'The maximum number of function
evaluations was exceeded.'

e 'No desirable fit was found.'

fitprops.funcCount

The number of function evaluations used in
minimizing the sum squared error function.

fitprops.iterations

The number of iterations taken in minimizing the
sum squared error function. This value is not
necessarily equal to the number of function
evaluations.

Data Types: struct

Algorithms

The berfit function fits the BER data using unconstrained nonlinear optimization via the
fminsearch function. This table lists the closed-form functions that berfit considers based on the
value of the fittype input argument. These functions were empirically found to provide close fits in
a wide variety of situations, including exponentially decaying BERs, linearly varying BERs, and BER
curves with error rate floors. In the functional expressions, x is a linear E}/N, value (not a dB value),

and f(x) is the estimated BER.

fittype Value Functional Expression
o ~(x= )"

f(x) = ajexp o
"exp+const’ —(x—a)®

fx) = ayexp|——_=—| + a5
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fittype Value Functional Expression
'polyRatio’ 2
poly flx) = 3a1x +2a2x+a3
X° +agx“ + asx + ag
‘doubleExp+const’ —(x —ay)®
ajexp| ————
as
—(x - ag)"’
+ asexp 5 + ag

The sum squared error function that fminsearch attempts to minimize is
F = [log(empirical BER) — log(fitted BER)]?
The fitted BER points are the values in the output fitber, and the sum is over the E,/N, points given

in the input empEbNo. To avoid high-BER regions dominating the objective function, the sum squared
equation uses the log of the BER values rather than the BER values themselves.

Version History
Introduced before R2006a

References

[1] Chapra, Steven C., and Raymond P. Canale. Numerical Methods for Engineers. Fourth Edition.
New York, McGraw-Hill, 2002.

See Also

Apps
Bit Error Rate Analysis

Functions
fminsearch | optimset
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BER for imperfect synchronization

Syntax

ber = bersync(EbNo,timerr, 'timing")
ber bersync(EbNo, phaserr, 'carrier')

Description

The bersync function returns the bit error rate (BER) for uncoded coherent BPSK over an additive
white Gaussian noise (AWGN) channel for imperfect synchronization. For more information, see
“Analytical Expressions Used in bersync Function and Bit Error Rate Analysis App”.

ber = bersync(EbNo,timerr, 'timing"') returns the BER from uncoded coherent binary phase
shift keying (BPSK) modulation over an additive white Gaussian noise (AWGN) channel at the
specified E/N, with imperfect timing specified by timerr. The normalized timing error is assumed to
have a Gaussian distribution.

ber = bersync(EbNo,phaserr, 'carrier') returns the bit error rate (BER) from uncoded BPSK
modulation over an AWGN channel at the specified E,/N, with a noisy phase reference specified by
phaserr. The phase error is assumed to have a Gaussian distribution. phaserr is the standard
deviation of the phase error of the reference carrier phase.

Examples

Calculate BER for Imperfect Synchronization

Compute the BER for coherent BPSK modulation over an AWGN channel with imperfect timing. Vary
the ratio of bit energy to noise power spectral density (E},/Ng) and the standard deviation of the
timing error. When timerr assumes the final value of 0, the bersync function produces the same
result as berawgn (EbNo, 'psk',2).

EbNo = [4 8 12];
timerr = [0.2 0.07 0];
ber = zeros(length(timerr),length(EbNo));
for ii = 1l:length(timerr)
ber(ii,:) = bersync(EbNo,timerr(ii), 'timerr');
end

Display the result using scientific notation.
format short e; ber
ber = 3x3

5.2073e-02 2.0536e-02 1.1160e-02
1.8948e-02 7.9757e-04  4.9008e-06
1.2501e-02 1.9091e-04 9.0060e-09
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Switch back to default notation format.

format;

Input Arguments

EbNo — Ratio of bit energy to noise power spectral density
scalar | vector

Ratio of bit energy to noise power spectral density ( Ep/Ny) in dB, specified as a scalar or vector.

Data Types: single | double

timerr — Standard deviation of timing error
scalar in the range [0, 0.5]

Standard deviation of the timing error, specified as a scalar in the range [0, 0.5]. Provide the timing
error normalized to the symbol interval. The normalized timing error is assumed to have a Gaussian
distribution.

Data Types: double | single

phaserr — Standard deviation of phase error
scalar

Standard deviation of the phase error for the reference carrier phase in radians, specified as a scalar.
The phase error is assumed to have a Gaussian distribution.

Data Types: double | single

Output Arguments

ber — BER
scalar | vector

BER for uncoded coherent BPSK modulation over an AWGN channel returned as a scalar or vector
with

» imperfect timing if you specified the timerr input
* a noisy phase reference if you specified the phaserr input

The BER is computed for each E;/N, setting specified by the input argument EbNo.

If EbNo is a vector, the output ber is a vector of the same size as input EbNo and its elements
correspond to the different elements of the EbNo vector.

Data Types: double
Limitations

In general, the numerical accuracy for the output BER is limited to approximately two significant
digits. The numerical accuracy output by this function is limited by:

* Approximations in the analysis leading to the closed-form expressions used by the function
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* Approximations related to the numerical implementation of the expressions

Inherent limitations in numerical precision force the function to assume perfect synchronization if the
value of timerr or phaserr is less than the positive distance from the absolute value of the error
value to the next larger in magnitude floating point number as determined by the eps function. This
table indicates how the function behaves under these conditions.

Condition Behavior of bersync Function

timerr < eps bersync(EbNo,timerr, 'timing') is equivalent to
berawgn(EbNo, 'psk',2) with a timing error less than
eps.

phaserr < eps bersync(EbNo,phaserr, 'carrier') is equivalent to
berawgn (EbNo, 'psk',2) with a phase error less than
eps.

Algorithms

This function uses formulas from [3].
When the last input is 'timing', the function computes

o)

1 _ S % 1 ® X2
prrd B T | E——— IE + 5 Lﬁexp( X )dx

o is the timerr input, and R is the value of the EbNo input converted from dB to a linear scale.

When the last input is 'carrier’, the function computes

1 =] ¢2 [ y2
o exp( — F)ﬁﬁcosq}exm - T)dyd(b

o is the phaserr input, and R is the value of the EbNo input converted from dB to a linear scale.

Alternatives

You can configure the Theoretical tab in the Bit Error Rate Analysis app to compute theoretical
BER values instead of using the bersync function.

Version History
Introduced before R2006a
References

[1] Jeruchim, Michel C., Philip Balaban, and K. Sam Shanmugan. Simulation of Communication
Systems. Second edition. Boston, MA: Springer US, 2000.

[2] Sklar, Bernard. Digital Communications: Fundamentals and Applications. 2nd ed. Upper Saddle
River, N.J: Prentice-Hall PTR, 2001.

[3] Stiffler, J. J. Theory of Synchronous Communications. Englewood Cliffs, NJ.: Prentice-Hall, 1971.
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See Also

Apps
Bit Error Rate Analysis

Functions
berawgn | bercoding | berfading

Topics
“Analytical Expressions Used in bersync Function and Bit Error Rate Analysis App”
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bi2de

(Not recommended) Convert Binary to Base-P

Note is not recommended. Instead, use the bit2int function. For more information, see
“Compatibility Considerations”.

Syntax

d = bi2de(b)

d = bi2de(b,flg)

d = bi2de(b,p)

d = bi2de(b,p, flg)

Description
d = bi2de(b) converts a binary row vector b to a decimal integer.

d = bi2de(b, flg) converts a binary row vector to a decimal integer, where flg determines the
position of the most significant digit.

d = bi2de(b,p) converts a base-p row vector b to a decimal integer.

d = bi2de(b,p, flg) converts a base-p row vector to a decimal integer, where flg determines the
position of the most significant digit.

Examples

Convert Binary to Base-10

This example shows how to convert binary numbers to decimal integers. It highlights the difference
between right- and left- most significant digit positioning.

[061011];
[1110];

bl
b2
Convert the two binary arrays to decimal by using the bi2de function. Assign the most significant
digit is the leftmost element. The output of converting b1 corresponds to

02Y +12% + 02%) + 121 + 1(2° = 11, and b2 corresponds to 1(2%) + 12%) + 121 + 02°) = 14.

dl bi2de(bl, 'left-msb")

dl = 11
d2 = bi2de(b2, 'left-msb")
d2 = 14

Assign the most significant digit is the rightmost element. The output of converting b1 corresponds to
02% + 121 + 0(2%) + 1(2%) + 1(2% = 26, and b2 corresponds to 12°) + 12" + 1(2%) + 02%) = 7.
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dl = bi2de(bl, 'right-msb")
dl = 26
d2 = bi2de(b2, 'right-msb")

d2 =7

Input Arguments

b — Binary input
row vector | matrix

Binary input, specified as a row vector or matrix of positive integer or logical values.

Note b must represent an integer less than or equal to 2°2.

Data Types: double | single | logical | integer | fi

flg — MSB flag
'right-msb' (default) | ' left-msb'

MSB flag, specified as 'right-msb' or 'left-msb'.

* 'right-msb' -- Indicates the right (or last) column of the binary input, b, as the most significant
bit (or highest-order digit).

* 'left-msb' -- Indicates the left (or first) column of the binary input, b, as the most significant
bit (or highest-order digit).

Data Types: char | string

p — Base
2 (default) | positive integer scalar

Base of the input b, specified as an integer greater than or equal to 2.

Data Types: double | single

Output Arguments

d — Decimal output
nonnegative integer | vector

Decimal output, returned as an nonnegative integer or row vector. If b is a matrix, each row
represents a base-p number. In this case, the output d is a column vector in which each element is the
decimal representation of the corresponding row of b.

If the input data type is

* An integer data type and the value of d can be contained in the same integer data type as the
input, the output data type uses the same data type as the input. Otherwise, the output data type
is chosen to be big enough to contain the decimal output.
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* double orlogical data type, the output data type is double.

* single data type, the output data type is single.

Version History
Introduced before R2006a

bi2de is not recommended. Use bit2int instead.

Not recommended starting in R2021b

Use bit2int instead of bi2de. If converting numbers from a nonbase-2 representation to decimal,

use base2dec.

The code in this table shows binary-to-decimal conversion for various inputs using the recommended

function.

Discouraged Feature

Recommended Replacement

% Default (left MSB)

Default (left MSB)

n = randi([1 100]); % Number of integers n = randi([1 100]); % Number of integers

bpi = 3; % Bits per integer bpi = 3; % Bits per integer

x = randi([0,1],n*bpi,1); x = randi([0,1],n*bpi,1);

y = bi2de(reshape(x,bpi,[])"', 'left-msb") y = bit2int(x,bpi)

% Default row vector (or matrix) input % Default row vector (or matrix) input
x=1[011]; x=1[011];

bi2de(x) bit2int(x',length(x),0)'

% Right MSB, logical input

% Right MSB, logical input

n randi([1 100]); % Number of integers
bpi = 8; % Bits per integer

x = randi([0,1],n*bpi,1, 'single');

y = bi2de(reshape(x,bpi,[])"', 'right-msb")
N = 2”bpi;

y =y - (y>=N/2)*N

n = randi([1 100]); % Number of integers n = randi([1 160]); % Number of integers
bpi = 5; % Bits per integer bpi = 5; % Bits per integer

x = logical(randi([0,1],n*bpi,1)); x = logical(randi([0,1],n*bpi,1));

y = bi2de(reshape(x,bpi,[])"', 'right-msb") y = bit2int(x,bpi,false)

% Right MSB, signed input, single input %

Right MSB, signed input, single input
= randi([1 100]); % Number of integers
pi = 8; % Bits per integer
randi([0,1],n*bpi,1, 'single');
bit2int(x,bpi, false);

27bpi;

y - (y>=N/2)*N

< 2 X T S
Il

Extended Capabilities

C/C++ Code Generation

Generate C and C++ code using MATLAB® Coder™.

See Also
bit2int | int2bit
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bin2gray

(To be removed) Convert positive integers into corresponding Gray-encoded integers

Note will be removed in a future release. Instead, use the appropriate modulation object or function
to remap constellation points. For more information, see “Compatibility Considerations”.

Syntax

y = bin2gray(x,modulation,M)
[y,map] = bin2gray(x,modulation,M)

Description

y = bin2gray(x,modulation,M) generates a Gray-encoded vector or matrix output y with the
same dimensions as its input parameter x. x can be a scalar, vector, matrix, or 3-D array.
modulation is the modulation type and must be 'gqam', 'pam’', 'fsk', 'dpsk', or 'psk'. Mis the
modulation order and must be an integer power of 2.

Note If you are converting binary-coded data to Gray-coded data and modulating the result
immediately afterwards, you should use the appropriate modulation object or function with the
'Gray' option, instead of bin2gray.

[y,map] = bin2gray(x,modulation,M) generates a Gray-encoded output y with its respective
Gray-encoded constellation map, map.

You can use map output to label a Gray-encoded constellation. The map output gives the Gray-
encoded labels for the corresponding modulation.

Examples

Binary to Gray Symbol Mapping

This example shows how to use the bin2gray and gray2bin functions to map integer inputs from a
natural binary order symbol mapping to a Gray-coded signal constellation and vice versa, assuming
16-QAM modulation. In addition, a visual representation of the difference between Gray-coded and
binary-coded symbol mappings is shown.

Create a complete vector of 16-QAM integers. Convert the input vector from a natural binary order to
a Gray-encoded vector using bin2gray. Convert Gray to Binary Convert the Gray-encoded symbols,
y, back to a binary ordering using gray2bin. Verify that the original data, x, and the final output
vector, z, are identical.

M 16;
X (0:M-1);
[y,mapy] = bin2gray(x, 'gam',M);
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z = gray2bin(y, 'gam',M);
isequal(x,z)

ans = logical
1

Show symbol mappings. To create a constellation plot showing the different symbol mappings, use the
gammod function to find the complex symbol values. Plot the constellation symbols and label them
using the Gray (y) and binary (z) output vectors. The binary representation of the Gray-coded
symbols is shown in black and the binary representation of the naturally ordered symbols is shown in
red. Set the axes scaling so that all points are displayed.

sym = gammod (x,M) ;
scatterplot(sym,1,0,'b*");
for k = 1:16
text(real(sym(k))-0.3,imag(sym(k))+0.3,...
dec2base(mapy(k),2,4));
text(real(sym(k))-0.3,imag(sym(k))-0.3,...
dec2base(z(k),2,4), 'Color',[1 0 0]);
end
axis([-4 4 -4 4])
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Input Arguments

x — Binary-encoded data
vector | matrix
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Input binary-encoded data, specified as a vector or matrix.

Data Types: double

modulation — Modulation type
‘gam' | 'pam' | 'fsk' | 'dpsk' | 'psk’

Modulation type, specified as, 'gqam', 'pam', 'fsk', 'dpsk', or 'psk'

M — Modulation order
scalar
Modulation order, specified as an integer power of 2.

Data Types: double

Output Arguments

y — Gray-encoded data
vector | matrix

Gray-encoded data with the same size and dimensions input x.

map — Map of labels
vector

Map output to label a Gray-encoded constellation, specified as a vector with a length the size of the
modulation order, M. The map gives the Gray-encoded labels for the corresponding modulation.

Version History
Introduced before R2006a

bin2gray will be removed
Warns starting in R2021b

The bin2gray function will be removed in a future release. Instead, use the appropriate modulation
object or function to remap constellation points. This table shows the remapping based on modulation

type.

When you use the workflow that is discouraged, the bin2gray and gray2bin functions convert a
binary representation to a natural binary or Gray encoding. After the conversion, you must specify
"bin' for the symbol order when you call the modulation and demodulation functions.

When you use the workflow that is recommended, for any given of modulation scheme, you provide
decimal values when you call the modulation and demodulation functions. When you call the
modulation and demodulation functions, specify the symbol order as 'bin' for natural binary
encoding or 'gray' for Gray encoding.

If your workflow uses bin2gray or gray2bin with any of the modulations schemes in this table,
follow the appropriate example.
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Modulation Discouraged Usage Recommended Replacement
QAM (gammod and gamdemod) x = randi([0 63],1,100); x = randi([0 63],1,100);
y = bin2gray(x, 'gam',64); z = qammod(x,64, 'gray"');
z = gqammod(y,64, 'bin');
X = 2*¥(randn(100,1)+1j*randn(109,1));
X = 2*¥(randn(100,1)+1j*randn(106z 13 )gamdemod(x, 64, 'gray")
y = gamdemod(x,64, 'bin');
z = gray2bin(y, 'gam',64);
PAM (pammod and pamdemod) X = randi([0 63],1,100); X = randi([0 63],1,100);
y = gray2bin(x, 'pam',64); z = pammod(x,64,pi/4, 'gray');
z = pammod(y,64,pi/4,'bin');
X = 2*(randn(100,1)+1j*randn(109,1));
X = 2*¥(randn(100,1)+1j*randn(106z 19 )pamdemod (x,64,pi/4, 'gray")
y = pamdemod(x,64,pi/4, 'bin');
z = bin2gray(y, 'pam',64);
FSK (fskmod and fskdemod) X = randi([0 63],1,100); X = randi([0 63],1,100);
y = gray2bin(x, 'fsk',64); z = fskmod(x,64,1,256,256, 'cont(, 'gray")
z = fskmod(y,64,1,256,256, 'cont(, 'bin')
X = 2*¥(randn(512,1)+1j*randn(512,1));
X = 2*¥(randn(512,1)+1j*randn(512z 19 )fskdemod(x,64,1,256,256, 'gray');
y = fskdemod(x,64,1,256,256, 'bip');
z = bin2gray(y, 'fsk',64)
DPSK (dpskmod and dpskdemod) |x = randi([0 63],1,100); X = randi([0 63],1,100);
y = gray2bin(x, 'dpsk',64); z = dpskmod(x,64,pi/4,'gray');
z = dpskmod(y,64,pi/4,'bin');
X = 2*¥(randn(100,1)+1j*randn(100,1));
X = 2*¥(randn(100,1)+1j*randn(100z 19 )dpskdemod(x,64,pi/4, 'gray"')
y = dpskdemod(x,64,pi/4, 'bin');
z = bin2gray(y, 'dpsk',64);
PSK (pskmod and pskdemod) x = randi([0 63],1,100); X = randi([0 63],1,100);
y = gray2bin(x, 'psk',64); z = pskmod(x,64,0, 'gray');
z = pskmod(y,64,0, 'bin");
X = 2*¥(randn(100,1)+1j*randn(109,1));
X = 2*(randn(100,1)+1j*randn(106z 19 )pskdemod(x,64,0, '‘gray');
y = pskdemod(x,64,0, 'bin');
z = bin2gray(y, 'psk',64);
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C/C++ Code Generation

Generate C and C++ code using MATLAB® Coder™.

See Also

dpskmod | fskmod | pammod | pskmod | gammod

Topics

Gray Encoding a Modulated Signal
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bit2int

Convert bits to integers

Syntax
Y = bit2int(X,n)
Y = bit2int(X,n,msbfirst)

Description

Y = bit2int(X,n) converts n column-wise bit elements in X to integer values, with the first bit as
the most significant bit (MSB).

Y = bit2int(X,n,msbfirst) indicates whether the first bit in each set of n column-wise bits from
X is the MSB or the least significant bit (LSB).

Examples

Convert Vector of Bits to Integers
Specify a column vector of bits.
X=[10101010]";

Specify for four column-wise bit elements of the input vector to be converted to integer values. Then,
convert the bits to integers.

n=4,;
Y = bit2int(X,n)
Y = 2x1

10

10

Convert Matrix of Bits to Integers

Specify a matrix of bits.

X =1int8([1 1 0; 061 11"')
X = 3x2 int8 matrix

1 0

1 1

0 1
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Specify that the first bit in each set of three column-wise bit elements is the LSB. Then, convert the
bits to integers.

n = 3;

msbfirst = false;

Y = bit2int(X,n,msbfirst)
Y = 1x2 int8 row vector

3 6

Convert Array of Bits to Integers
Specify an array of bits.
X = randi([0,1],8,2,2, 'uint8")

X = 8x2x2 uint8 array
X(:,:,1) =

HPFOOHRMHEFOKRK
OrRrORrRPRRORKRHRKH

>
N
]

FRORKFRRERFEOO
OO ROR R

Specify that the first bit in each set of four column-wise bit elements is the MSB. Then, convert the
bits to integers.

n=4,;
msbfirst = true;
Y = bit2int(X,n,msbfirst)

Y = 2x2x2 uint8 array
Y(:,:,1) =

13 13
9 10
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Input Arguments

X — Bits
column vector | matrix | 3-D array

Bits, specified as a column vector, matrix, or 3-D array of numeric or logical 0s and 1s.

Example: [1 0 1 0 1 0 1 0] ' specifies an input column vector of size 8-by-1.

Note The number of rows in X must be a multiple of input n.

Data Types: single | double | int8 | int16 | int32 | int64 | uint8 | uintl1l6 | uint32 | uint64 |
logical

n — Number of bits to be converted
positive integer

Number of bits to be converted to integers, specified as a positive integer.

Data Types: double

mshfirst — Specification of MSB first
trueorl| falseor®

Specification of MSB first, specified as a numeric or logical 1 (true) or 0 (false).

¢ true -- For each set of n column-wise bhits in X, the first bit is the MSB.
+ false -- For each set of n column-wise bits in X, the first bit is the LSB.

Data Types: logical

Output Arguments

Y — Integer representation of input bits
scalar | column vector | matrix | 3-D array

Integer representation of input bits, returned as a scalar, column vector, matrix, or 3-D array. The
function returns the integer-equivalent value for each set of n column-wise bits in X. Output Y has
same dimensions as input X except that the number of rows in Y is n times less than the number of
rows in X.

The data type of Y depends on the data type of X.

» If X is of data type double or logical, then Y is of data type double.
» If Xis of data type single, then Y is of data type single.
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+ If Xis an integer data type and the value of Y can be contained in the same integer data type, then
Y is of the same data type and signedness as X. If the value of Y cannot be contained in the same
integer data type as X, then the function sets the data type of Y to an integer data type that is big
enough to contain its value.

Version History
Introduced in R2021b
Extended Capabilities

C/C++ Code Generation
Generate C and C++ code using MATLAB® Coder™.

Usage notes and limitations:

» For code generation, when input X is an integer data type, the input n must be compile-time
constant. For example, use coder.Constant(n).

See Also

Functions
int2bit | base2dec

Blocks
Bit to Integer Converter
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biterr

Number of bit errors and bit error rate (BER)

Syntax

[number, ratio] = biterr(x,y)

[number, ratio] = biterr(x,y,k)
[number,ratio] = biterr(x,y,k,flag)
[number,ratio,individual] = biterr( )

Description

[number,ratio] = biterr(x,y) compares the unsigned binary representation of elements in x
to those in y. The function returns number, the number of bits that differ in the comparison, and
ratio, the ratio of number to the total number of bits. The function determines the order in which it
compares X and y based on their sizes. For more information, see the Algorithms on page 2-111
section.

[number,ratio] = biterr(x,y,k) also specifies k, the maximum number of bits for each
element in x and y. If the unsigned binary representation of any element in x or y is more than k
digits, the function errors.

[number,ratio] = biterr(x,y,k, flag) specifies a flag to override default settings for how
the function compares the elements and computes the outputs. For more information, see the
Algorithms on page 2-112 section.

[number,ratio,individual] = biterr( ) returns the binary comparison result of x and y
as matrix individual. You can specify any of the input argument combination from the previous
syntaxes.

Examples

Bit Error Rate Computation

Create two binary matrices.

x=[00; 00; 00; 00]
X = 4x2

0 0

0 0

0 0

0 0
y=1[00; 00; 00; 11]
y = 4x2
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[l cNoNO]
[l cNoNO]

Determine the number of bit errors.
numerrs = biterr(x,y)

numerrs = 2

Compute the number of column-wise errors.
numerrs = biterr(x,y,[], " 'column-wise")

Ix2

numerrs

1 1

Compute the number of row-wise errors.
numerrs = biterr(x,y,[], 'row-wise')

numerrs 4x1

NOOO

Compute the number of overall errors. Behavior is the same as the default behavior.
numerrs = biterr(x,y,[], 'overall')

numerrs = 2

Estimate Bit Error Rate for 64-QAM in AWGN

Demodulate a noisy 64-QAM signal and estimate the bit error rate (BER) for a range of Eb/No values.
Compare the BER estimate to theoretical values.

Set the simulation parameters.

M = 64;

k = 1log2(M);

EbNoVec = (5:15)';
numSymPerFrame = 100;

Modulation order

Bits per symbol

Eb/No values (dB)

Number of QAM symbols per frame

o° o° o° o°

Initialize the results vector.
berEst = zeros(size(EbNoVec));

The main processing loop executes these steps.
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Generate binary data and convert to 64-ary symbols.
QAM-modulate the data symbols.

Pass the modulated signal through an AWGN channel.
Demodulate the received signal.

Convert the demodulated symbols into binary data.
Calculate the number of bit errors.

The while loop continues to process data until either 200 errors are encountered or 1e7 bits are
transmitted.

for n = 1:length(EbNoVec)

% Convert Eb/No to SNR

snrdB = EbNoVec(n) + 10*loglO(k);
% Reset the error and bit counters
numerrs 0;

numBits 0;

while numErrs < 200 && numBits < 1le7

% Generate binary data and convert to symbols

dataIn = randi([0 1],numSymPerFrame,Kk);
dataSym = bi2de(dataln);

QAM modulate using 'Gray' symbol mapping

txSig = gammod(dataSym,M);

% Pass through AWGN channel
rxSig = awgn(txSig,snrdB, 'measured');

% Demodulate the noisy signal
rxSym = gamdemod(rxSig,M);

% Convert received symbols to bits
dataOut = de2bi(rxSym,k);

% Calculate the number of bit errors
nErrors = biterr(datalIn,dataOut);

% Increment the error and bit counters

numeErrs = numErrs + nErrors;

numBits = numBits + numSymPerFrame*k;
end

% Estimate the BER
berEst(n) = numErrs/numBits;

end

Determine the theoretical BER curve by using the berawgn function.

berTheory = berawgn(EbNoVec, 'qam',M);

Plot the estimated and theoretical BER data. The estimated BER data points are well aligned with the
theoretical curve.

semilogy (EbNoVec,berEst, '*")
hold on

semilogy (EbNoVec,berTheory)
grid
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legend('Estimated BER', 'Theoretical BER')
xlabel('Eb/No (dB)")
ylabel('Bit Error Rate')
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Input Arguments

X,y — Inputs to be compared (as separate arguments)
vector | matrix

Inputs to be compared, specified as separate arguments, as a vector or matrix of nonnegative integer
elements. The function converts each element of x and y to its unsigned binary representation for
comparison.

Data Types: single | double | int8 | int16 | int32 | int64 | uint8 | uint1l6 | uint32 | uint64 |
logical

k — Maximum number of bits for input elements
positive integer

Maximum number of bits for input elements of x and y, specified as a positive integer. If the number
of bits required for binary representation of any element in x or y is greater than k, the function
erTors.

If you do not set k, the function sets it as the number of bits in the binary representation of the
largest element in x and v.
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Data Types: single | double

flag — Flag to override default settings
‘overall' | 'row-wise' | 'column-wise’

Flag to override default settings of the function, specified as 'overall', 'row-wise', or 'column-
wise'. Flag specifies how the function compares elements in inputs X,y and computes the output.
For more information, see the Algorithms on page 2-112 section.

Data Types: string | char

Output Arguments

number — Number of bit errors
nonnegative integer | integer vector

Number of bit errors, returned as a nonnegative integer or integer vector.

Data Types: single | double

ratio — Bit error rate
scalar

Bit error rate, returned as a scalar. ratio is the number of bit errors, number, to the total number of
bits used in the binary representation. The total number of bits is k times the number of entries in the
smaller of the inputs X, y.

individual — Results of each individual binary comparison
matrix

Results of each individual binary comparison, returned as a matrix whose dimensions are those of the
larger of inputs x and y. Each element specifies the number of bits by which the elements in the pair
differ. For more information, see the Algorithms on page 2-112 section.

Data Types: single | double

Algorithms
Comparing Inputs Based on Sizes

The function uses the sizes of x and y to determine the order in which it compares their elements.

+ Ifinputs are matrices of the same dimensions, then the function compares the inputs element by
element. number is a nonnegative integer in this case. For example, see case (a) in the figure.

» If one input is a matrix and the other input is a column vector, then the function compares each
column of the matrix element by element with the column vector. The number of rows in the
matrix must be equal to the length of the column vector. In other words, if the matrix has
dimensions m-by-n, then the column vector must have dimensions m-by-1. For example, see case
(b) in the figure.

» If one input is a matrix and the other input is a row vector, then the function compares each row of
the matrix element by element with the row vector. The number of columns in the matrix must be
equal to the length of the row vector. In other words, if the matrix has dimensions m-by-n, then the
row vector must have dimensions 1-by-n. For example, see case (c) in the figure.
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Comparing Inputs Based on Flag

This table describes how the output is computed based on the different values of flag. x is
considered as a matrix in this table and the size of y is varied.

Size of y flag Value Type of number Value |Total Number of
Comparison Bits
Matrix 'overall' (default) |Element by element |Total number of |k times the
bit errors number of
elements in y
'row-wise' mth row of x to mth |Column vector |k times the
row of y whose elements |number of

represent the |elementsiny
bit errors in

each row
"column-wise' mth column of X to |Row vector k times the
mth column of y whose elements |[number of

represent the |elementsiny
bit errors in
each column

Row vector ‘overall' y to each row of x  |Total number of |k times the
bit errors number of
elements of x

"row-wise'(default) |y to each row of x |Column vector |k times the size of
whose elements |y
represent the
bit errors in

each row of x

Column vector 'overall' y to each column of |Total number of |k times the
X bit errors number of
elements of x
‘column-wise' y to each column of |Row vector k times the size of
(default) X whose elements |y

represent bit
errors in each
column of x
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Version History
Introduced before R2006a

Extended Capabilities

C/C++ Code Generation

Generate C and C++ code using MATLAB® Coder™.

See Also
alignsignals | finddelay | symerr
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Binary symmetric channel

Syntax
ndata bsc(data,probability)

ndata bsc(data,probability,streamhandle)
ndata bsc(data,probability, seed)
[ndata,err] = bsc( )

Description

ndata = bsc(data,probability) passes the binary input signal data through a binary
symmetric channel having the specified error probability. The channel introduces a bit error and
processes each element of the input data independently. data must be an array of binary numbers
or a Galois array in GF(2). probability must be a scalar from 0 to 1.

ndata = bsc(data,probability, streamhandle) accepts a random stream handle to generate
uniform noise samples by using rand. Providing a random stream handle or using the reset
(RandStream) function on the default random stream object enables you to generate repeatable
noise samples. For more information, see RandStream.

ndata = bsc(data,probability, seed) accepts a seed value, for initializing the uniform random
number generator, rand. If you want to generate repeatable noise samples, then either reset the
random stream input before calling bsc or use the same seed input.

[ndata,err] = bsc( ) returns an array containing the channel errors, using any of the
preceding syntaxes.

Examples
Add Bit Errors to Bit Stream

Using the bsc function, introduce bit errors in the bits in a random matrix with probability 0.15.
z = randi([0 1],100,100); % Random matrix

nz = bsc(z,.15); % Binary symmetric channel

[numerrs, pcterrs] = biterr(z,nz) % Number and percentage of errors

numerrs = 1509

pcterrs = 0.1509

The output below is typical. For relatively small sets of data, the percentage of bit errors is not
exactly 15% in most trials. If the size of the matrix z is large, the bit error percentage will be closer
to the exact probability you specify.
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Check for Errors After Decoding

Using the bsc function, introduce bit errors in the bits in a random matrix with probability 0.01. Use

Viterbi decoder to decode message data.

Define trellis for Viterbi decoder. Generate and encode message data.

trel = poly2trellis([4 31,[4 5 17;7 4 2]);
msg = ones(10000,1);

Create objects for convolutional encoder, Viterbi decoder, and error rate calculator.

hEnc = comm.ConvolutionalEncoder(trel);

hVitDec = comm.ViterbiDecoder(trel, 'InputFormat', 'hard', 'TracebackDepth',...

2, 'TerminationMethod', 'Truncated');
hErrorCalc = comm.ErrorRate;

Encode the message data. Introduce bit errors. Display the total number of errors.
code = hEnc(msg);

[ncode,err] = bsc(code,.01);

numchanerrs = sum(sum(err))

numchanerrs = 158

Decode the data and check the number of errors after decoding.

dcode = hVitDec(ncode);

berVec = hErrorCalc(msg, dcode);

ber = berVec(1)

ber = 0.0049

numsyserrs = berVec(2)

numsyserrs = 49

Version History
Introduced before R2006a

Extended Capabilities

C/C++ Code Generation
Generate C and C++ code using MATLAB® Coder™.

Usage notes and limitations:

Code generation supported, except for syntaxes that include a RandSt ream object.

See Also

Functions
rand | awgn | gf | RandStream
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Topics
“Design a Rate 2/3 Feedforward Encoder Using Simulink”
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cdma2000ForwardReferenceChannels

Define cdma2000 forward reference channel

Syntax

cfg = cdma2000ForwardReferenceChannels(wv)

cfg = cdma2000ForwardReferenceChannels(wv,numchips)

cfg = cdma2000ForwardReferenceChannels(BSTM-RC, numchips,P,M)

cfg = cdma2000ForwardReferenceChannels(traffic,numchips, F-SCH-SPEC)
Description

cfg = cdma2000ForwardReferenceChannels(wv) returns a structure, cfg, that defines the
c¢dma2000® forward link parameters given the input waveform identifier, wv. To generate a forward
link reference channel waveform, pass this structure to the cdma2000ForwardWaveformGenerator
function.

For all syntaxes, cdma2000ForwardReferenceChannels creates a configuration structure that is
compliant with the cdma2000 physical layer specification [1].

cfg = cdma2000ForwardReferenceChannels (wv,numchips) specifies the number of chips to
generate.

cfg = cdma2000ForwardReferenceChannels (BSTM-RC, numchips,P,M) returns the data
structure for the BSTM-RC waveform identifiers, given the total traffic channel power, P, and the
number of traffic channels, M. For more information on base station testing, see Table 6.5.2-1 of [2].

cfg = cdma2000ForwardReferenceChannels(traffic,numchips, F-SCH-SPEC) returns the
data structure for the specified traffic channel, traffic, and the forward supplemental channel (F-
SCH) and frame length combination, F-SCH-SPEC. If omitted, F-SCH-SPEC has a default value of the
lowest F-SCH data rate allowable for a 20 ms frame length, given the radio configuration specified by
traffic.

Examples

Generate Waveform for RC2 Forward Traffic Channels

Create a parameter structure, config, for all forward traffic channels (F-FCH and F-SCCH) that are
supported by radio configuration 2.

config cdma2000ForwardReferenceChannels('ALL-RC2")

config = struct with fields:
SpreadingRate: 'SR1'
Diversity: 'NTD'
QOF: 'QOF1'
PNOffset: ©
LongCodeState: 0
PowerNormalization: 'Off’
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OversamplingRatio:
FilterType:
InvertQ:
EnableModulation:
ModulationFrequency:
NumChips:

FPICH:

FAPICH:

FTDPICH:

FATDPICH:

FPCH:

FSYNC:

FBCCH:

FCACH:

FCCCH:

FCPCCH:

FQPCH:

FFCH:

FOCNS:

FSCCH:

4
'cdma2000Long’
'Off!
'Off!
0
1000
[1x1
[1x1
[1x1
[1x1
[1x1
[1x1
[1x1
[1x1
[1x1
[1x1
[1x1
[1x1
[1x1
[1x1

struct
struct
struct
struct
struct
struct
struct
struct
struct
struct
struct
struct
struct
struct

]
]
]
]
]
]
]
]
]
]
]
]
]
]

Examine the fields for the Forward Fundamental Channel (F-FCH). The data rate is 14,400 bps and

the frame length is 20 ms.
config.FFCH

ans =
Enable:

Power:
RadioConfiguration:
DataRate:
FrameLength:
LongCodeMask:
EnableCoding:
DataSource:
WalshCode:
EnableQOF:
PowerControlEnable:

struct with fields:

IOnI
0
'RC2'
14400
20

0
IOnI
{'PN9'
7
'Off!
'Off!

(11}

Generate the complex waveform using the corresponding waveform generator function.

waveform =

cdma2000ForwardwWwaveformGenerator(config);

A waveform composed of the channels specified by each substructure of config is generated by
cdma2000ForwardwWwaveformGenerator.

Generate CDMA200 Waveform Containing Sync Channel Message

Create a reference channel, specify the sync channel message as the data source, add the
SyncMessage structure to the FSYNC substructure. Generate the waveform using this reference

channel configuration.

Create a reference channel for testing a base station using radio configuration 3.
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config = cdma2000ForwardReferenceChannels('BSTM-RC3");

Adjust the Forward Sync Channel (F-SYNC) settings. Set a relative channel power of 0.0 dB and
specify the sync channel message as the data source.

config.FSYNC.Power = 0.0;
config.FSYNC.DataSource = 'SyncMessage';

Define the sync channel message structure (for P REV = 6 (IS-2000-0)) and add it to the
config.FSYNC substructure. Display the FSYNC structure.

sm = struct();

sm.P_REV = 6;
sm.MIN P REV = 6;

sm.SID = hex2dec('14B');
sm.NID = 1;

Protocol revision field

Minimum protocol revision field
System identifier field

Network identification field

sm.PILOT PN = 0; Pilot PN offset field
sm.LC STATE = hex2dec('20000000000"); Long code state field
sm.SYS TIME = hex2dec('36AE0924C"); System time field
sm.LP _SEC = 0; Leap second field

sm.LTM OFF = 0;

sm.DAYLT = 0;

sm.PRAT = 0;

sm.CDMA_FREQ = hex2dec('2F6');
sm.EXT CDMA FREQ = hex2dec('2F6");

Local time offset field

Daylight saving time indicator field
Paging channel data rate field

CDMA frequency field

Extended CDMA frequency field

0° 0% 0° 0° 0% O° A° A° O° O° O° O° o°

config.FSYNC.SyncMessage = sm;

config.FSYNC

ans = struct with fields:
Enable: 'On'
Power: 0
EnableCoding: 'On'
DataSource: 'SyncMessage'
SyncMessage: [1x1 struct]

Generate the forward link waveform.

waveform = cdma2000ForwardWaveformGenerator(config);

Generate F-CCCH Waveform

Create a structure for a 2000-chip forward common control channel (F-CCCH). Specify a 38,400 bps
data rate, a 5 ms frame length, and an accompanying broadcast control channel (F-BCCH) with a
9600 bps data rate.

config = cdma2000ForwardReferenceChannels('CONTROL-38400-5-9600",2000)

config = struct with fields:
SpreadingRate: 'SR1'
Diversity: 'NTD'
QOF: 'QOF1'
PNOffset: O
LongCodeState: 0
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PowerNormalization: 'Off'
OversamplingRatio: 4
FilterType: 'cdma2000Long’
InvertQ: 'Off'
EnableModulation: 'Off'
ModulationFrequency: 0
NumChips: 2000
FPICH: [1x1 struct]
FPCH: [1x1 struct]
FCCCH: [1x1 struct]
FBCCH: [1x1 struct]

Verify that the F-CCCH and F-BCCH data rates are 38,400 bps and 9600 bps, respectively.

config.FCCCH.DataRate
ans = 38400
config.FBCCH.DataRate

ans = 9600
Generate the forward link waveform.

waveform = cdma2000ForwardWaveformGenerator(config);

Generate Waveform for Base Station Testing

Create a reference channel for testing a base station using radio configuration 3. Specify the number
of chips, the total power allocated to the individual channels, and the number of traffic channels. The
FFCH substructure is a structure array whose dimensions are set by the number of traffic channels.

config = cdma2000ForwardReferenceChannels('BSTM-RC3',1000,-3,4)
config = struct with fields:
SpreadingRate: 'SR1'
Diversity: 'NTD'
QOF: 'QOF1'
PNOffset: O
LongCodeState: 0
PowerNormalization: 'Off'
OversamplingRatio: 4
FilterType: 'cdma2000Long’
InvertQ: 'Off'
EnableModulation: 'Off’
ModulationFrequency: 0
NumChips: 1000
FPICH: [1x1 struct]
FSYNC: [1x1 struct]
FPCH: [1x1 struct]
FFCH: [1x4 struct]

Verify that the length of the FFCH substructure corresponds to the number of specified traffic

channels, 4.
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length(config.FFCH)
ans = 4

Generate the forward link waveform.

waveform = cdma2000ForwardWaveformGenerator(config);

Generate F-SCH Waveform

Create a traffic channel using radio configuration 7 composed of a 614,400 bps forward supplemental
channel (F-SCH) having a 20 ms frame length. Set the number of chips to 5000.

config = cdma2000ForwardReferenceChannels('TRAFFIC-RC7-4800",

5000, 'F-SCH-614400-20")

config = struct with fields:

SpreadingRate: 'SR3'
Diversity: 'NTD'
QOF: 'QOF1'
PNOffset: O
LongCodeState: 0
PowerNormalization: 'Off'
OversamplingRatio: 4
FilterType: 'cdma2000Long’
InvertQ: 'Off'
EnableModulation: 'Off'
ModulationFrequency: 0
NumChips: 5000
FPICH: [1x1 struct]
FFCH: [1x1 struct]
FSCH: [1x1 struct]

This channel uses spreading rate 3, 'SR3', which has a 3.75 MHz bandwidth.

Generate the forward link waveform.

waveform = cdma2000ForwardWaveformGenerator(config);

Input Arguments

wv — Waveform identification

character vector

Waveform identification of the reference channel, specified as a character vector. The input typically
identifies the channel type, radio configuration, data rate, and frame length. To specify wv, connect
the substrings with hyphens, for example, ' CONTROL-19200-10-4800".
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Parameter
Field

Values

Substring 1

Substring 2

Substring 3

Substring 4

Description

wv

"FPICH-ONLY'

Generates a
waveform
containing a
pilot channel
only.

'CONTROL'

9600

20

19200

10|20

38400

5]10 | 20

4800 | 9600 |
19200

Character
vector
representing
the forward
common control
channel (F-
CCCH) data
rate in bps, the
frame length in
ms, and the
forward
broadcast
control channel
(F-BCCH) data
rate in bps.
Specify
"CONTROL-960
0-20-9600"' to
create a
structure
variable, wv,
with a 9600 bps
F-CCCH data
rate, a 20 ms
frame length,
and a 9600 bps
F-BCCH data
rate.

'TRAFFIC'

RC1

1200 | 2400 |
4800 | 9600

RC2 | RC5 | RC8
| RCO

1800 | 3600 |
7200 | 14400

N/A

Character
vector
representing
the radio
configuration
and the forward
fundamental
channel (F-
FCH) data rate
in bps. Specify
'"TRAFFIC-
RC9-14400" to
create a
channel with
radio
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Parameter Values

Field

Substring 1 Substring 2

Substring 3

Substring 4

Description

RC3 | RC4 | RC6
| RC7

1500 | 2700 |
4800 | 9600

configuration 9
having a 14400
bps F-FCH data
rate.

'BSTM' RC1|RC2 |RC3
| RC4 | RC5 |
RC6 | RC7 | RC8

| RCO

N/A

N/A

Models for
testing the base
station
transmitter.
Specify 'BSTM-
RC1' to create
a structure for
base station
testing with
radio
configuration 1.

"ALL' RC1|RC2 | RC3
| RC4 | RC5 |
RC6 | RC7 | RC8

| RCO

N/A

N/A

Returns all
channels that
are supported
for the specified
radio
configuration.
Specify 'ALL-
RC4' to create
a structure
containing all
traffic channels
for radio
configuration 4.

Example: 'CONTROL-9600-20-9600"
Example: 'TRAFFIC-RC9-7200'
Example: 'ALL-RC5'

Data Types: char

numchips — Number of chips
1000 (default) | positive integer scalar

Number of chips, specified as a positive integer.
Example: 1024
Data Types: double

BSTM-RC — BSTM reference channel type

'BSTM-RC1' | 'BSTM-RC2' | 'BSTM-RC3' | 'BSTM-RC4"' | 'BSTM-RC5' | 'BSTM-RC6' | 'BSTM-

RC7' | 'BSTM-RC8' | 'BSTM-RC9'

BSTM reference channel type, specified as a character vector. For more information, see Table 6.5.2-1

of [2].
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Example: 'BSTM-RC8'
Data Types: char

P — Power budget allocated to traffic channels
0 (default) | real scalar

Power budget allocated to all traffic channels, specified in decibels as a real scalar.
Example: 5
Data Types: double

M — Number of traffic channels
6 (default) | positive integer scalar

Number of traffic channels, specified as a positive integer.
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Example: 8
Data Types: double

traffic — Traffic configuration

character vector

Traffic channel configuration, specified as a character vector. The table shows the supported traffic

channel configurations.

Radio Traffic Channel Configuration
Configuration
1 'TRAFFIC- 'TRAFFIC- '"TRAFFIC- '"TRAFFIC-
RC1-1200' RC1-2400' RC1-4800' RC1-9600'
2 '"TRAFFIC- '"TRAFFIC- '"TRAFFIC- '"TRAFFIC-
RC2-1800" RC2-3600' RC2-7200' RC2-14400'
3 'TRAFFIC- 'TRAFFIC- 'TRAFFIC- '"TRAFFIC-
RC3-1500' RC3-2700' RC3-4800" RC3-9600'
4 'TRAFFIC- 'TRAFFIC- 'TRAFFIC- 'TRAFFIC-
RC4-1500" RC4-2700' RC4-4800' RC4-9600'
5 'TRAFFIC- 'TRAFFIC- '"TRAFFIC- '"TRAFFIC-
RC5-1800" RC5-3600' RC5-7200' RC5-14400'
6 '"TRAFFIC- '"TRAFFIC- '"TRAFFIC- '"TRAFFIC-
RC6-1500" RC6-2700" RC6-4800" RC6-9600
7 'TRAFFIC- 'TRAFFIC- 'TRAFFIC- '"TRAFFIC-
RC7-1500" RC7-2700" RC7-4800' RC7-9600'
8 'TRAFFIC- 'TRAFFIC- 'TRAFFIC- 'TRAFFIC-
RC8-1800" RC8-3600' RC8-7200" RC8-14400'
9 'TRAFFIC- 'TRAFFIC- '"TRAFFIC- 'TRAFFIC-
RC9-1800" RC9-3600' RC9-7200" RC9-14400'

Example: 'TRAFFIC-RC6-4800" is a traffic channel that uses radio configuration 6 with a 4800 bps

data rate.

Data Types: char
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F-SCH-SPEC — Forward supplemental channel data rate and frame length

character vector

Forward supplemental channel data rate and frame length, specified as a character vector. The
supported data rate and frame length combinations are summarized in the table.

Radio Configuration

Frame Length

20 ms 40 ms 80 ms
3|14|6]|7 'F-SCH-1500-20" | 'F-SCH-1350-40" | 'F-SCH-1200-80" |
'F-SCH-2700-20" | 'F-SCH-2400-40" | 'F-SCH-2400-80" |
'F-SCH-4800-20" | 'F-SCH-4800-40" | 'F-SCH-4800-80" |
'F-SCH-9600-20" | 'F-SCH-9600-40" | 'F-SCH-9600-80" |
'F-SCH-19200-20"'| |'F-SCH-19200-40'| |'F-SCH-19200-80" |
'F-SCH-38400-20'| |'F-SCH-38400-40'| |'F-SCH-38400-80'
'F-SCH-76800-20"'| |'F-SCH-76800-40'
'F-SCH-153600-20"
4167 'F-SCH-307200-20" 'F-SCH-153600-40" 'F-SCH-76800-80"
7 'F-SCH-614400-20" 'F-SCH-307200-40" 'F-SCH-153600-80"
5/8|9 'F-SCH-1800-20" | 'F-SCH-1800-40" | 'F-SCH-1800-80"
'F-SCH-3600-20" | 'F-SCH-3600-40" | 'F-SCH-3600-80" |
'F-SCH-7200-20" | 'F-SCH-7200-40" | 'F-SCH-7200-80" |
'F-SCH-14400-20"'| |'F-SCH-14400-40'| |'F-SCH-14400-80" |
'F-SCH-28800-20'| |'F-SCH-28800-40'| |'F-SCH-28800-80" |
'F-SCH-57600-20'| |'F-SCH-57600-40'| |'F-SCH-57600-80'
'F-SCH-115200-20"' | |'F-SCH-115200-40"
'F-SCH-230400-20"
8|9 'F-SCH-460800-20" 'F-SCH-230400-40" 'F-SCH-115200-80"
9 'F-SCH-1036800-20"' |'F-SCH-518400-40" 'F-SCH-259200-80"

For more data rate information for the cdma2000 forward links, see tables 3.1.3.1.3-2 and 3.1.3.1.3-4

of [1].

Example: 'F-SCH-460800-20" is a supplemental channel with a 460,800 bps data rate and a 20 ms

frame length.

Data Types: char

Output Arguments

cfg — Configuration of the parameters and channels used by the waveform generator

structure

Configuration of the parameters and channels used by the waveform generator. The configuration
structure is defined in these tables.
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Top-Level Parameters and Substructures

Parameter Field Values Description
SpreadingRate 'SR1' | 'SR3' Spreading rate of the waveform. SR1
corresponds to a 1.2288 Mcps carrier. SR3
corresponds to a 3.6864 Mcps carrier.
SR3 supports direct sequence spreading only.
Diversity 'NTD' | 'OTD" | 'STS" Transmit diversity type (applicable only for SR1),
where NTD is no transmit diversity, 0TD is
orthogonal transmit diversity, and STS is space
time spreading
QOF 'QOF1' | 'QOF2' | 'QOF3" Quasi-orthogonal function type
PNOffset Nonnegative scalar integer PN offset of the base station
LongCodeState Positive scalar integer Initial long code state
PowerNormalization 'Off' | '"NormalizeTo0dB' | |Power normalization of the waveform
'NoiseFillTo0OdB'
NumChips Positive scalar integer Number of chips in the waveform
FilterType 'cdma2000Long"' | Type of output filtering
'cdma2000Short' | 'Off" |
‘Custom'
CustomFilterCoeffici |Real vector Custom filter coefficients, used only when the
ents FilterType field is set to 'Custom'
OversamplingRatio Positive scalar integer Oversampling ratio at output
InvertQ 'Off' ] 'On' Negate the quadrature output
EnableModulation 'Off' | 'On' Enable carrier modulation
ModulationFrequency [Nonnegative scalar integer Carrier modulation frequency (applies when
EnableModulationis 'On"')
FPICH Structure See FPICH Substructure. Optional.
FAPICH Structure See FAPICH Substructure. Optional.
FTDPICH Structure See FTDPICH Substructure. Optional.
FATDPICH Structure See FATDPICH Substructure. Optional.
FSYNC Structure See FSYNC Substructure. Optional.
FPCH Structure See FPCH Substructure. Optional.
FCCCH Structure See FCCCH Substructure. Optional.
FCACH Structure See FCACH Substructure. Optional.
FQPCH Structure See FQPCH Substructure. Optional.
FCPCCH Structure See FCPCCH Substructure. Optional.
FBCCH Structure See FBCCH Substructure. Optional.
FFCH Structure See FFCH Substructure. Optional.
FDCCH Structure See FDCCH Substructure. Optional.
FSCCH Structure See FSCCH Substructure. Optional.
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Parameter Field Values Description
FSCH Structure See FSCH Substructure. Optional.
FOCNS Structure See FOCNS Substructure. Optional.

FPICH Substructure

Include the FPICH substructure in the cfg structure to configure the forward pilot channel (F-PICH).
The FPICH substructure contains these fields.

Parameter Field Values Description
Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)

FAPICH Substructure

Include the FAPICH substructure in the cfg structure to configure the forward auxiliary pilot channel
(F-APICH). The FAPICH substructure contains these fields.

Parameter Field Values Description
Enable 'On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
WalshLength 64| 128 | 256 | 512 Walsh code length
WalshCode Nonnegative integer scalar, |Walsh code number

such that 0 < WalshCode =<

WalshLength -1
LongCodeMask Positive scalar integer Long code identifier

FTDPICH Substructure

Include the FTDPICH substructure in the cfg structure to configure the forward transmit diversity
pilot Channel (F-TDPICH). The FTDPICH substructure contains these fields.

Parameter Field Values Description

Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
FATDPICH

Include the FATDPICH substructure in the cfg structure to configure the forward auxiliary transmit
diversity pilot channel (F-ATDPICH). The FATDPICH substructure contains these fields.

Parameter Field Values Description

Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
WalshLength 64 | 128 | 256, 512 Walsh code length
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Parameter Field

Values

Description

WalshCode Nonnegative integer scalar, |Walsh code number
such that 0 < WalshCode <
WalshLength -1

LongCodeMask Positive scalar integer Long code identifier

FSYNC Substructure

Include the FSYNC substructure in the cfg structure to configure the forward sync channel (F-SYNC).
The FSYNC substructure contains these fields.

Parameter Field Values Description

Enable ‘On' | 'Off" Enable or disable the channel

Power Real scalar Relative channel power (dB)

EnableCoding ‘On' | 'Off" Enable or disable channel coding

DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence
Seed}, binary vector, or with a random number seed, a binary vector,
‘SyncMessage'. ora 'SyncMessage' character vector.
Standard PN types are
'PN9', 'PN15', 'PN23",
'PN9-ITU', and 'PN11'.

SyncMessage Structure See SyncMessage Substructure. Optional.

SyncMessage Substructure

If the DataSource field of the FSYNC substructure is set to 'SyncMessage', add the SyncMessage
substructure to the cfg.FSYNC substructure to configure the sync channel message. The
SyncMessage substructure contains these fields.

Parameter Field Typical Value Description

P REV 6 Protocol revision

MIN P REV 6 Minimum protocol revision
SID hex2dec('14B"') System identifier

NID 1 Network identification
PILOT PN 0 Pilot PN offset

LC STATE hex2dec('20000000000") Long code state

SYS TIME hex2dec('36AEQ924C") System time

LP SEC 0 Leap second

LTM OFF 0 Local time offset

DAYLT 0 Daylight saving time indicator
PRAT 0 Paging channel data rate
CDMA FREQ hex2dec('2F6") CDMA frequency

EXT CDMA FREQ

hex2dec('2F6"')

Extended CDMA frequency
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FPCH Substructure

Include the FPCH substructure in the cfg substructure to configure the forward paging channel (F-
PCH). The FPCH substructure contains these fields.

Parameter Field Values Description
Enable 'On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
DataRate 4800 | 9600 Data rate (bps)
LongCodeMask Positive scalar integer Long code identifier
WalshCode Nonnegative integer scalar, |Walsh code number
such that 0 < WalshCode <
7
EnableCoding ‘On' | 'Off"' Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

Seed}, binary vector, or a with a random number seed, a binary vector,
paging message character |or one of three paging messages. For a
vector. description of paging message contents see

footnote 1.
Standard PN types are

‘PN9', 'PN15', 'PN23",
'PN9-ITU', and 'PN11".

Paging message options
include 'PagingMessagel’,
'PagingMessage?’, and
'PagingMessage3’.

1 When the DataSource enumeration specifies one of the paging message options, simulated
paging message data is used as input to the F-PCH physical channel:

For more information on the F-PCH contents, refer to 3GPP2 C.S0004, Table 3.1.2.3.1.1.2-1.

'PagingMessagel' — Streams a 7680 bit sequence (800 ms at fullrate) of paging message
contents onto the channel that includes the General Page Message, the CDMA Channel List
Message, the Extended System Parameter Message, the Extended Neighbor List Message,
the System Parameter Message, and the Access Parameter Message. The paging message
repeats these messages in a nonsequential pattern.

'PagingMessage2' — Streams a 2304 bit sequence (240 ms at fullrate) of paging message
contents onto the channel that includes a truncated version of the full 'PagingMessagel'
content.

'PagingMessage3' — Streams an 864 bit sequence (90 ms at fullrate) of paging message
contents onto the channel that includes the Neighbor List Message, the CDMA Channel List
Message, the General Page Message, the System Parameter Message, and the Access
Parameter Message. The paging message repeats these messages in a sequential pattern.

FCCCH Substructure

Include the FCCCH substructure in the cfg structure to configure the forward common control
channel (F-CCCH). The FCCCH substructure contains these fields.
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Parameter Field Values Description
Enable ‘On'| 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
DataRate 9600 | 19200 | 38400 Data rate (bps)
FrameLength 5|10 20 Frame length (ms)
CodingType ‘conv' | 'turbo’ Type of error correction coding
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 = WalshCode =<
255
LongCodeMask Positive scalar integer Long code identifier
EnableCoding ‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence
Seed} or binary vector. with a random number seed or a custom
vector.
Standard PN sequence
options are 'PN9', 'PN15",
'PN23', '"PN9-ITU', and
"PN11'.

FCACH Substructure

Include the FCACH substructure in the cfg structure to configure the forward common assignment
channel (F-CACH). The FCACH substructure contains these fields.

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15°,
'PN23', 'PN9-ITU', and

‘PN11‘.

Parameter Field Values Description
Enable 'On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
CodingType ‘conv' | 'turbo’ Type of error correction coding
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 < WalshCode <
255
LongCodeMask Positive scalar integer Long code identifier
EnableCoding ‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

with a random number seed or a custom
vector.

FQPCH Substructure

Include the FQPCH substructure in the cfg structure to configure the forward quick paging channel
(F-QPCH). The FQPCH substructure contains these fields.
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Parameter Field Values Description
Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
DataRate 2400 | 4800 Data rate (bps)
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 = WalshCode <
255
LongCodeMask Positive scalar integer Long code identifier
EnableCoding '‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15°',
'PN23"', 'PN9-ITU', and
"PN11'.

with a random number seed or a custom
vector.

FCPCCH Substructure

Include the FCPCCH substructure in the cfg structure to configure the forward common power
control channel (F-CPCCH). The FCPCCH substructure contains these fields.

Parameter Field Values Description
Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 < WalshCode <
63
LongCodeMask Positive scalar integer Long code identifier
EnableCoding '‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15‘,
'PN23', 'PN9-ITU', and

with a random number seed or a custom
vector.

"PN11".

FBCCH Substructure

Include the FBCCH substructure in the cfg structure to configure the forward broadcast control
channel (F-BCCH). The FBCCH substructure contains these fields.

Parameter Field

Values

Description

Enable

‘On' | 'Off"

Enable or disable the channel

Power

Real scalar

Relative channel power (dB)

2-131



2 Functions

2-132

Parameter Field

Values

Description

DataRate 4800 | 9600 | 19200 Data rate (bps)
CodingType ‘conv' | 'turbo’ Type of error correction coding
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 < WalshCode <
127
LongCodeMask Positive scalar integer Long code identifier
EnableCoding ‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15‘,
'PN23', 'PN9-ITU', and
"PN11'.

with a random number seed or a custom
vector.

FFCH Substructure

Include the FFCH substructure in the cfg structure to configure the forward fundamental traffic
channel (F-FCH). The FFCH substructure contains these fields.

Parameter Field

Values

Description

Enable

‘on’ | 'Off"

Enable or disable the channel

Power Real scalar Relative channel power (dB)
RadioConfiguratio |'RC1' through 'RC9' Radio configuration channel
n
DataRate 1200 | 1500 | 1800 | 2400 | |Data rate (bps)
2700 | 3600 | 4800 | 7200 |
9600 | 14400
FramelLength 5|10 |20 Frame length (ms)
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 < WalshCode <
255
LongCodeMask Positive scalar integer Long code identifier
EnableQOF 'On' | 'Off" Enable QOF spreading
EnableCoding ‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence
Seed} or binary vector. with a random number seed or a custom
vector.
Standard PN sequence
options are 'PN9', 'PN15°,
'PN23"', 'PN9-ITU', and
"PN11'.
PowerControlEnabl |'On' | 'Off' Enable or disable power control subchannel
e
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Parameter Field

Values

Description

PowerControlPower |Real scalar Power control subchannel power (relative to
F-FCH)

PowerControlDataS |Cell array: {'PN Type', RN|Power control subchannel data source

ource Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15‘,
'PN23', 'PN9-ITU', and
"PN11'.

FDCCH Substructure

Include the FDCCH substructure in the cfg structure to configure the forward dedicated control
channel (F-DCCH). The FDCCH substructure contains these fields.

Parameter Field

Values

Description

Enable

‘on’ | 'Off’

Enable or disable the channel

Power Real scalar Relative channel power (dB)
RadioConfiguratio |'RC3' through 'RC9' Radio configuration channel
n
DataRate 9600 | 14400 Data rate (bps)
FramelLength 5|20 Frame length (ms)
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 = WalshCode <
255
LongCodeMask Positive scalar integer Long code identifier
EnableQOF '‘On' | 'Off" Enable QOF spreading
EnableCoding ‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15°,
'PN23', 'PN9-ITU', and
"PN11°.

with a random number seed or a custom
vector.

FSCCH Substructure

Include the FSCCH substructure in the cfg structure to configure the forward supplemental code
channel (F-SCCH). The FSCCH substructure contains these fields.

Parameter Field Values Description

Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
RadioConfiguratio ['RC1' | 'RC2' Radio configuration channel
n
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Parameter Field

Values

Description

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15°,
'PN23', 'PN9-ITU', and
"PN11°.

WalshCode Nonnegative integer scalar |Walsh code number
such that 0 < WalshCode <
255
LongCodeMask Positive scalar integer Long code identifier
EnableCoding ‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

with a random number seed or a custom
vector.

FSCH Substructure

Include the FSCH substructure in the cfg structure to configure the forward supplemental channel
(F-SCH). The FSCH substructure contains these fields.

Parameter Field Values Description
Enable ‘On' | 'Off! Enable or disable the channel
Power Real scalar Relative channel power (dB)
RadioConfiguratio ['RC3' | 'RC4' | 'RC5' | Radio configuration channel
n 'RC6' | 'RC7"' | 'RC8" |
'RC9'
DataRate 1200 | 1350 | 1500 | 1800 | |Data rate (bps)
2400 | 2700 | 3600 | 4800 |
7200 | 9600 | 14400 | 19200
| 28800 | 38400 | 57600 |
76800 | 115200 | 153600 |
230400 | 307200
FrameLength 20| 40|80 Frame length (ms)
CodingType "Conv' | 'Turbo' Channel coding type, convolutional or turbo
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 < WalshCode <
255
LongCodeMask Positive scalar integer Long code identifier
EnableQOF ‘On' | 'Off! Enable QOF spreading
EnableCoding '‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence
Seed} or binary vector. with a random number seed or a custom
vector.
Standard PN sequence
options are 'PN9', 'PN15°',
'PN23', 'PN9-ITU', and
"PN11'.
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FOCNS Substructure

Include the FOCNS substructure in the cfg structure to configure orthogonal channel noise source
information. The FOCNS substructure contains these fields.

Parameter Field Values Description
Enable 'On' | 'Off! Enable or disable the channel
Power Real scalar Relative channel power (dB)
WalshLength 64 | 128 | 256 Walsh code length
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 < WalshCode <

WalshLength -1

Version History
Introduced in R2015b

References

[1] 3GPP2 C.S0002-F v2.0. “Physical Layer Standard for cdma2000 Spread Spectrum Systems.” 3rd
Generation Partnership Project 2.

[2] 3GPP2 C.S0010-C v2.0. “Recommended Minimum Performance Standards for cdma2000 Spread
Spectrum Base Stations.” 3rd Generation Partnership Project 2.

[3] 3GPP2 C.S0004-F v1.0. “Signaling Link Access Control (LAC) Standard for cdma2000 Spread
Spectrum Systems.” 3rd Generation Partnership Project 2.

See Also
cdma2000ForwardwWwaveformGenerator | cdma2000ReverseReferenceChannels
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cdma2000ForwardWaveformGenerator

Generate cdma2000 forward link waveform

Syntax

[waveforml,waveform2] = cdma2000ForwardWaveformGenerator(cfg)

Description

[waveforml,waveform2] = cdma2000ForwardwWaveformGenerator(cfg) returns the
cdma2000 forward link baseband primary waveform, waveforml, and the forward link diversity
waveform, waveform2, as defined by the parameter definition structure, cfg.

The top-level parameters and lower-level substructures of cfg specify the waveform and channel
properties the function uses to generate a cdma2000 waveform. You can generate cfg by using the
cdma2000ForwardReferenceChannels function. The top-level parameters of cfg are
SpreadingRate, Diversity, QOF, PNOffset, LongCodeState, PowerNormalization,
CustomFilterCoefficients, OversamplingRatio, FilterType, InvertQ,
EnableModulation, ModulationFrequency, and NumChips. To enable specific channels, add
their associated substructures, for example, the forward paging channel, FPCH.

Note The tables herein list the allowable values for the top-level parameters and substructure fields.
However, not all combinations of spreading rate, radio configuration, frame length, and data rate are
supported. To ensure that the input argument is valid, use the
cdma2000ForwardReferenceChannels function. If you input the structure fields manually, consult
[1] to ensure that the input parameter combinations are permitted.

Examples

Generate Waveform for RC2 Forward Traffic Channels

Create a parameter structure, config, for all forward traffic channels (F-FCH and F-SCCH) that are
supported by radio configuration 2.

cdma2000ForwardReferenceChannels('ALL-RC2")

config

struct with fields:
SpreadingRate: 'SR1'
Diversity: 'NTD'
QOF: 'QOF1'
PNOffset: O
LongCodeState: 0
PowerNormalization: 'Off'
OversamplingRatio: 4
FilterType: 'cdma2000Long’
InvertQ: 'Off'
EnableModulation: 'Off'
ModulationFrequency: 0

config
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NumChips: 1000
FPICH: [1x1 struct]
FAPICH: [1x1 struct]
FTDPICH: [1x1 struct]
FATDPICH: [1x1 struct]
FPCH: [1x1 struct]
FSYNC: [1x1 struct]
FBCCH: [1x1 struct]
FCACH: [1x1 struct]
FCCCH: [1x1 struct]
FCPCCH: [1x1 struct]
FQPCH: [1x1 struct]
FFCH: [1x1 struct]
FOCNS: [1x1 struct]
FSCCH: [1x1 struct]

Examine the fields for the Forward Fundamental Channel (F-FCH). The data rate is 14,400 bps and
the frame length is 20 ms.

config.FFCH

ans = struct with fields:
Enable: 'On'
Power: 0
RadioConfiguration: 'RC2'
DataRate: 14400
FrameLength: 20
LongCodeMask: 0
EnableCoding: 'On'
DataSource: {'PN9' [11]1}
WalshCode: 7
EnableQOF: 'Off'
PowerControlEnable: 'Off'

Generate the complex waveform using the corresponding waveform generator function.

waveform = cdma2000ForwardWaveformGenerator(config);

A waveform composed of the channels specified by each substructure of config is generated by
cdma2000ForwardwWaveformGenerator.

Generate Forward Traffic Channel for RC4

Configure a cdma2000 forward link supporting a 307.2 kbps forward supplemental channel (F-SCH)
using radio configuration 4.

config = cdma2000ForwardReferenceChannels (
"TRAFFIC-RC4-4800",
20000, ...
"F-SCH-307200-20")

config = struct with fields:

SpreadingRate: 'SR1'
Diversity: 'NTD'
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QOF: 'QOF1'
PNOffset: 0
LongCodeState: 0
PowerNormalization: 'Off'
OversamplingRatio: 4
FilterType: 'cdma2000Long’
InvertQ: 'Off'
EnableModulation: 'Off'
ModulationFrequency: 0
NumChips: 20000
FPICH: [1x1 struct]
FFCH: [1x1 struct]
FSCH: [1x1 struct]

Generate the waveform and plot its spectrum. The sample rate is equal to the product of the chip rate
and the oversampling ratio. RC4 uses spreading rate 1, which is equivalent to a 1.2288 Mcps chip
rate.

wv
fs

cdma2000ForwardWaveformGenerator(config);
1.2288e6 * config.OversamplingRatio;

Change the filter type to "cdma2000Short".

config.FilterType = "cdma2000Short";
wvShortFilt = cdma2000ForwardWaveformGenerator(config);

Use the spectrumAnalyzer object with Method="welch" to plot the spectrum for both waveforms.
The 'cdma2000Short' filter does not provide as much out-of-band attenuation as does the
'cdma2000Long’ filter.

sa = spectrumAnalyzer(

SampleRate=fs,

Method="welch",

ChannelNames=["cdma2000Long", "cdma2000Short"]);
sa(wv,wvShortFilt)
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AMNALYZER ESTIMATIOM MEASUREMENTS SPECTRUM SPECTRAL MASK  CHANNMEL MEASUREMENTS

cdma2000Long

Frocessing

0
Frequency (MHz)

VEBW = 53.7094 Hz RBW = 4.80000 kHz Sample Rate = 491520 MHz Frames =1 T =0.0162753

Generate cdma2000 Waveform with Two Forward Supplemental Channels

Create a parameter structure that specifies a forward traffic channel. Use it to generate a forward
channel waveform.

Create a parameter structure specifying a traffic channel consisting of a 4800 bps fundamental
channel, 5000 chips, and a 614.4 kbps supplemental channel (F-SCH) having a 20 ms frame duration.

cfg = cdma2000ForwardReferenceChannels (' TRAFFIC-RC7-4800",
5000, 'F-SCH-614400-20");

Based on the first F-SCH, create a second F-SCH.
cfg(2).FSCH = cfg.FSCH;
Set the data rate of the second F-SCH to 38.4 kbps. Set the frame duration to 40 ms.

cfg(2).FSCH.DataRate = 38400;
cfg(2).FSCH.FrameLength = 40;

cfg.FSCH

ans = struct with fields:
Enable: 'On'
Power: O

2-139



2 Functions

RadioConfiguration: 'RC7'
DataRate: 614400
FrameLength: 20
LongCodeMask: 0
EnableCoding: 'On'
DataSource: {'PN9' [11]1}
WalshCode: 2
EnableQOF: 'Off'
CodingType: 'conv'

ans = struct with fields:
Enable: 'On'
Power: 0
RadioConfiguration: 'RC7'
DataRate: 38400
FrameLength: 40
LongCodeMask: 0
EnableCoding: 'On'
DataSource: {'PN9' [1]}
WalshCode: 2
EnableQOF: 'Off'
CodingType: 'conv'

Set the Walsh code of the second F-SCH so that it is not identical to the Walsh code of the first F-SCH.

cfg(2).FSCH.WalshCode = 3;

Generate the forward link waveform.

wv = cdma2000ForwardWaveformGenerator(cfg);

Input Arguments

cfg — Configuration of the parameters and channels used by the waveform generator
structure

Configuration of the parameters and channels used by the waveform generator. The configuration
structure is defined in these tables.

Top-Level Parameters and Substructures

Parameter Field Values Description

SpreadingRate 'SR1' | 'SR3' Spreading rate of the waveform. SR1
corresponds to a 1.2288 Mcps carrier. SR3
corresponds to a 3.6864 Mcps carrier.

SR3 supports direct sequence spreading only.

Diversity 'NTD' | 'OTD"' | 'STS' Transmit diversity type (applicable only for SR1),
where NTD is no transmit diversity, 0TD is
orthogonal transmit diversity, and STS is space
time spreading

QOF 'QOF1' | "QOF2"' | 'QOF3' Quasi-orthogonal function type
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Parameter Field Values Description
PNOffset Nonnegative scalar integer PN offset of the base station
LongCodeState Positive scalar integer Initial long code state
PowerNormalization 'Off' | 'NormalizeToOdB' | |Power normalization of the waveform
'NoiseFillTo0dB'
NumChips Positive scalar integer Number of chips in the waveform
FilterType 'cdma2000Long’ | Type of output filtering
'cdma2000Short' | 'Off"' |
‘Custom'
CustomFilterCoeffici |Real vector Custom filter coefficients, used only when the
ents FilterType field is set to 'Custom'
OversamplingRatio Positive scalar integer Oversampling ratio at output
InvertQ 'Off' | 'On' Negate the quadrature output
EnableModulation ‘oOff' | 'On' Enable carrier modulation
ModulationFrequency |[Nonnegative scalar integer Carrier modulation frequency (applies when
EnableModulationis 'On')
FPICH Structure See FPICH Substructure. Optional.
FAPICH Structure See FAPICH Substructure. Optional.
FTDPICH Structure See FTDPICH Substructure. Optional.
FATDPICH Structure See FATDPICH Substructure. Optional.
FSYNC Structure See FSYNC Substructure. Optional.
FPCH Structure See FPCH Substructure. Optional.
FCCCH Structure See FCCCH Substructure. Optional.
FCACH Structure See FCACH Substructure. Optional.
FQPCH Structure See FQPCH Substructure. Optional.
FCPCCH Structure See FCPCCH Substructure. Optional.
FBCCH Structure See FBCCH Substructure. Optional.
FFCH Structure See FFCH Substructure. Optional.
FDCCH Structure See FDCCH Substructure. Optional.
FSCCH Structure See FSCCH Substructure. Optional.
FSCH Structure See FSCH Substructure. Optional.
FOCNS Structure See FOCNS Substructure. Optional.

FPICH Substructure

Include the FPICH substructure in the cfg structure to configure the forward pilot channel (F-PICH).
The FPICH substructure contains these fields.

Parameter Field Values Description
Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
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FAPICH Substructure

Include the FAPICH substructure in the cfg structure to configure the forward auxiliary pilot channel
(F-APICH). The FAPICH substructure contains these fields.

Parameter Field Values Description
Enable 'On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
WalshLength 64 | 128 | 256 | 512 Walsh code length
WalshCode Nonnegative integer scalar, |Walsh code number

such that 0 = WalshCode =<

WalshLength -1
LongCodeMask Positive scalar integer Long code identifier

FTDPICH Substructure

Include the FTDPICH substructure in the cfg structure to configure the forward transmit diversity
pilot Channel (F-TDPICH). The FTDPICH substructure contains these fields.

Parameter Field Values Description

Enable ‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
FATDPICH

Include the FATDPICH substructure in the cfg structure to configure the forward auxiliary transmit
diversity pilot channel (F-ATDPICH). The FATDPICH substructure contains these fields.

Parameter Field Values Description
Enable ‘On' | 'Off! Enable or disable the channel
Power Real scalar Relative channel power (dB)
WalshLength 64 | 128 | 256, 512 Walsh code length
WalshCode Nonnegative integer scalar, |Walsh code number

such that 0 < WalshCode <

WalshLength -1
LongCodeMask Positive scalar integer Long code identifier

FSYNC Substructure

Include the FSYNC substructure in the cfg structure to configure the forward sync channel (F-SYNC).
The FSYNC substructure contains these fields.

Parameter Field Values Description

Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
EnableCoding ‘On' | 'Off"' Enable or disable channel coding
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Parameter Field

Values

Description

DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence
Seed}, binary vector, or with a random number seed, a binary vector,
‘SyncMessage'. ora 'SyncMessage' character vector.
Standard PN types are
'PN9', 'PN15', 'PN23"',
'PN9-ITU', and 'PN11"'.

SyncMessage Structure See SyncMessage Substructure. Optional.

SyncMessage Substructure

If the DataSource field of the FSYNC substructure is set to 'SyncMessage', add the SyncMessage
substructure to the cfg.FSYNC substructure to configure the sync channel message. The
SyncMessage substructure contains these fields.

Parameter Field Typical Value Description

P REV 6 Protocol revision

MIN P REV 6 Minimum protocol revision
SID hex2dec('14B"') System identifier

NID 1 Network identification
PILOT PN 0 Pilot PN offset

LC STATE hex2dec('20000000000") Long code state

SYS TIME hex2dec('36AEQ0924C") System time

LP SEC 0 Leap second

LTM OFF 0 Local time offset

DAYLT 0 Daylight saving time indicator
PRAT 0 Paging channel data rate
CDMA FREQ hex2dec('2F6"') CDMA frequency

EXT CDMA FREQ

hex2dec('2F6")

Extended CDMA frequency

FPCH Substructure

Include the FPCH substructure in the cfg substructure to configure the forward paging channel (F-
PCH). The FPCH substructure contains these fields.

Parameter Field Values Description

Enable ‘On' | 'Off! Enable or disable the channel
Power Real scalar Relative channel power (dB)
DataRate 4800 | 9600 Data rate (bps)
LongCodeMask Positive scalar integer Long code identifier
WalshCode Nonnegative integer scalar, |Walsh code number

such that 0 <= WalshCode =
7
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Parameter Field Values Description
EnableCoding '‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

Seed}, binary vector, or a with a random number seed, a binary vector,
paging message character |or one of three paging messages. For a
vector. description of paging message contents see
footnote 1.

Standard PN types are

'PN9', 'PN15', 'PN23"',
"PN9-ITU', and 'PN11".

Paging message options
include 'PagingMessagel’,
'PagingMessage?', and
'PagingMessage3’.

1 When the DataSource enumeration specifies one of the paging message options, simulated
paging message data is used as input to the F-PCH physical channel:

'PagingMessagel’ — Streams a 7680 bit sequence (800 ms at fullrate) of paging message
contents onto the channel that includes the General Page Message, the CDMA Channel List
Message, the Extended System Parameter Message, the Extended Neighbor List Message,
the System Parameter Message, and the Access Parameter Message. The paging message
repeats these messages in a nonsequential pattern.

'PagingMessage2' — Streams a 2304 bit sequence (240 ms at fullrate) of paging message
contents onto the channel that includes a truncated version of the full ' PagingMessagel'
content.

'PagingMessage3' — Streams an 864 bit sequence (90 ms at fullrate) of paging message
contents onto the channel that includes the Neighbor List Message, the CDMA Channel List
Message, the General Page Message, the System Parameter Message, and the Access
Parameter Message. The paging message repeats these messages in a sequential pattern.

For more information on the F-PCH contents, refer to 3GPP2 C.S0004, Table 3.1.2.3.1.1.2-1.

FCCCH Substructure

Include the FCCCH substructure in the cfg structure to configure the forward common control
channel (F-CCCH). The FCCCH substructure contains these fields.

Parameter Field Values Description
Enable ‘On'| 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
DataRate 9600 | 19200 | 38400 Data rate (bps)
FramelLength 5|10 |20 Frame length (ms)
CodingType ‘conv' | 'turbo' Type of error correction coding
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 = WalshCode =<

255
LongCodeMask Positive scalar integer Long code identifier
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Parameter Field Values Description
EnableCoding '‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15‘,
'PN23', 'PN9-ITU', and
"PN11'.

with a random number seed or a custom
vector.

FCACH Substructure

Include the FCACH substructure in the cfg structure to configure the forward common assignment
channel (F-CACH). The FCACH substructure contains these fields.

Parameter Field

Values

Description

Enable

'On' | 'Off"

Enable or disable the channel

Power Real scalar Relative channel power (dB)
CodingType ‘conv' | 'turbo’ Type of error correction coding
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 < WalshCode <
255
LongCodeMask Positive scalar integer Long code identifier
EnableCoding '‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15‘,
'PN23', 'PN9-ITU', and
"PN11'.

with a random number seed or a custom
vector.

FQPCH Substructure

Include the FQPCH substructure in the cfg structure to configure the forward quick paging channel
(F-QPCH). The FQPCH substructure contains these fields.

Parameter Field Values Description
Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
DataRate 2400 | 4800 Data rate (bps)
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 < WalshCode <

255
LongCodeMask Positive scalar integer Long code identifier
EnableCoding '‘On' | 'Off" Enable or disable channel coding
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Parameter Field

Values

Description

DataSource

Cell array: {'PN Type', RN
Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15",
'PN23"', 'PN9-ITU', and
"PN11'.

Data source. Specify a standard PN sequence
with a random number seed or a custom
vector.

FCPCCH Substructure

Include the FCPCCH substructure in the cfg structure to configure the forward common power
control channel (F-CPCCH). The FCPCCH substructure contains these fields.

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15°,
'PN23', 'PN9-ITU', and
"PN11'.

Parameter Field Values Description
Enable 'On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 < WalshCode <
63
LongCodeMask Positive scalar integer Long code identifier
EnableCoding 'On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

with a random number seed or a custom
vector.

FBCCH Substructure

Include the FBCCH substructure in the cfg structure to configure the forward broadcast control
channel (F-BCCH). The FBCCH substructure contains these fields.

Parameter Field Values Description
Enable ‘On' | 'Off"' Enable or disable the channel
Power Real scalar Relative channel power (dB)
DataRate 4800 | 9600 | 19200 Data rate (bps)
CodingType "conv' | 'turbo’ Type of error correction coding
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 < WalshCode <

127
LongCodeMask Positive scalar integer Long code identifier
EnableCoding '‘On' | 'Off" Enable or disable channel coding
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Parameter Field

Values

Description

DataSource

Cell array: {'PN Type', RN
Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15",
'PN23"', 'PN9-ITU', and
"PN11'.

Data source. Specify a standard PN sequence
with a random number seed or a custom
vector.

FFCH Substructure

Include the FFCH substructure in the cfg structure to configure the forward fundamental traffic
channel (F-FCH). The FFCH substructure contains these fields.

Parameter Field

Values

Description

Enable

‘on’ | 'Off’

Enable or disable the channel

Power Real scalar Relative channel power (dB)
RadioConfiguratio |'RC1' through 'RC9' Radio configuration channel
n
DataRate 1200 | 1500 | 1800 | 2400 | |Data rate (bps)
2700 | 3600 | 4800 | 7200 |
9600 | 14400
FramelLength 5|10 |20 Frame length (ms)
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 <= WalshCode =
255
LongCodeMask Positive scalar integer Long code identifier
EnableQOF ‘On' | 'Off" Enable QOF spreading
EnableCoding ‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence
Seed} or binary vector. with a random number seed or a custom
vector.
Standard PN sequence
options are 'PN9', 'PN15°,
'"PN23', 'PN9-ITU', and
'PN11".
PowerControlEnabl |'On' | 'Off' Enable or disable power control subchannel
e
PowerControlPower |Real scalar Power control subchannel power (relative to
F-FCH)
PowerControlDataS |Cell array: {'PN Type', RN|Power control subchannel data source
ource Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15°,
'PN23', 'PN9-ITU', and
"PN11°.
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FDCCH Substructure

Include the FDCCH substructure in the cfg structure to configure the forward dedicated control
channel (F-DCCH). The FDCCH substructure contains these fields.

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15‘,
'PN23', 'PN9-ITU', and
"PN11'.

Parameter Field Values Description
Enable 'On' | 'Off! Enable or disable the channel
Power Real scalar Relative channel power (dB)
RadioConfiguratio |'RC3' through 'RC9' Radio configuration channel
n
DataRate 9600 | 14400 Data rate (bps)
FrameLength 5|20 Frame length (ms)
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 = WalshCode =<

255
LongCodeMask Positive scalar integer Long code identifier
EnableQOF ‘On' | 'Off"' Enable QOF spreading
EnableCoding 'On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

with a random number seed or a custom
vector.

FSCCH Substructure

Include the FSCCH substructure in the cfg structure to configure the forward supplemental code
channel (F-SCCH). The FSCCH substructure contains these fields.

Parameter Field Values Description
Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
RadioConfiguratio |'RC1' | 'RC2' Radio configuration channel
n
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 = WalshCode <

255
LongCodeMask Positive scalar integer Long code identifier
EnableCoding ‘On' | 'Off" Enable or disable channel coding
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Parameter Field

Values

Description

DataSource

Cell array: {'PN Type', RN
Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15",
'PN23"', 'PN9-ITU', and
"PN11'.

Data source. Specify a standard PN sequence
with a random number seed or a custom
vector.

FSCH Substructure

Include the FSCH substructure in the cfg structure to configure the forward supplemental channel
(F-SCH). The FSCH substructure contains these fields.

Parameter Field Values Description
Enable 'On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
RadioConfiguratio |['RC3' | 'RC4' | 'RC5" | Radio configuration channel
n 'RC6' | 'RC7"' | 'RC8" |

'RCO"
DataRate 1200 | 1350 | 1500 | 1800 | |Data rate (bps)

2400 | 2700 | 3600 | 4800 |

7200 | 9600 | 14400 | 19200

| 28800 | 38400 | 57600 |

76800 | 115200 | 153600 |

230400 | 307200
FrameLength 20| 40|80 Frame length (ms)
CodingType "Conv' | 'Turbo' Channel coding type, convolutional or turbo
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 < WalshCode <

255
LongCodeMask Positive scalar integer Long code identifier
EnableQOF '‘On' | 'Off" Enable QOF spreading
EnableCoding ‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15°,
'PN23', 'PN9-ITU', and
"PN11°.

with a random number seed or a custom
vector.

FOCNS Substructure

Include the FOCNS substructure in the cfg structure to configure orthogonal channel noise source
information. The FOCNS substructure contains these fields.
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Parameter Field Values Description
Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
WalshLength 64 | 128 | 256 Walsh code length
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 = WalshCode <

WalshLength -1

Output Arguments

waveforml — Modulated baseband waveform comprising the primary physical channels
complex vector array

Modulated baseband waveform comprising the primary cdma2000 physical channels, returned as a
complex vector array.

waveform2 — Modulated baseband waveform comprising the diversity physical channels
complex vector array

Modulated baseband waveform comprising the diversity cdma2000 physical channels, returned as a
complex vector array.

Version History
Introduced in R2015b

References

[1] 3GPP2 C.S0002-F v2.0. “Physical Layer Standard for cdma2000 Spread Spectrum Systems.” 3rd
Generation Partnership Project 2.

[2] 3GPP2 C.S0004-F v1.0. “Signaling Link Access Control (LAC) Standard for cdma2000 Spread
Spectrum Systems.” 3rd Generation Partnership Project 2.

See Also
cdma2000ForwardReferenceChannels | cdma2000ReverseWaveformGenerator




cdma2000ReverseReferenceChannels

cdma2000ReverseReferenceChannels

Define cdma2000 reverse reference channel

Syntax

cdma2000ReverseReferenceChannels (wv)
cdma2000ReverseReferenceChannels (wv, numchips)
cdma2000ReverseReferenceChannels(traffic,numchips,R-SCH-SPEC)

cfg
cfg
cfg

Description

cfg = cdma2000ReverseReferenceChannels(wv) returns a structure, cfg, that defines the
cdma2000 reverse link parameters given the input waveform identifier, wv. Pass the structure to the
cdma2000ReverseWaveformGenerator function to generate a reverse link reference channel
waveform.

For all syntaxes, cdma2000ReverseReferenceChannels creates a configuration structure that is
compliant with the physical layer specification for cdma2000 systems described in [1].

cfg = cdma2000ReverseReferenceChannels (wv,numchips) specifies the number of chips to
generate.

cfg = cdma2000ReverseReferenceChannels(traffic,numchips,R-SCH-SPEC) returns cfg
for the specified traffic channel, traffic, and the reverse supplemental channel (R-SCH) and frame
length combination, R-SCH-SPEC.

Examples

Generate Reverse Common Control Channel Waveform

Generate the structure corresponding to the reverse common control channel (R-CCCH) having a
19,200 bps data rate and 10 ms frames.

config = cdma2000ReverseReferenceChannels('R-CCCH-19200-10");

Verify that the R-CCCH substructure is configured for the correct data rate and frame duration.
config.RCCCH

ans = struct with fields:
Enable: 'On'

Power: 0
LongCodeMask: 0
EnableCoding: 'On'

DataSource: {'PN9' [1]}
DataRate: 19200
FrameLength: 10
WalshCode: 1
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Generate the reverse channel waveform using the corresponding waveform generator function,
cdma2000ReverseWaveformGenerator.

wv = cdma2000ReverseWaveformGenerator(config);

Generate Reverse Channels for RC1 and RC6

Create a configuration structure to generate all possible channels associated with radio configuration
1 in which the number of chips is specified as 2500.

config = cdma2000ReverseReferenceChannels('ALL-RC1',2500)

config = struct with fields:
RadioConfiguration: 'RC1'
PowerNormalization: 'Off’
OversamplingRatio: 4
FilterType: 'cdma2000Long'
InvertQ: 'Off’
EnableModulation: 'Off’
ModulationFrequency: 0
NumChips: 2500
RFCH: [1x1 struct]
RACH: [1x1 struct]
RSCCH: [1x1 struct]

The structure contains substructures corresponding to the R-FCH, R-ACH, and R-SCCH channels.

Call the function again using radio configuration 6.
config = cdma2000ReverseReferenceChannels('ALL-RC6',2500)

config = struct with fields:
RadioConfiguration: 'RC6'
PowerNormalization: 'Off'
OversamplingRatio: 4
FilterType: 'cdma2000Long'
InvertQ: 'Off'
EnableModulation: 'Off'
ModulationFrequency: 0
NumChips: 2500
RFCH: [1x1 struct]
RPICH: [1x1 struct]
REACH: [1x1 struct]
RCCCH: [1x1 struct]
RDCCH: [1x1 struct]
RSCH1: [1x1 struct]
RSCH2: [1x1 struct]

The channels supported by RC6 differ from those supported by RC1. They include R-FCH, R-PICH, R-
EACH, R-CCCH, R-DCCH, R-SCH1, and R-SCH2.

Create the waveform corresponding to the set of RC6 channels.

wv = cdma2000ReverseWaveformGenerator(config);
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Generate Reverse Supplemental Channel

Create a configuration structure using radio configuration 3 with a reverse fundamental channel (R-
FCH). Specify a 2700 bps data rate and a reverse supplemental channel (R-SCH) having a 76,800 bps
data rate and an 80 ms frame length.

config = cdma2000ReverseReferenceChannels('TRAFFIC-RC3-2700',2000,

'R-SCH-76800-80") ;

Verify that the R-FCH data rate is 2700 bps and the first R-SCH data rate is 76,800 bps with an 80 ms

frame length.

config.RFCH.DataRate

ans = 2700

config.RSCH1.DataRate

ans = 76800

config.RSCH1.FrameLength

ans = 80

Generate the corresponding waveform.

wv = cdma2000ReverseWaveformGenerator(config);

Input Arguments

wv — Waveform identification

character vector

Waveform identification of the reference channel, specified as a character vector. The input typically
identifies the channel type, radio configuration, data rate, and frame length. To specify wv, connect
the substrings with hyphens, for example, ' TRAFFIC-RC2-3600".

Parameter Field |Values Description
Substring 1 Substring 2 Substring 3
wv 'R-PICH-ONLY' Generates a
waveform
containing a pilot
channel only.
'R-CCCH' 9600 20 Character vector
19200 10|20 representing the

Reverse Common
Control Channel
(R-CCCH) data
rate in bps and the
frame length in
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Parameter Field

Values

Substring 1

Substring 2

Substring 3

Description

38400

5]10 |20

ms. Specify 'R-
CCCH-9600-20"'
to create a
structure variable,
wv, with a 9600
bps R-CCCH data
rate and a 20 ms
frame length.

'"TRAFFIC'

RC1

1200 | 2400 |
4800 | 9600

RC2 | RC4 | RC6

1800 | 3600 |
7200 | 14400

RC3 | RC5 | RC6

1500 | 2700 |
4800 | 9600

Character vector
representing the
radio configuration
and the Reverse
Fundamental
Channel (R-FCH)
data rate in bps.
Specify

'"TRAFFIC-
RC6-14400",
corresponds to
radio configuration
6 with a 14400 bps
R-FCH data rate.

'R-EACH'

9600

20

19200

10 | 20

38400

51020

Reverse Enhanced
Access Channel
waveforms. Specify
'R-
EACH-38400-5'
to create a
structure
corresponding to
an R-EACH
channel with a
38400 bps data
rate and a 5 ms
frame length.

'R-PICH-R-FCH'

Specify tests for
the mobile
transmitter in
accordance with

[2].
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Parameter Field

Values

Substring 1

Substring 2

Substring 3

Description

"ALL'

RC1|RC2 | RC3 |
RC4 | RC5 | RC6

N/A

Returns all
channels that are
supported for the
specified radio
configuration.
Specify 'ALL-
RC4' to create a
structure
containing all
traffic channels for
radio configuration
4,

Example: 'R-CCCH-9600-20" is a R-CCH channel having a 9600 bps data rate and a 20 ms frame

length.

Example: 'R-EACH-38400-5" is a R-EACH channel having a 38,400 bps data rate and a 5 ms frame

length.
Data Types: char

numchips — Number of chips

1000 (default) | positive integer scalar

Number of chips, specified as a positive integer.

Example: 2048
Data Types: double

traffic — Traffic configuration

character vector

Traffic channel configuration, specified as a character vector. The table shows the valid

configurations.

Radio
Configuration

Traffic Channel Configuration

1 'TRAFFIC- 'TRAFFIC- 'TRAFFIC- 'TRAFFIC-
RC1-1200' RC1-2400' RC1-4800' RC1-9600'
2 '"TRAFFIC- '"TRAFFIC- '"TRAFFIC- '"TRAFFIC-
RC2-1800' RC2-3600" RC2-7200' RC2-14400'
3 '"TRAFFIC- "TRAFFIC- '"TRAFFIC- '"TRAFFIC-
RC3-1500' RC3-2700' RC3-4800" RC3-9600'
4 '"TRAFFIC- '"TRAFFIC- '"TRAFFIC- '"TRAFFIC-
RC4-1800' RC4-3600' RC4-7200' RC4-14400'
5 'TRAFFIC- 'TRAFFIC- 'TRAFFIC- 'TRAFFIC-
RC5-1500' RC5-2700" RC5-4800' RC5-9600'
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Radio Traffic Channel Configuration

Configuration

6 "TRAFFIC- "TRAFFIC- "TRAFFIC-
RC6-1800" RC6-3600' RC6-7200"

'"TRAFFIC-
RC6-14400'

Example: 'TRAFFIC-RC4-1800" is a traffic channel using radio configuration 4 and having an R-
FCH with an 1800 bps data rate .

Data Types: char

R-SCH-SPEC — Reverse Supplemental Channel data rate and frame length

character vector

Specify the R-SCH data rate and frame length as a character vector. If omitted, R-SCH-SPEC defaults
to the lowest R-SCH data rate allowable for a 20 ms frame length given the radio configuration
specified by traffic. The table summarizes the supported data rate and frame length combinations.

Radio Configuration

Frame Length

'R-SCH-1036800-20'

'R-SCH-518400-40"

20 ms 40 ms 80 ms

3|5 'R-SCH-1500-20" | 'R-SCH-1350-40" | 'R-SCH-1350-80" |
'R-SCH-2700-20" | 'R-SCH-2400-40" | 'R-SCH-2400-80" |
'R-SCH-4800-20" | 'R-SCH-4800-40" | 'R-SCH-4800-80" |
'R-SCH-9600-20" | 'R-SCH-9600-40" | 'R-SCH-9600-80" |
'R-SCH-19200-20"'| |'R-SCH-19200-40'| |'R-SCH-19200-80" |
'R-SCH-38400-20"'| |'R-SCH-38400-40'| |'R-SCH-38400-80" |
'R-SCH-76800-20"'| |'R-SCH-76800-40"| 'R-SCH-76800-80"
'R-SCH-153600-20"' | |'R-SCH-153600-40"
'R-SCH-307200-20"

5 'R-SCH-614400-20" 'R-SCH-307200-40" 'R-SCH-153600-80"

4|6 'R-SCH-1800-20" | 'R-SCH-1800-40" | 'R-SCH-1800-80" |
'R-SCH-3600-20" | 'R-SCH-3600-40" | 'R-SCH-3600-80" |
'R-SCH-7200-20" | 'R-SCH-7200-40" | 'R-SCH-7200-80" |
'R-SCH-14400-20"'| |'R-SCH-14400-40'| |'R-SCH-14400-80" |
'R-SCH-28800-20"'| |'R-SCH-28800-40'| |'R-SCH-28800-80" |
'R-SCH-57600-20"' | |'R-SCH-57600-40'| |'R-SCH-57600-80"
'R-SCH-115200-20" | |'R-SCH-115200-40"
'R-SCH-230400-20"

6 'R-SCH-460800-20"' | |'R-SCH-230400-40"' | |'R-SCH-115200-80" |

'R-SCH-259200-80"'

Additional data rate information for the cdma2000 reverse links is given in Tables 2.1.3.1.3-1 and

2.1.3.1.3-2 of [1].

Example: 'R-SCH-153600-20" is an R-SCH having a 153,600 bps data rate and a 20 ms frame

length.
Data Types: char

Output Arguments

cfg — Configuration of the parameters and channels used by the waveform generator

structure
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Configuration of the parameters and channels used by the waveform generator. The configuration

structure is define

d in these tables.

Top-Level Parameters and Substructures

Parameter Field Values Description
RadioConfiguration 'RC1' | 'RC2' | 'RC3"' | 'RC4"' |Radio configuration of the reverse channel. The
| 'RC5' | 'RCH' spreading rate of the waveform is derived from
the radio configuration. Spreading rate 1, SR1,
corresponds to a 1.2288 Mcps carrier and is
associated with RC1 through RC4. Spreading
rate 3, SR3, corresponds to a 3.6864 Mcps
carrier and is associated with RC5 and RC6.
PowerNormalization 'Off' | 'NormalizeTo0OdB' Power normalization of the waveform
NumChips Positive scalar integer Number of chips in the waveform
OversamplingRatio Positive scalar integer Oversampling ratio at output
FilterType 'cdma2000Long’ | Type of output filtering
'cdma2000Short' | 'Off"' |
‘Custom’
CustomFilterCoeffici |Real vector Custom filter coefficients used only when the
ents FilterType field is set to 'Custom'
InvertQ 'Off' ] 'On' Negate the quadrature output
EnableModulation 'Off' | 'On' Enable carrier modulation
ModulationFrequency [Nonnegative scalar integer Carrier modulation frequency (applies when
EnableModulationis 'On"')
RPICH Structure See RPICH Substructure. Optional.
RACH Structure See RACH Substructure. Optional.
REACH Structure See REACH Substructure. Optional.
RCCCH Structure See RCCCH Substructure. Optional.
RDCCH Structure See RDCCH Substructure. Optional.
RFCH Structure See RFCH Substructure. Optional.
RSCCH Structure See RSCCH Substructure. Optional.
RSCH1 Structure See RSCH1 Substructure. Optional.
RSCH2 Structure See RSCH2 Substructure. Optional.

RPICH Substructure

Include the RPICH substructure in the cfg structure to configure the Reverse Pilot Channel (R-
PICH). The RPICH substructure contains the following fields.

Parameter Field Values Description

Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
LongCodeMask 42-bit binary number Long code identifier
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Standard PN sequence
options are 'PN9', 'PN15°,
'PN23', 'PN9-ITU', and
"PN11'.

Parameter Field Values Description

PowerControlEnabl |'On' | 'Off" Enable or disable power control subchannel

e

PowerControlPower |Real scalar Power control subchannel power (relative to
R-PICH)

PowerControlDataS |(Cell array, {'PN Type', RN |[Power control subchannel data source

ource Seed} or binary vector.

RACH Substructure

Include the RACH substructure in the cfg structure to configure the Reverse Access Channel (R-
ACH). The RACH substructure contains the following fields.

Parameter Field

Values

Description

Enable

‘On' | 'Off"

Enable or disable the channel

Seed} or a binary vector.
Standard PN types are

‘PN9', 'PN15', 'PN23",
'PN9-ITU', and 'PN11".

Power Real scalar Relative channel power (dB)

LongCodeMask 42-bit binary number Long code identifier

EnableCoding ‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

with a random number seed or a binary
vector.

REACH Substructure

Include the REACH substructure in the cfg structure to configure the Reverse Enhanced Access
Channel (R-EACH). The REACH substructure contains the following fields.

Parameter Field Values Description
Enable '‘On' | 'Off! Enable or disable the channel
Power Real scalar Relative channel power (dB)
DataRate 9600 | 19200 | 38400 Data rate (bps)
FramelLength 5|10 |20 Frame length (ms)
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 < WalshCode <

7
LongCodeMask 42-bit binary number Long code identifier
EnableCoding 'On' | 'Off" Enable or disable channel coding
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Parameter Field

Values

Description

DataSource

Cell array: {'PN Type', RN
Seed} or a binary vector.

Standard PN types are
'PN9', 'PN15"', 'PN23",
'PN9-ITU', and 'PN11".

Data source. Specify a standard PN sequence
with a random number seed or a binary
vector.

RCCCH Substructure

Include the RCCCH substructure in the cfg structure to configure the Reverse Common Control
Channel (R-CCCH). The RCCCH substructure contains the following fields.

Parameter Field

Values

Description

Enable

‘on’ | 'Off’

Enable or disable the channel

Power Real scalar Relative channel power (dB)
DataRate 9600 | 19200 | 38400 Data rate (bps)
FrameLength 5|10 20 Frame length (ms)
CodingType ‘conv' | 'turbo’ Type of error control coding
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 = WalshCode <
7
LongCodeMask 42-bit binary number Long code identifier
EnableCoding '‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15°,
'PN23', 'PN9-ITU', and
"PN11'.

with a random number seed or a custom
vector.

RDCCH Substructure

Include the RDCCH substructure in the cfg structure to configure the Reverse Dedicated Control
Channel (R-DCCH). The RDCCH substructure contains the following fields.

Parameter Field Values Description
Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
FramelLength 5|20 Frame length (ms)
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 = WalshCode <

15
LongCodeMask 42-bit binary number Long code identifier
EnableCoding '‘On' | 'Off" Enable or disable channel coding
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Parameter Field

Values

Description

DataSource

Cell array, {'PN Type', RN
Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15",
'PN23"', 'PN9-ITU', and
"PN11'.

Data source. Specify a standard PN sequence
with a random number seed or a custom
vector.

RFCH Substructure

Include the RFCH substructure in the cfg structure to configure the Reverse Fundamental Traffic
Channel (R-FCH). The RFCH substructure contains the following fields.

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15°,
"PN23', 'PN9-ITU', and
"PN11'.

Parameter Field Values Description
Enable 'On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
DataRate 1200 | 1500 | 1800 | 2400 | |Data rate (bps)

2700 | 3600 | 4800 | 7200 |

9600 | 14400
FrameLength 5|10 20 Frame length (ms)
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 < WalshCode <

15
LongCodeMask 42-bit binary number Long code identifier
EnableCoding ‘On' | 'Off"' Enable or disable channel coding
DataSource Cell array, {'PN Type', RN |Data source. Specify a standard PN sequence

with a random number seed or a custom
vector.

RSCCH Substructure

Include the RSCCH substructure in the cfg structure to configure the Reverse Supplemental Code
Channel (R-SCCH). The RSCCH substructure contains the following fields.

Parameter Field Values Description

Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
LongCodeMask 42-bit binary number Long code identifier
EnableCoding 'On' | 'Off" Enable or disable channel coding
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Parameter Field

Values

Description

DataSource

Cell array, {'PN Type', RN
Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15",
'PN23"', 'PN9-ITU', and
"PN11'.

Data source. Specify a standard PN sequence
with a random number seed or a custom
vector.

RSCH1 Substructure

Include the RSCH1 substructure in the cfg structure to configure the Reverse Supplemental Channel
1 (R-SCH 1). The RSCH1 substructure contains the following fields.

Parameter Field Values Description
Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
DataRate 1200 | 1350 | 1500 | 1800 | |Data rate (bps)

2400 | 2700 | 3600 | 4800 |

7200 | 9600 | 14400 | 19200

| 28800 | 38400 | 57600 |

76800 | 115200 | 153600 |

230400 | 259200 | 3067200 |

460800 | 518400 | 614400 |

1036800
FrameLength 20|40 | 80 Frame length (ms)
WalshLength 2|4 Walsh code length
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 < WalshCode =

WalshLength -1
LongCodeMask 42-bit binary number Long code identifier
EnableCoding ‘On' | "Off" Enable or disable channel coding
DataSource Cell array, {'PN Type', RN |Data source. Specify a standard PN sequence

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15‘,
'PN23', 'PN9-ITU', and

"PN11".

with a random number seed or a custom
vector.

RSCH2 Substructure

Include the RSCH2 substructure in the cfg structure to configure the Reverse Supplemental Channel
2 (R-SCH 2). The RSCH2 substructure contains the following fields.

Parameter Field Values Description
Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
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Parameter Field Values Description
DataRate 1200 | 1350 | 1500 | 1800 | |Data rate (bps)
2400 | 2700 | 3600 | 4800 |
7200 | 9600 | 14400 | 19200
| 28800 | 38400 | 57600 |
76800 | 115200 | 153600 |
230400 | 259200 | 307200 |
460800 | 518400 | 614400 |
1036800
FrameLength 20| 40| 80 Frame length (ms)
WalshLength 4|8 Walsh code length
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 = WalshCode <
WalshLength -1
LongCodeMask 42-bit binary number Long code identifier
EnableCoding 'On' | 'Off" Enable or disable channel coding
DataSource Cell array, {'PN Type', RN |Data source. Specify a standard PN sequence
Seed} or binary vector. with a random number seed or a custom
vector.
Standard PN sequence
options are 'PN9', 'PN15°,
'PN23"', 'PN9-ITU', and
"PN11'.

Data Types: struct

Version History

Introduced in R2015b

References

[1] 3GPP2 C.S0002-F v2.0. “Physical Layer Standard for cdma2000 Spread Spectrum Systems.” 3rd
Generation Partnership Project 2.

[2] 3GPP2 C.S0011-E v2.0. “Recommended Minimum Performance Standards for cdma2000 Spread
Spectrum Mobile Stations.” 3rd Generation Partnership Project 2.

See Also

cdma2000ReverseWaveformGenerator | cdma2000ForwardReferenceChannels
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cdma2000ReverseWaveformGenerator

Generate cdma2000 reverse link waveform

Syntax

waveform = cdma2000ReverseWaveformGenerator(cfg)

Description

waveform = cdma2000ReverseWaveformGenerator(cfg) returns the cdma2000 reverse link
baseband waveform, waveform as defined by the parameter configuration structure, cfg.

The top-level parameters and lower-level substructures of cfg specify the waveform and channel
properties used by the function to generate a cdma2000 waveform. You can generate the input
argument by using the cdma2000ReverseReferenceChannels function. The top-level parameters
of cfg are RadioConfiguration, LongCodeState, PowerNormalization, OversamplingRatio,
FilterType, InvertQ, EnableModulation, ModulationFrequency, and NumChips. To enable
specific channels, add their associated substructures, for example, the reverse dedicated control
channel, RDCCH.

Note The tables herein list the allowable values for the top-level parameters and substructure fields.
However, not all combinations of spreading rate, radio configuration, frame length, and data rate are
supported. To ensure that the input argument is valid, use the
cdma2000ReverseReferenceChannels function. If you input the structure fields manually, consult
[1] to ensure that the input parameter combinations are permitted.

Examples

Generate Reverse Common Control Channel Waveform

Generate the structure corresponding to the reverse common control channel (R-CCCH) having a
19,200 bps data rate and 10 ms frames.

config = cdma2000ReverseReferenceChannels('R-CCCH-19200-10");

Verify that the R-CCCH substructure is configured for the correct data rate and frame duration.
config.RCCCH

ans = struct with fields:
Enable: 'On'

Power: 0
LongCodeMask: 0
EnableCoding: 'On'

DataSource: {'PN9' [1]}
DataRate: 19200
FrameLength: 10
WalshCode: 1
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Generate the reverse channel waveform using the corresponding waveform generator function,
cdma2000ReverseWaveformGenerator.

wv = cdma2000ReverseWaveformGenerator(config);

Generate R-SCH Channels for RC5

Create a configuration structure for a reverse channel having an R-FCH with a 4800 bps data rate
and two R-SCHs. Specify that each R-SCH have a 153,600 bps data rate using RC5.

config = cdma2000ReverseReferenceChannels(
"TRAFFIC-RC5-4800",

5000,
"R-SCH-153600-40") ;

Determine the sample rate. Because RC5 corresponds to SR3, the chip rate is 3.6864 Mcps. Multiply
by the oversampling ratio to obtain the sample rate.

fs = 3.6864e6*config.0versamplingRatio;
Generate the reverse link waveform.

wv = cdma2000ReverseWaveformGenerator(config);
Plot the spectrum of the resultant waveform.

sa = spectrumAnalyzer(SampleRate=fs);

sa(wv)
release(sa)
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Stopped

ESTIMATIOM MEASUREMENTS SPECTRUM SPECTRAL MASK  CHANNMEL MEASUREMENTS

0
Frequency (MHz)

VBW = 241.692 Hz RBW = 14.4000 kHz Sample Rate = 14.7456 MHz Frames =1 T = 0.00135627

Generate cdma2000 Waveform with Two Reverse Supplemental Channels

Create a parameter structure specifying a reverse traffic channel containing a pair of supplemental
channels and generate the corresponding waveform.

Create a parameter structure specifying a traffic channel consisting of a 14,400 bps fundamental
channel, 2000 chips, and a 57,600 bps supplemental channel (R-SCH) pair having a 40 ms frame
duration.

cfg = cdma2000ReverseReferenceChannels(
"TRAFFIC-RC4-14400",
2000,
"F-SCH-57600-40");

Create a second R-SCH pair by copying the R-SCH fields from the existing pair.

cfg(2).RSCH1
cfg(2).RSCH2

cfg.RSCH1;
cfg.RSCH2;

Set the data rate of the second R-SCH pair to 28,800 bps.

cfg(2).RSCH1.DataRate
cfg(2).RSCH2.DataRate

28800;
28800;
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Set the Walsh codes of the second pair so that they differ from the first pair.

cfg(2).RSCH1.WalshCode
cfg(2).RSCH2.WalshCode

4;
5;

Verify that the data rates are set correctly and that no two supplemental channels share the same
Walsh code.

cfg.RSCH1

ans = struct with fields:
Enable: 'On'

Power: 0
LongCodeMask: 0
EnableCoding: 'On'

DataSource: {'PN9' [1]}
DataRate: 57600
FrameLength: 40
WalshLength: 2
WalshCode: 0

ans = struct with fields:
Enable: 'On'

Power: 0
LongCodeMask: 0
EnableCoding: 'On'

DataSource: {'PN9' [1]}
DataRate: 28800
FrameLength: 40
WalshLength: 2
WalshCode: 4

cfg.RSCH2

ans = struct with fields:
Enable: 'On'
Power: 0

LongCodeMask: 0
EnableCoding: 'On'
DataSource: {'PN9' [1]}
DataRate: 57600
FrameLength: 40
WalshLength: 2
WalshCode: 1

ans = struct with fields:
Enable: 'On'

Power: 0
LongCodeMask: 0
EnableCoding: 'On'

DataSource: {'PN9' [1]}
DataRate: 28800
FrameLength: 40
WalshLength: 2
WalshCode: 5
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Generate the reverse link waveform.

wv = cdma2000ReverseWaveformGenerator(cfg);

Input Arguments

cfg — Configuration of the parameters and channels used by the waveform generator

structure

Configuration of the parameters and channels used by the waveform generator. The configuration
structure is defined in these tables.

Top-Level Parameters and Substructures

Parameter Field

Values

Description

RadioConfiguration 'RC1' | 'RC2' | 'RC3"' | 'RC4"' |Radio configuration of the reverse channel. The
| 'RC5"' | 'RC6" spreading rate of the waveform is derived from
the radio configuration. Spreading rate 1, SR1,
corresponds to a 1.2288 Mcps carrier and is
associated with RC1 through RC4. Spreading
rate 3, SR3, corresponds to a 3.6864 Mcps
carrier and is associated with RC5 and RC6.
PowerNormalization 'Off' | '"NormalizeToOdB' Power normalization of the waveform
NumChips Positive scalar integer Number of chips in the waveform
OversamplingRatio Positive scalar integer Oversampling ratio at output
FilterType 'cdma2000Long’ | Type of output filtering
'cdma2000Short' | 'Off" |
‘Custom'
CustomFilterCoeffici |Real vector Custom filter coefficients used only when the
ents FilterType field is set to 'Custom'
InvertQ 'Off' | 'On' Negate the quadrature output
EnableModulation ‘off'| 'On' Enable carrier modulation
ModulationFrequency |[Nonnegative scalar integer Carrier modulation frequency (applies when
EnableModulationis 'On')
RPICH Structure See RPICH Substructure. Optional.
RACH Structure See RACH Substructure. Optional.
REACH Structure See REACH Substructure. Optional.
RCCCH Structure See RCCCH Substructure. Optional.
RDCCH Structure See RDCCH Substructure. Optional.
RFCH Structure See RFCH Substructure. Optional.
RSCCH Structure See RSCCH Substructure. Optional.
RSCH1 Structure See RSCH1 Substructure. Optional.
RSCH2 Structure See RSCH2 Substructure. Optional.
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RPICH Substructure

Include the RPICH substructure in the cfg structure to configure the Reverse Pilot Channel (R-
PICH). The RPICH substructure contains the following fields.

Parameter Field

Values

Description

Enable

‘on' | 'Off

Enable or disable the channel

Standard PN sequence
options are 'PN9', 'PN15°,
'PN23', 'PN9-ITU', and
"PN11°.

Power Real scalar Relative channel power (dB)

LongCodeMask 42-bit binary number Long code identifier

PowerControlEnabl |'On' | 'Off" Enable or disable power control subchannel

e

PowerControlPower |Real scalar Power control subchannel power (relative to
R-PICH)

PowerControlDataS |Cell array, {'PN Type', RN |[Power control subchannel data source

ource Seed} or binary vector.

RACH Substructure

Include the RACH substructure in the cfg structure to configure the Reverse Access Channel (R-
ACH). The RACH substructure contains the following fields.

Seed} or a binary vector.
Standard PN types are

'PN9', 'PN15"', 'PN23",
'"PN9-ITU', and 'PN11'.

Parameter Field Values Description

Enable '‘On' | 'Off" Enable or disable the channel

Power Real scalar Relative channel power (dB)

LongCodeMask 42-bit binary number Long code identifier

EnableCoding 'On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

with a random number seed or a binary
vector.

REACH Substructure

Include the REACH substructure in the cfg structure to configure the Reverse Enhanced Access
Channel (R-EACH). The REACH substructure contains the following fields.

Parameter Field

Values

Description

Enable

‘on’ | 'Off’

Enable or disable the channel

Power

Real scalar

Relative channel power (dB)

DataRate

9600 | 19200 | 38400

Data rate (bps)
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Parameter Field Values Description
FrameLength 5|10 20 Frame length (ms)
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 < WalshCode <
7
LongCodeMask 42-bit binary number Long code identifier
EnableCoding ‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

Seed} or a binary vector.

Standard PN types are
'PN9', 'PN15', 'PN23",

'PN9-ITU', and 'PN11".

with a random number seed or a binary
vector.

RCCCH Substructure

Include the RCCCH substructure in the cfg structure to configure the Reverse Common Control
Channel (R-CCCH). The RCCCH substructure contains the following fields.

Parameter Field

Values

Description

Enable

‘on’ | 'Off’

Enable or disable the channel

Power Real scalar Relative channel power (dB)
DataRate 9600 | 19200 | 38400 Data rate (bps)
FrameLength 5|10 20 Frame length (ms)
CodingType ‘conv' | 'turbo’ Type of error control coding
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 = WalshCode <
7
LongCodeMask 42-bit binary number Long code identifier
EnableCoding '‘On' | 'Off" Enable or disable channel coding
DataSource Cell array: {'PN Type', RN|Data source. Specify a standard PN sequence

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15°,
'PN23', 'PN9-ITU', and
"PN11'.

with a random number seed or a custom
vector.

RDCCH Substructure

Include the RDCCH substructure in the cfg structure to configure the Reverse Dedicated Control
Channel (R-DCCH). The RDCCH substructure contains the following fields.

Parameter Field Values Description
Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
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Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15°,
'PN23"', '"PN9-ITU', and
"PN11'.

Parameter Field Values Description
FrameLength 5|20 Frame length (ms)
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 < WalshCode <
15
LongCodeMask 42-bit binary number Long code identifier
EnableCoding ‘On' | 'Off" Enable or disable channel coding
DataSource Cell array, {'PN Type', RN |Data source. Specify a standard PN sequence

with a random number seed or a custom
vector.

RFCH Substructure

Include the RFCH substructure in the cfg structure to configure the Reverse Fundamental Traffic
Channel (R-FCH). The RFCH substructure contains the following fields.

Parameter Field Values Description
Enable ‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
DataRate 1200 | 1500 | 1800 | 2400 | |Data rate (bps)
2700 | 3600 | 4800 | 7200 |
9600 | 14400
FrameLength 5|10 20 Frame length (ms)
WalshCode Nonnegative integer scalar |Walsh code number
such that 0 < WalshCode <
15
LongCodeMask 42-bit binary number Long code identifier
EnableCoding '‘On' | 'Off" Enable or disable channel coding
DataSource Cell array, {'PN Type', RN |Data source. Specify a standard PN sequence
Seed} or binary vector. with a random number seed or a custom
vector.
Standard PN sequence
options are 'PN9', 'PN15‘,
"PN23', 'PN9-ITU', and
"PN11'.

RSCCH Substructure

Include the RSCCH substructure in the cfg structure to configure the Reverse Supplemental Code
Channel (R-SCCH). The RSCCH substructure contains the following fields.

Parameter Field

Values

Description

Enable

‘On' | 'Off"

Enable or disable the channel
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Parameter Field

Values

Description

Power Real scalar Relative channel power (dB)

LongCodeMask 42-bit binary number Long code identifier

EnableCoding ‘On' | 'Off" Enable or disable channel coding
DataSource Cell array, {'PN Type', RN |Data source. Specify a standard PN sequence

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15°,
'PN23', 'PN9-ITU', and
"PN11°.

with a random number seed or a custom
vector.

RSCH1 Substructure

Include the RSCH1 substructure in the cfg structure to configure the Reverse Supplemental Channel
1 (R-SCH 1). The RSCH1 substructure contains the following fields.

Parameter Field Values Description
Enable ‘On' | 'Off! Enable or disable the channel
Power Real scalar Relative channel power (dB)
DataRate 1200 | 1350 | 1500 | 1800 | |Data rate (bps)

2400 | 2700 | 3600 | 4800 |

7200 | 9600 | 14400 | 19200

| 28800 | 38400 | 57600 |

76800 | 115200 | 153600 |

230400 | 259200 | 367200 |

460800 | 518400 | 614400 |

1036800
FramelLength 20| 40| 80 Frame length (ms)
WalshLength 2|4 Walsh code length
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 = WalshCode =

WalshLength -1
LongCodeMask 42-bit binary number Long code identifier
EnableCoding ‘On' | 'Off"' Enable or disable channel coding
DataSource Cell array, {'PN Type', RN |Data source. Specify a standard PN sequence

Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15°,
"PN23', 'PN9-ITU', and
"PN11'.

with a random number seed or a custom
vector.

RSCH2 Substructure

Include the RSCH2 substructure in the cfg structure to configure the Reverse Supplemental Channel
2 (R-SCH 2). The RSCH2 substructure contains the following fields.
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Seed} or binary vector.

Standard PN sequence
options are 'PN9', 'PN15",
'PN23"', '"PN9-ITU', and
"PN11'.

Parameter Field Values Description
Enable '‘On' | 'Off" Enable or disable the channel
Power Real scalar Relative channel power (dB)
DataRate 1200 | 1350 | 1500 | 1800 | |Data rate (bps)

2400 | 2700 | 3600 | 4800 |

7200 | 9600 | 14400 | 19200

| 28800 | 38400 | 57600 |

76800 | 115200 | 153600 |

230400 | 259200 | 3067200 |

460800 | 518400 | 614400 |

1036800
FrameLength 20| 40| 80 Frame length (ms)
WalshLength 4|8 Walsh code length
WalshCode Nonnegative integer scalar |Walsh code number

such that 0 = WalshCode =<

WalshLength -1
LongCodeMask 42-bit binary number Long code identifier
EnableCoding ‘On' | 'Off" Enable or disable channel coding
DataSource Cell array, {'PN Type', RN |Data source. Specify a standard PN sequence

with a random number seed or a custom
vector.

Output Arguments

waveform — Modulated baseband waveform comprising the physical channels

complex vector array

Modulated baseband waveform comprising the cdma2000 physical channels, returned as a complex

vector array.

Version History

Introduced in R2015b

References

[1] 3GPP2 C.S0002-F v2.0. “Physical Layer Standard for cdma2000 Spread Spectrum Systems.” 3rd
Generation Partnership Project 2.

See Also

cdma2000ReverseReferenceChannels | cdma2000ForwardWaveformGenerator
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comm_links

Library link information for Communications Toolbox blocks

Syntax

comm_links
comm_links(sys)
comm_links(sys,color)

Description

comm_links returns a structure with two elements. Each element contains a cell array of strings
containing names of library blocks in the current system. The blocks are grouped into two categories:
obsolete and current. Blocks at all levels of the model are analyzed.

comm_links(sys) works as above on the named system sys, instead of the current system.

comm_links(sys,color) additionally colors all obsolete blocks according to the specified color.
color is one of the following strings: 'blue’, 'green’, 'red’, 'cyan', 'magenta’, 'yellow', or 'black’.

Obsolete blocks are blocks that are no longer supported. They might or might not work properly.

Current blocks are supported and represent the latest block functionality.

Version History
Introduced before R2006a

See Also
liblinks
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Open main Communications Toolbox block library

Syntax

commlib

Description

commlib opens the latest version of the Communications Toolbox block library.

Version History
Introduced before R2006a

See Also
dsplib
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commscope

(To be removed) Package of communications scope classes

Note commscope.eyediagram will be removed in a future release. Use
comm.ConstellationDiagram and eyediagram instead.

Syntax

h = commscope.<type>(...)

Description
h = commscope.<type>(...) returns a communications scope object h of type type.
Type help commscope to get a complete list of available types.

Each type of communications scope object is equipped with functions for simulation and
visualization. Type help commscope.<type> to get the complete help on a specific communications
scope object, for example help commscope.eyediagram.

Version History
Introduced in R2007b

comms cope will be removed
Warns starting in R2017b

commscope.eyediagram will be removed in a future release. Use comm.ConstellationDiagram
and eyediagram instead.

See Also

Objects
comm.ConstellationDiagram

Functions
eyediagram | scatterplot
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commsrc.combinedjitter

Construct combined jitter generator object

Syntax

combJitt = commsrc.combinedjitter

combJitt = commsrc.combinedjitter(Name,Value)
Description

combJitt = commsrc.combinedjitter constructs a default combined jitter generator object,
combJitt, with all jitter components disabled.

Use the object to generate jitter samples that include any combination of random, periodic, and Dirac
components.

combJitt = commsrc.combinedjitter(Name,Value) creates a combined jitter generator object
with the specified property Name set to the specified Value. You can specify additional name-value
pair arguments in any order as (Namel,Valuel,...,NameN,ValueN).

Properties

A combined jitter generator object includes these properties. You can edit all properties, except those

explicitly noted.

Property Description

Type Type of object, Combined Jitter Generator. This
property is not writable.

SamplingFrequency Sampling frequency of the input signal in hertz. Default
value le4.

RandomJitter Variable to enable the random jitter generator. Specify as
either 'off' (default) or 'on'.

RandomStd Standard deviation of the random jitter generator in
seconds. Applies when RandomJitteris 'on'. Default
value le-4.

PeriodicJitter Variable to enable the periodic jitter generator. Specify as
either 'off' (default) or 'on"'.

PeriodicNumber Number of sinusoidal components. The PeriodicNumber
must be a finite positive scalar integer. Applies when
PeriodicJitteris 'on'. Default value 1.

PeriodicAmplitude Amplitude of each sinusoidal component of the periodic
jitter in seconds. Applies when PeriodicJitteris 'on'.
Default value 5e-4.
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Property Description

PeriodicFrequencyHz Frequency of each sinusoidal component of the periodic
jitter measured in Hz. Applies when PeriodicJitter is
‘on'. Default value is 200.

PeriodicPhase Phase of each sinusoidal component of the periodic jitter in
radians. Applies when PeriodicJitteris 'on'. Default
value 0.

DiracJlitter Variable to enable the Dirac jitter generator. Specify as

either 'off' (default) or 'on'.

DiracNumber Number of Dirac components. The DiracNumber must be a
finite positive scalar integer. Applies when DiracJitter is
‘on'. Default value 2.

DiracDelta Time delay of each Dirac component in seconds. Applies
when DiracJitteris 'on'. Default value [-5.e-4 5.e-4].

DiracProbability Probability of each Dirac component represented as a
vector of length DiracNumber. The sum of the probabilities
must equal one. Applies when DiracJitteris 'on'.
Default value [0.5 0.5].

Object Functions
A combined jitter generator object has three object functions, as described in this section.
generate

This object function generates jitter samples based on the jitter generator object. It has one input
argument, which is the number of samples in a frame. Its output is a single-column vector of length N.
You can call this object function using this syntax:

x = generate(combJitt,N)

where combJitt is the generator object, N is the number of output samples, and x is a real single-
column vector.

reset

This object function resets the internal states of the combined jitter generator. You can call this object
function using this syntax:

reset(combJitt)
where combJitt is the generator object.
disp

Display the properties of the combined generator object, combJitt. You can call this object function
using this syntax:

disp(combJitt)

where combJitt is the generator object.
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Examples

Generate Combined Random and Periodic Jitter
Generate 500 jitter samples composed of random and periodic components.

Create a commsrc.combinedjitter object configured to apply a combination of random and
periodic jitter components. Use name-value pairs to enable RandomJitter and PeriodicJitter,
and to assign jitter settings. Set the standard deviation of the random jitter to 2e -4 seconds, the
periodic jitter amplitude to 5e-4 seconds, and the periodic jitter frequency to 2 Hz.

numSamples = 500;

combJitt = commsrc.combinedjitter(...
'RandomJitter', 'on',
'"RandomStd',2e-4,
'PeriodicJitter','on’,
'PeriodicAmplitude’',5e-4,
'PeriodicFrequencyHz',200)

combJitt =
Type: 'Combined Jitter Generator'
SamplingFrequency: 10000
RandomJitter: 'on'
RandomStd: 2.0000e-04
PeriodicJitter: 'on'
PeriodicNumber: 1
PeriodicAmplitude: 5.0000e-04
PeriodicFrequencyHz: 200
PeriodicPhase: 0
Diraclitter: 'off'

Use the generate method to create the combined jitter samples.

generate(combJitt,numSamples);
[0:numSamples-1];

y
X

Plot the jitter samples. You can see the Gaussian and periodic nature of the combined jitter.

plot(x/combJitt.SamplingFrequency,y)
xlabel('Time (seconds)')
ylabel('Jitter (seconds)"')
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Display commsrc.combinedjitter Object Settings

Create a commsrc.combinedjitter object. Display the default object property values.

combJitt = commsrc.combinedjitter;
disp(combJitt)

Type: 'Combined Jitter Generator'
SamplingFrequency: 10000
RandomJitter: 'off!'
PeriodicJitter: 'off'
DiracJitter: 'off!'

Create a commsrc.combinedjitter object with random, periodic, and Dirac jitters enabled. Display
the object property values.

combJitt = commsrc.combinedjitter('RandomJitter', 'on’,
'Periodiclitter','on', 'Diraclitter','on');
disp(combJitt)

Type: 'Combined Jitter Generator'
SamplingFrequency: 10000
RandomJitter: 'on'
RandomStd: 1.0000e-04
PeriodicJitter: 'on'
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PeriodicNumber: 1

PeriodicAmplitude: 5.0000e-04
PeriodicFrequencyHz: 200
PeriodicPhase: 0
Diraclitter:

DiracNumber: 2
DiracDelta: [-5.0000e-04 5.0000e-04]

DiracProbability: [0.5000 0.5000]

on

Generate Non-Return-to-Zero Pattern Signal

Generate a binary non-return-to-zero (NRZ) signal utilizing the pattern generator object. View the
NRZ signal with and without jitter applied to the signal.

Initialize system parameters.

Fs 10000; % Sample rate

Rs 50; % Symbol rate

sps = Fs/Rs; % Number of samples per symbol

Trise = 1/(5*Rs); % Rise time of the NRZ signal

Tfall = 1/(5*Rs); % Fall time of the NRZ signal
frameLen = 100; % Number of symbols in a frame

spt = 200; % Number of samples per trace on eye diagram

Create a pattern generator object with no jitter component assigned.

src = commsrc.pattern('SamplingFrequency',Fs, ...
'SamplesPerSymbol',sps, 'RiseTime',Trise, 'FallTime',Tfall)

src =
Type: 'Pattern Generator'
SamplingFrequency: 10000
SamplesPerSymbol: 200
SymbolRate: 50
PulseType: 'NRZ'
OQutputLevels: [-1 1]
RiseTime: 0.0040
FallTime: 0.0040
DataPattern: 'PRBS7'
Jitter: [1x1 commsrc.combinedjitter]
src.Jitter
ans =

Type: 'Combined Jitter Generator'
SamplingFrequency: 10000
RandomJitter: 'off!'
PeriodicJitter: 'off!'
DiracJitter: 'off!'

Generate an NRZ signal and view the eye diagram of the signal.

message = generate(src,framelLen);
eyediagram(message, spt)
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Eye Diagram

Add inter-symbol-interference (ISI) to an NRZ signal. ISI is modeled by two equal amplitude Dirac
functions. Create a combined jitter object with Dirac jitter and assign it to the pattern generator
object.

jitterSrc = commsrc.combinedjitter('DiracJitter','on’,
'DiracDelta',0.05/Rs*[-1 1]);
src.Jitter = jitterSrc

src =
Type: 'Pattern Generator'
SamplingFrequency: 10000
SamplesPerSymbol: 200
SymbolRate: 50
PulseType: 'NRZ’
OQutputLevels: [-1 1]
RiseTime: 0.0040
FallTime: 0.0040
DataPattern: 'PRBS7'
Jitter: [1x1 commsrc.combinedjitter]

Generate an NRZ signal that has jitter added to it and view the eye diagram of the signal.
reset(src);

message = generate(src,framelLen);
eyediagram(message,spt)

2-181



2 Functions

Eye Diagram

Version History
Introduced in R2015a
See Also

Functions
commsrc.pattern | eyediagram

Topics
“Eye Diagram Analysis”
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commsrc.pattern

Construct pattern generator object

Syntax

h
h

commsrc.pattern
commsrc.pattern(Name,Value)

Description
h = commsrc.pattern constructs a pattern generator object, h.

The pattern generator object produces modulated data patterns. The object can be used to inject
jitter into modulated signals.

h = commsrc.pattern(Name,Value) creates a pattern generator object with the specified

property Name set to the specified Value. You can specify additional name-value pair arguments in
any order as (Namel,Valuel,...,.NameN,ValueN).

Properties

A pattern generator object includes these properties. You can edit all properties, except those
explicitly noted.

Property Description

Type Type of pattern generator object (' Pattern
Generator'). This property is not writable.

SamplingFrequency Sampling frequency of the input signal in hertz.

SymbolRate The symbol rate of the input signal. This property depends

upon the SamplingFequency and SamplesPerSymbol
properties. This property is not writable.

SamplesPerSymbol The number of samples representing a symbol.
SamplesPerSymbol must be an integer. This property
affects SymbolRate.

PulseType The type of pulse the object generates. Pulse types
available: return-to-zero ('RZ"') and non-return-to-zero
(*NRZ"). The initial condition for an 'NRZ"' pulse is 0.

OutputLevels Amplitude levels that correspond to the symbol indices. For
an 'NRZ' pulse, specify as a 1-by-2 vector. The first element
of the 1-by-2 vector corresponds to the Oth symbol (data bit
value 0). The second element corresponds to the 1st symbol
(data bit value 1). For an 'RZ' pulse, specify as a scalar
and the value corresponds to the data bit value 1.
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Property Description

DutyCycle The duty cycle of the pulse the object generates. Displays
calculated duty cycle based on pulse parameters. This
property is not writable.

RiseTime Specifies 10% to 90% rise time of the pulse in seconds.

PulseDuration Pulse duration in seconds defined by IEEE STD 181
standard. See the Return-to-Zero (RZ) Signal Conversion:
Ideal Pulse to STD-181 figure in the “Object Functions” on
page 2-184. Applies when PulseType is 'RZ"'.

FallTime Fall time of the pulse in seconds, specified as a percentage
from 10 to 90.

DataPattern The bit sequence the object uses, specified as ' PRBS5 ',
'PRBS6', ..., '"PRBS15"', 'PRBS23"', 'PRBS31', and'User
Defined'.

UserDataPattern User-defined bit pattern consisting of a vector of ones and

zeroes. Applies when DataPatternis 'User Defined'.

Jitter Jitter characteristics, specified as a
commsrc.combinedjitter object. Use this property to
configure Random, Periodic and Dual Dirac Jitter.

Object Functions
A pattern generator object has five object functions, as described in this section.
generate

This object function outputs a frame worth of modulated and interpolated symbols. It has one input
argument, which is the number of symbols in a frame. Its output is a column vector. You can call the
object function using this syntax:

x = generate(h, N)

where h is the handle to the object, N is the number of output symbols, and X is a column vector
whose length is N multiplied by h.SamplesPerSymbol.

reset

This object function resets the pattern generator to its default state. The property values do not reset
unless they relate to the state of the object. This object function has no input arguments.

idealtostd181

This object function converts the ideal pulse specifications to IEEE STD-181 specifications. The ideal
0% to 100% span rise time (tr) and fall time (tf) are converted to 10% to 90% spans with a 50%
pulse width duration (pw). Call the idealtostd181 object function using this syntax:

h = idealtostd181(tr,tf,pw)

The object function sets the appropriate properties. The IEEE STD-181 Return-to-Zero (RZ) signal
parameters are shown in this figure.
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std181toideal

The std181toideal object function converts the IEEE STD-181 pulse specifications, stored in the
pattern generator, to ideal pulse specifications. The function converts the rise and fall times from
10% - 90% span to 0% - 100% span, and converts the 50% pulse duration to pulse width. Call the
std1l81ltoideal object function using this syntax:

[tr tf pw] = stdl8ltoideal(h)

where h is the pattern generator object handle, tr is the ideal 0% - 100% rise time, tf is the ideal
0% - 100% fall time, and pw is the ideal pulse width. The ideal pulse non-return-to-zero (NRZ) signal
parameters are shown in this figure.

AW,

Symbaol
boundary
level

T, i T -
. s e At ,

Use the property values for IEEE STD-181 specifications.
computedcd

The computedcd object function computes the duty cycle distortion, DCD, of the pulse defined by the
pattern generator object h.
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DCD represents the ratio of the pulse on duration to the pulse off duration. For an NRZ pulse, on
duration is the duration the pulse spends above the symbol boundary level. Off duration is the
duration the pulse spends below zero. Call the computedcd object function using this syntax:

dcd = computedcd(h)

The software calculates DCD given tg, tg, Tsyp,. This formula assumes that the symbol boundary level
is zero.

tr tr
Ty = @4h74ﬂ’k;g + C4h14ﬂ’k;5 + PW,
T,=(A -A)*t—R+(A -A)*t—F+PW
1= h™A1 AI h™A1 Al -
T
DCD_TI

Where Ty, is the duration of the high signal, T; is the duration of the low signal, and DCD represents
the ratio of the duration of the high signal to the low signal.

Examples

Display commsrc.pattern Object Settings

Create a commsrc.pattern object. Display the default object property values.

h = commsrc.pattern;
disp(h)

Type: 'Pattern Generator'
SamplingFrequency: 10000
SamplesPerSymbol: 100
SymbolRate: 100
PulseType: 'NRZ'
OQutputLevels: [-1 1]
RiseTime: 0
FallTime: 0O
DataPattern: 'PRBS7'
Jitter: [1x1 commsrc.combinedjitter]

Generate Non-Return-to-Zero Pattern Signal

Generate a binary non-return-to-zero (NRZ) signal utilizing the pattern generator object. View the
NRZ signal with and without jitter applied to the signal.

Initialize system parameters.

Fs 10000; % Sample rate

Rs 50; % Symbol rate

sps = Fs/Rs; % Number of samples per symbol
Trise = 1/(5*Rs); % Rise time of the NRZ signal
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Tfall = 1/(5*Rs); % Fall time of the NRZ signal
frameLen = 100; % Number of symbols in a frame

spt = 200; % Number of samples per trace on eye diagram

Create a pattern generator object with no jitter component assigned.

src = commsrc.pattern('SamplingFrequency',Fs,

'SamplesPerSymbol',sps, 'RiseTime',Trise, 'FallTime',Tfall)

src =

Type:
SamplingFrequency:
SamplesPerSymbol:
SymbolRate:
PulseType:
OutputLevels:
RiseTime:
FallTime:
DataPattern:
Jitter:

src.Jitter

ans =

Type:
SamplingFrequency:
RandomJitter:
PeriodicJitter:
Diraclitter:

Generate an NRZ signal and view the eye diagram of the signal.

'Pattern Generator'

10000

200

50

'NRZ'

[-1 1]

0.0040

0.0040

'PRBS7"

[1x1 commsrc.combinedjitter]

'Combined Jitter Generator'
10000
'off!'
'off!'
'off!'

message = generate(src, framelLen);

eyediagram(message,spt)
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Eye Diagram

Add inter-symbol-interference (ISI) to an NRZ signal. ISI is modeled by two equal amplitude Dirac
functions. Create a combined jitter object with Dirac jitter and assign it to the pattern generator
object.

jitterSrc = commsrc.combinedjitter('DiracJitter','on’,
'DiracDelta',0.05/Rs*[-1 1]);
src.Jitter = jitterSrc

src =
Type: 'Pattern Generator'
SamplingFrequency: 10000
SamplesPerSymbol: 200
SymbolRate: 50
PulseType: 'NRZ’
OQutputLevels: [-1 1]
RiseTime: 0.0040
FallTime: 0.0040
DataPattern: 'PRBS7'
Jitter: [1x1 commsrc.combinedjitter]

Generate an NRZ signal that has jitter added to it and view the eye diagram of the signal.
reset(src);

message = generate(src,framelLen);
eyediagram(message,spt)
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Eye Diagram

Generate Custom Pattern Signal

Generate a custom binary pattern by using the commsrc.pattern function and the generate object
function.

Define configuration variables and construct a pattern generator object.

fs = 80e9; % Sampling frequency in Hz
sps = 16; % Samples per symbol
N = 32; % Number of output symbols

patternGen = commsrc.pattern(
'SamplingFrequency', fs,
'SamplesPerSymbol', sps,
'DataPattern', 'User Defined');

Define a binary pattern consisting of a vector to repeat.
binPattern = [0,1,0,0,0,0,0,1];

Assign the pattern to the pattern generator object and generate the custom pattern signal. Display
the generated signal.

patternGen.UserDataPattern = binPattern;

myCustomData = generate(patternGen,N);
plot(myCustomData, '*-')
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Version History
Introduced in R2008b

References

[1] IEEE Standard for Transitions, Pulses, and Related Waveforms, STD-181-2011. Piscataway, NJ. 6
September 2011.

See Also

Functions
commsrc.combinedjitter | eyediagram

Topics
“Eye Diagram Analysis”
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(To be removed) Create PN sequence generator object

Compatibility
commsrc.pn will be removed in a future release. Instead, to generate a pseudo-noise (PN) sequence,

use the comm.PNSequence System object. For more details on the recommended workflow, see
“Compatibility Considerations” on page 2-196.

Syntax

h
h

commsrc.pn
commsrc.pn(propertyl,valuel,...)

Description

h = commsrc.pn creates a default PN sequence generator object h, and is equivalent to the
following:

H = commsrc.pn('GenPoly"', [LOOOOIL11L], ...
'InitialStates', [0 0 0 0 0 1], ce
'CurrentStates', [0 0 0 0 0 1],
'Mask', [6000O1],
"NumBitsOut', 1)

or

H = commsrc.pn('GenPoly"', [1000O0O0O11], ...
'InitialStates', [0 0 0 0 0 117, e
'"CurrentStates', [0 0 0 0 0 117,
'Shift', 0,

"NumBitsOut', 1)
h = commsrc.pn(propertyl,valuel,...) creates a PN sequence generator object, h, with

properties you specify as property/value pairs.

Properties

A PN sequence generator has the properties shown on the following table. All properties are writable
except for the ones explicitly noted otherwise.

Property Description

GenPoly Generator polynomial vector array of bits; must
be descending order

InitialStates Vector array (with length of the generator
polynomial order) of initial shift register values
(in bits)
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Property Description

CurrentStates Vector array (with length of the generator
polynomial order) of present shift register values
(in bits)

NumBitsOut Number of bits to output at each generate

method invocation

Mask or Shift A mask vector of binary 0 and 1 values is used to
specify which shift register state bits are XORed
to produce the resulting output bit value.

Alternatively, a scalar shift value may be used to
specify an equivalent shift (either a delay or
advance) in the output sequence.

The 'GenPoly' property values specify the shift register connections. Enter these values as either a
binary vector or a vector of exponents of the nonzero terms of the generator polynomial in
descending order of powers. For the binary vector representation, the first and last elements of the
vector must be 1. For the descending-ordered polynomial representation, the last element of the
vector must be 0. For more information and examples, see the LFSR SSRG Details section of this

page.

Methods

A PN sequence generator is equipped with the following methods.
generate

Generate [NumBitsOut x 1] PN sequence generator values
reset

Set the CurrentStates values to the InitialStates values
getshift

Get the actual or equivalent Shift property value

getmask

Get the actual or equivalent Mask property value

copy

Make an independent copy of a commsrc.pn object

disp

Display PN sequence generator object properties
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Side Effects of Setting Certain Properties
Setting the GenPoly Property

Every time this property is set, it will reset the entire object. In addition to changing the polynomial
values, 'CurrentStates', 'InitialStates’, and 'Mask' will be set to their default values
("NumBitsOut' will remain the same), and no warnings will be issued.

Setting the InitialStates Property

Every time this property is set, it will also set 'CurrentStates' to the new 'InitialStates'
setting.

LFSR SSRG Details

The generate method produces a pseudorandom noise (PN) sequence using a linear feedback shift
register (LFSR). The LFSR is implemented using a simple shift register generator (SSRG, or
Fibonacci) configuration, as shown below.

| @ XOR addition

=¥
T Output

L

All r registers in the generator update their values at each time step according to the value of the
incoming arrow to the shift register. The adders perform addition modulo 2. The shift register is
described by the 'GenPoly' property (generator polynomial), which is a primitive binary polynomial
in z, g, 2+ 912" +g.027%+...+g,. The coefficient gy is 1 if there is a connection from the kth register, as
labeled in the preceding diagram, to the adder. The leading term g, and the constant term g, of the
'GenPoly' property must be 1 because the polynomial must be primitive.

You can specify the Generator polynomial parameter using either of these formats:

» A vector that lists the coefficients of the polynomial in descending order of powers. The first and
last entries must be 1. Note that the length of this vector is one more than the degree of the
generator polynomial.

* A vector containing the exponents of z for the nonzero terms of the polynomial in descending
order of powers. The last entry must be 0.
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For example, [1 © © 0 0 06 1 0 1] and [8 2 0] represent the same polynomial, p(z) = z8 + z% +
1.

The Initial states parameter is a vector specifying the initial values of the registers. The Initial
states parameter must satisfy these criteria:

* All elements of the Initial states vector must be binary numbers.
* The length of the Initial states vector must equal the degree of the generator polynomial.

Note At least one element of the Initial states vector must be nonzero in order for the block to
generate a nonzero sequence. That is, the initial state of at least one of the registers must be
nonzero.

For example, the following table indicates two sets of parameter values that correspond to a
generator polynomial of p(z) = z8 + z2 + 1.

Quantity Example 1 Example 2
Generator gl=[10000010 1] g2 = [8 2 0]
polynomial

Degree of generator |8, which is length(gl) -1 8

polynomial

Initial states [1000060010] [1000060010]

Output mask vector (or scalar shift value) shifts the starting point of the output sequence. With
the default setting for this parameter, the only connection is along the arrow labeled m,, which
corresponds to a shift of 0. The parameter is described in greater detail below.

You can shift the starting point of the PN sequence with Qutput mask vector (or scalar shift

value). You can specify the parameter in either of two ways:

* An integer representing the length of the shift

* A binary vector, called the mask vector, whose length is equal to the degree of the generator
polynomial

The difference between the block's output when you set Output mask vector (or scalar shift
value) to 0, versus a positive integer d, is shown in the following table.

T=0 T=1 T=2 T=d T=d+1
Shift = 0 Xo X1 Xy X4 Xd+1
Shift = d X4 Xd+1 Xd+2 oco X4 X2d+1

Alternatively, you can set Output mask vector (or scalar shift value) to a binary vector,
corresponding to a polynomial in 2z, m.;z"! + m.,z™? + ... + m;z + m,, of degree at most r-1. The mask
vector corresponding to a shift of d is the vector that represents m(z) = z4 modulo g(z), where g(2) is
the generator polynomial. For example, if the degree of the generator polynomial is 4, then the mask
vector correspondingtod =2is [0 1 0 0], which represents the polynomial m(z) = z2. The
preceding schematic diagram shows how Output mask vector (or scalar shift value) is
implemented when you specify it as a mask vector. The default setting for Qutput mask vector (or
scalar shift value) is 0. You can calculate the mask vector using the Communications Toolbox
function shift2mask.
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Sequences of Maximum Length

If you want to generate a sequence of the maximum possible length for a fixed degree, r, of the
generator polynomial, you can set Generator polynomial to a value from the following table. See
Proakis, John G., Digital Communications, Third edition, New York, McGraw Hill, 1995 for more
information about the shift-register configurations that these polynomials represent.

r Generator Polynomial r Generator Polynomial
2 [2 1 0] 21 [21 19 0]

B [3 2 0] 22 [22 21 0]

4 [4 3 0] 23 [23 18 0]

5 [5 3 0] 24 [24 23 22 17 0]
6 [6 5 0] 25 [25 22 0]

7 [7 6 0] 26 [26 25 24 20 0]
8 [86 5 4 0] 27 [27 26 25 22 0]
9 [9 5 0] 28 [28 25 0]

10 [10 7 0] 29 [29 27 0]

11 [11 9 0] 30 [30 29 28 7 0]
12 [12 11 8 6 0] 31 [31 28 0]

13 [13 12 10 9 0] 32 [32 31 30 10 0]
14 [14 13 8 4 0] 33 [33 20 0]

15 [15 14 0] 34 [34 15 14 1 0]
16 [16 15 13 4 0] 35 [35 2 0]

17 [17 14 0] 36 [36 11 0]

18 [18 11 0] 37 [37121020]

19 [19 18 17 14 0] 38 [386510]

20 [20 17 0] 39 [39 8 0]

40 [40 5 4 3 0] 47 [47 14 0]

41 [41 3 0] 48 [48 28 27 1 0]

42 [42 23 22 1 0] 49 [49 9 0]

43 [43 6 4 3 0] 50 [504 320]

44 [44 6 5 2 0] 51 [516310]

45 [45 4 3 1 0] 52 [52 3 0]

46 [46 21 10 1 O] 53 [536210]
Examples

Typically commsrc.pn is used to output pseudorandom data streams.

Construct a PN object.

h = commsrc.pn('Shift',0);
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Output 10 PN bits.

set(h, 'NumBitsOut',10);
generate(h)

ans = 10x1

[cNoNoN SNoNoNoNoNoN

Output 10 more PN bits.
generate(h)

ans = 10x1

ol SN ol SN oNoNoR Ul N o]

Reset the object to the initial shift register state values.
reset(h);
Output 4 PN bits.

set(h, 'NumBitsOut',4);
generate(h)

ans = 4x1

[cNoNoN

Version History
Introduced in R2009a
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commsrc.pn will be removed in a future release.

Warns starting in R2021b

commsrc.pn will be removed in a future release. Instead, to generate a pseudo-noise (PN) sequence,

use the comm.PNSequence System object™.

Replace instances of the commsrc. pn object with a comm.PNSequence System object. This table
shows the mapping between commsrc. pn properties and comm.PNSequence properties.

commsrc.pn Object Properties comm.PNSequence System Object Properties
GenPoly Polynomial

InitialStates InitialConditions

Mask Mask

NumBitsOut SamplesPerFrame

CurrentStates Not applicable

Set up a PN sequence generator. Define the polynomial in binary vector format or exponential vector

format.

For example, consider this PN sequence generator with a generator polynomial p(z) = 26 + z + 1.

plzi=z8+z+1

HOR

A A&

-
-

-

XOR — on_seguence

miz)=z5+z4+z2+ 1

TTT+

This table shows some typical usages of commsrc.pn and how to update your code to use

comm.PNSequence instead.
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Discouraged Usage

Recommended Replacement

Define the PN sequence generator.

hl = commsrc.pn('GenPoly',[1 0 0 0 0 1 1],
'Mask',[1 1010 1]);

h2 = commsrc.pn('GenPoly',[1 0 0 0 0 1 1],
'Shift',22);

mask2shift([1 © 0 0 0 1 1],[1 1010 1)

ans = 22

Alternatively, input GenPoly as the exponents of
z for the nonzero terms of the polynomial in
descending order of powers.

h = commsrc.pn('GenPoly',[6 1 0],

Define the PN sequence generator.

hl.= comm.PNSequence('Polynomial',[1 @ 0@ O
'InitialConditions',

...[1101011);

h2 = comm.PNSequence('Polynomial',[1 @ 0@ O
'Mask',22);

mask2shift([1 © 0 6 06 1 1],[1 10 10 1)

ans = 22

Alternatively, input the polynomial exponents of z
for the nonzero terms of the polynomial in
descending order of powers.

'Mask',[1 10160 1]) h = comm.PNSequence('Polynomial',[6 1 O], ..
; 'InitialConditions',[1 1 0 1 0 1])
GenPoly: [1 00 0 0 1 1] h =
InitialStates: [0 0 0 0 O 1] comm.PNSequence with properties:
CurrentStates: [0 0 0 0 0 1]
Mask: [1 1010 1] Polynomial: [6 1 0]
NumBitsOut: 1 InitialConditionsSource: 'Property'’
InitialConditions: [1 1 0 1 0 1]
MaskSource: 'Property'
Mask: 0
VariableSizeOQutput: false
SamplesPerFrame: 1
ResetInputPort: false
BitPackedOutput: false
OutputDataType: 'double’
See Also
Functions

mask2shift | shift2mask

Objects
comm.PNSequence
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compand

Source coding mu-law or A-law compressor or expander

Syntax

compand(in,param,vVv)
compand(in,param,v,method)

out
out

Description

out = compand(in,param,v) performs mu-law compression on the input data sequence. The
param input specifies the mu-law compression value and must be set to a mu value for mu-law
compressor computation (a mu-law value of 255 is used in practice). v specifies the peak magnitude
of the input data sequence.

out = compand(in,param,v,method) performs mu-law or A-law compression or expansion on the
input data sequence. param specifies the mu-law compander or A-law compander value (a mu-law
value of 255 and an A-law value of 87.6 are used in practice). method specifies the type of
compressor or expander computation for the function to perform on the input data sequence.

Examples

Compress and Expand Data Sequence Using Mu-Law

Generate a data sequence.
data = 2:2:12
data = Ix6

2 4 6 8 10 12

Compress the data sequence by using a mu-law compressor. Set the value for mu to 255. The
compressed data sequence now ranges between 8.1 and 12.

compressed = compand(data,255,max(data), 'mu/compressor')
compressed = 1x6

8.1644 9.6394 10.5084 11.1268 11.6071 12.0000

Expand the compressed data sequence by using a mu-law expander. The expanded data sequence is
nearly identical to the original data sequence.

expanded compand (compressed, 255, max(data), 'mu/expander')

1x6

expanded
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2.0000 4.0000 6.0000 8.0000 10.0000 12.0000

Calculate the difference between the original data sequence and the expanded sequence.
diffvalue = expanded - data

diffvalue
10-14 X

1x6

-0.0444 0.1776 0.0888 0.1776 0.1776 -0.3553

Compress and Expand Data Sequence Using A-Law
Generate a data sequence.
data = 1:5;

Compress the data sequence by using an A-law compressor. Set the value for A to 87.6. The
compressed data sequence now ranges between 3.5 and 5.

compressed = compand(data,87.6,max(data), 'A/compressor')

compressed 1x5

3.5296 4.1629 4.5333 4.7961 5.0000

Expand the compressed data sequence by using an A-law expander. The expanded data sequence is
nearly identical to the original data sequence.

expanded = compand(compressed,87.6,max(data), 'A/expander")
expanded = Ix5

1.0000 2.0000 3.0000 4.0000 5.0000

Calculate the difference between the original data sequence and the expanded sequence.

diffvalue

expanded - data

diffvalue = Ix5
10—14 X

0 0 0.1332 0.0888 0.0888

Quantize and Compand an Exponential Signal

When transmitting signals with a high dynamic range, quantization using equal length intervals can
result in loss of precision and signal distortion. Companding is a operation that applies a logarithmic

2-200



compand

computation to compress the signal before quantization on the transmit side and applies an inverse
operation to expand the signal to restore it to full scale on the receive side. Companding avoids signal
distortion without the need to specify many quantization levels. Compare distortion when using 6-bit
quantization on an exponential signal with and without companding. Plot the original exponential
signal, the quantized signal and the expanded signal.

Create an exponential signal and calculate its maximum value.

sig = exp(-4:0.1:4);
V = max(sig);

Quantize the signal by using equal-length intervals. Set partition and codebook values, assuming 6-bit
quantization. Calculate the mean square distortion.

partition = 0:276 - 1;
codebook = 0:276;
[~,qsig,distortion] = quantiz(sig,partition, codebook);

Compress the signal by using the compand function configured to apply the mu-law method. Apply
quantization and expand the quantized signal. Calculate the mean square distortion of the
companded signal.

mu = 255; % mu-law parameter

csig compressed = compand(sig,mu,V, 'mu/compressor');
[~,quants] = quantiz(csig compressed,partition, codebook);
csig _expanded = compand(quants,mu,max(quants), 'mu/expander');
distortion2 = sum((csig_expanded - sig).”2)/length(sig);

Compare the mean square distortion for quantization versus combined companding and quantization.
The distortion for the companded and quantized signal is an order of magnitude lower than the
distortion of the quantized signal. Equal-length intervals are well suited to the logarithm of an
exponential signal but not well suited to an exponential signal itself.

[distortion, distortion2]
ans = 1Ix2

0.5348 0.0397

Plot the original exponential signal, the quantized signal, and the expanded signal. Zoom in on axis to
highlight the quantized signal error at lower signal levels.

plot([sig' qsig' csig _expanded']);

title('Comparison Between Original, Quantized, and Expanded Signals');
xlabel('Interval');

ylabel('Apmlitude');
legend('Original', 'Quantized’', 'Expanded', 'location', 'nw');

axis([0 70 0 20])
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zﬂcnmparisnn Between Original, Quantized, and Expanded Signals
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Input Arguments

in — Input data sequence
row vector

Input data sequence, specified as a row vector. This input specifies the data sequence for the function
to perform compression or expansion.

Data Types: double

param — mu or A value of compander
positive scalar | 255 | 87.6

mu or A value of the compander, specified as a positive scalar. The prevailing values used in practice
are g = 255 and A = 87.6.

Data Types: double

method — Type of compressor or expander computation
mu/compressorr | mu/expander | A/compressor | A/expander

Type of compressor or expander computation for the function to perform on the input data sequence,
specified as one of these values.

* mu/compressor
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* mu/expander
* A/compressor
* A/expander

Data Types: char | string

v — Peak magnitude of input data sequence
positive scalar

Peak magnitude of the input data sequence, specified as a positive scalar.

Data Types: double

Output Arguments

out — Compressed or expanded signal
positive row vector

Compressed or expanded signal, returned as a positive row vector. The size of out matches that of
input argument in.

Algorithms

In certain applications, such as speech processing, using a logarithmic computation (called a
compressor) before quantizing the input data is common. The inverse operation of a compressor is
called an expander. The combination of a compressor and expander is called a compander.

For a given signal, x, the output of the (u-law) compressor is

_ log(1 + p|x])
log(1 + )

i is the p-law parameter of the compander, log is the natural logarithm, and sgn is the signum
function (sign in MATLAB).

sgn(x).

p-law expansion for input signal x is given by the inverse function y,

y = sgn(y)(%)((l + p)'y| - 1) for-1=sy=1

For a given signal, x, the output of the (A-law) compressor is

Alx| 1

) msgn()() for0 < |X| = K
| (1 +log(A]x])) 1

WSQH(X) for K < |X| <1

A is the A-law parameter of the compander, 1og is the natural logarithm, and sgn is the signum
function (sign in MATLAB).

A-law expansion for input signal x is given by the inverse function y?,

I + log(4)) 1

1 = sy Y for 0 = |y| < T+Tog(A)
- exp(lyl(1 +log(A)) - 1) 1

i for1+log(A)s|y|<1
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Version History
Introduced before R2006a

References

[1] Sklar, Bernard. Digital Communications: Fundamentals and Applications. Englewood Cliffs, NJ:
Prentice-Hall, 1988.

See Also

Functions
1loyds | quantiz | dpcmenco | dpcmdeco | huffmanenco | huffmandeco
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convdeintriv

Restore ordering of symbols using shift registers

Syntax

deintrlved = convdeintrlv(data,nrows,slope)
[deintrlved,state] = convdeintrlv(data,nrows,slope)
[deintrlved,state] = convdeintrlv(data,nrows,slope,init state)

Description

deintrlved = convdeintrlv(data,nrows, slope) restores the ordering of elements in data by
using a set of nrows internal shift registers. slope is the register length step. For information about
delays, see “Delays of Convolutional Interleaving and Deinterleaving” on page 2-205.

[deintrlved,state] = convdeintrlv(data,nrows,slope) returns a structure that holds the
final state of the shift registers. state.value stores any unshifted symbols. state.index is the
index of the next register to be shifted.

[deintrlved,state] = convdeintrlv(data,nrows,slope,init state) initializes the shift
registers with the symbols contained in init state.value and directs the first input symbol to the
shift register referenced by init state.index. The structure init state is typically the state
output from a previous call to this same function, and is unrelated to the corresponding interleaver.
Using an Interleaver-Deinterleaver Pair

To use this function as an inverse of the convintrlv function, use the same nrows and slope
inputs in both functions. In that case, the two functions are inverses in the sense that applying
convintrlv followed by convdeintrlv leaves data unchanged, after you take their combined delay
of nrows* (nrows-1)*slope into account. For information about delays, see “Delays of
Convolutional Interleaving and Deinterleaving” on page 2-205.

Examples

The example in “Effect of Delays on Recovery of Convolutionally Interleaved Data Using MATLAB”
uses convdeintrlv and illustrates how you can handle the delay of the interleaver/deinterleaver
pair when recovering data.

The example on the reference page for muxdeintrlv illustrates how to use the state output and
init state input with that function; the process is analogous for this function.

More About

Delays of Convolutional Interleaving and Deinterleaving
The total delay due to a convolutional interleaver and deinterleaver pair is N X slope x (N - 1).

* N is the number of registers and equals the value of the nrows argument
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» slope is the register length step and equals the value of the slope argument

This diagram shows the structure of a general convolutional interleaver comprised of a set of shift
registers, each having a specified delay shown as D(1), D(2),..., D(N), and a commutator to switch
input and output symbols through registers. The kth shift register holds D(k) symbols, where k = 1, 2,
3, ... N. The kth shift register has a delay value of ((k-1) x slope). With each new input symbol, the
commutator switches to a new register and shifts in the new symbol while shifting out the oldest
symbol in that register. When the commutator reaches the Nth register, upon the next new input, the
commutator returns to the first register.

D)

+D2)

o— DIN) |—e

Version History
Introduced before R2006a

References
[1] Heegard, Chris and Stephen B. Wicker. Turbo Coding. Boston: Kluwer Academic Publishers, 1999.

See Also

Functions
convintrlv | heldeintrlv | muxdeintrlv

Objects
comm.ConvolutionalDeinterleaver | comm.ConvolutionalInterleaver

Blocks
Convolutional Interleaver | Convolutional Deinterleaver

Topics
“Interleaving”
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convenc

Convolutionally encode binary message

Syntax

codedout = convenc(msg,trellis)
codedout = convenc(msg,trellis,puncpat)
codedout = convenc( ,istate)

[codedout, fstate] = convenc( )

Description

codedout = convenc(msg,trellis) encodes the input binary message by using a convolutional
encoder represented by a trellis structure. For details about trellis structures in MATLAB, see “Trellis
Description of a Convolutional Code”. The input message contains one or more symbols, each of
which consists of log2(trellis.numInputSymbols) bits. The coded output, codedout, contains one
or more symbols, each of which consists of log2(trellis.numQutputSymbols) bits.

codedout = convenc(msg,trellis,puncpat)specifies a puncture pattern, puncpat, to enable
higher rate encoding than unpunctured coding.

For some commonly used puncture patterns for specific rates and polynomials, see the last three
references.

codedout = convenc( ,1state) enables the encoder registers to start at a state specified by
istate. Specify istate as the last input parameter preceded by any of the input argument
combinations in the previous syntaxes.

[codedout, fstate] = convenc( ) also returns the final state of the encoder. When calling
convenc iteratively, fstate is typically used to set istate for subsequent calls to the convenc
function.

Examples

Create Convolutional Codes

Create convolutional codes by using a trellis structure. You can define the trellis by using the
poly2trellis function or by manually specifying the trellis structure. The example shows both
methods.

Define trellis by using poly2trellis function

Define the trellis structure to be used to configure the encoder by using the poly2trellis function.

trellis a poly2trellis([5 41,[23 35 0; 0 5 13])

trellis a = struct with fields:

numInputSymbols: 4
numOutputSymbols: 8
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numStates: 128
nextStates: [128x4 double]
outputs: [128x4 double]

Use the trellis structure to configure the convenc function. Encode five two-bit symbols for a K/N rate
2/3 convolutional code by using the convenc function.

K = log2(trellis_a.numInputSymbols) % Number of input bit streams
K=2

N = log2(trellis_a.numOutputSymbols) % Number of output bit streams
N=3

numReg = log2(trellis_a.numStates) % Number of coder registers
numReg = 7

numSymPerFrame = 5; % Number of symbols per frame
data = randi([0 1],K*numSymPerFrame,1);
[code a,fstate a] = convenc(data,trellis a);

Verify that the encoded output is 15 bits, which is 3/2 (N/K) times the length of the input sequence,
data.

code a'

ans = 1Ix15

length(data)
ans = 10
length(code_a)
ans = 15

Define trellis manually

Manually define a trellis structure for a K/N rate 1/2 convolutional code.

trellis b = struct('numInputSymbols',2, 'numOutputSymbols',4,
"'numStates',4, 'nextStates',[0 2;0 2;1 3;1 3],
'outputs', [0 3;1 2;3 0;2 1])

trellis b = struct with fields:

numInputSymbols: 2

numOutputSymbols: 4

numStates: 4
nextStates: [4x2 double]
outputs: [4x2 double]

Use the trellis structure to configure the convenc function when encoding 10 one-bit symbols.

K = log2(trellis b.numInputSymbols) % Number of input bit streams
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K=1

N = log2(trellis b.numOutputSymbols) % Number of output bit streams
N =2

numReg = log2(trellis b.numStates) % Number of coder registers
numReg = 2

numSymPerFrame = 10; % Number of symbols per frame
data = randi([0 1],K*numSymPerFrame,1);
code b = convenc(data,trellis b);

Verify that the encoded output is 20 bits, which is 2/1 (N/K) times the length of the input sequence,
data.

code b'
ans = 1x20

0 0 1 1 0 0 1 0 1 0 1 1 0 1 1 1

length(data)
ans = 10
length(code b)

ans = 20

Adjust Convolutional Encoding Code Rate by Using Puncturing
Use puncturing to adjust the K/N code rate of the convolutional encoder from 1/2 to 3/4.

Initialize parameters for the encoding operation.
trellis = poly2trellis(7,[171 133])

trellis = struct with fields:
numInputSymbols: 2
numOutputSymbols: 4
numStates: 64
nextStates: [64x2 double]
outputs: [64x2 double]

puncpat = [1;1;0];
Calculate the unpunctured and punctured code rates.

K = log2(trellis.numInputSymbols); % Number of input streams

N = log2(trellis.numOutputSymbols); % Number of output streams

unpunc_coderate = K/N; % Unpunctured code rate

punc_coderate = (K/N)*Llength(puncpat)/sum(puncpat); % Punctured code rate

fprintf('K is %d and N is %d. The unpunctured code rate is %3.2f and the punctured code rate is ¢

K is 1 and N is 2. The unpunctured code rate is 0.50 and the punctured code rate is 0.75.
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Convolutionally encode an all 1s three-bit message without puncturing applied to the coded output.
Then, convolutionally encode the same message with puncturing.

msg = ones(length(puncpat),l);

unpuncturedcode = convenc(msg,trellis);
puncturedcode = convenc(msg,trellis,puncpat);

Show the message, the unpunctured code, the punctured code, and the puncture pattern.

msg'
ans = 1Ix3

1 1 1
unpuncturedcode'
ans = Ix6

1 1 0 1 1 0
puncpat’
ans = 1Ix3

1 1 0
puncturedcode'
ans = 1x4

1 1 1 1

Without puncturing, the configured convolutional encoding inputs three message bits and outputs six
coded bits. Confirm the resulting code rate matches the expected code rate of 1/2.

length(msg)/length(unpuncturedcode)

ans = 0.5000

With puncturing, bits in positions 1 and 2 of the input message are transmitted, while the bit in
position 3 is removed. For every three bits of input, the punctured code generates four bits of output.
Confirm the resulting code rate matches the expected code rate of 3/4.

length(msg)/length(puncturedcode)

ans = 0.7500

Use Trellis Structure for Rate 1/2 Feedforward Convolutional Encoder

Use a trellis structure to configure the rate 1/2 feedforward convolutional code in this diagram.
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Create a trellis structure, setting the constraint length to 3 and specifying the code generator as a
vector of octal values. The diagram indicates the binary values and polynomial form, indicating the
left-most bit is the most-significant-bit (MSB). The binary vector [1 1 0] represents octal 6 and
corresponds to the upper row of binary digits in the diagram. The binary vector [1 1 1] represents
octal 7 and corresponds to the lower row of binary digits in the diagram. These binary digits indicate
connections from the outputs of the registers to the two adders in the diagram.

trellis = poly2trellis(3,[6 71)

trellis = struct with fields:
numInputSymbols: 2
numOutputSymbols: 4
numStates: 4
nextStates: [4x2 double]
outputs: [4x2 double]

Generate random binary data. Convolutionally encode the data, by using the specified trellis
structure. Decode the coded data by using the Viterbi algorithm with the specified trellis structure,
34 for its traceback depth, truncated operation mode, and hard decisions.

data = randi([0 1],70,1);

codedData = convenc(data,trellis);

tbdepth = 34;

decodedData = vitdec(codedData,trellis, tbdepth, 'trunc', 'hard');
Verify the decoded data has zero bit errors.

biterr(data,decodedData)

ans = 0

Use Trellis Structure for Rate 1/2 Feedback Convolutional Encoder

Create a trellis structure to represent the rate 1/2 systematic convolutional encoder with feedback
shown in this diagram.
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This encoder has 5 for its constraint length, [37 33] as its generator polynomial matrix, and 37 for its
feedback connection polynomial.

The first generator polynomial is octal 37. The second generator polynomial is octal 33. The feedback
polynomial is octal 37. The first generator polynomial matches the feedback connection polynomial
because the first output corresponds to the systematic bits.

The binary vector [1 1 1 1 1] represents octal 37 and corresponds to the upper row of binary digits in
the diagram. The binary vector [1 1 0 1 1] represents octal 33 and corresponds to the lower row of
binary digits in the diagram. These binary digits indicate connections from the outputs of the
registers to the two adders in the diagram. The initial 1 corresponds to the input bit.

Convert the polynomial to a trellis structure by using the poly2trellis function. When used with a
feedback polynomial, poly2trellis makes a feedback connection to the input of the trellis.

trellis

poly2trellis(5,[37 331,37)

trellis = struct with fields:
numInputSymbols: 2
numOutputSymbols: 4
numStates: 16
nextStates: [16x2 double]
outputs: [16x2 double]

Generate random binary data. Convolutionally encode the data by using the specified trellis
structure. Decode the coded data by using the Viterbi algorithm with the specified trellis structure,
34 for its traceback depth, truncated operation mode, and hard decisions.

data = randi([0 1],70,1);
codedData = convenc(data,trellis);

tbdepth = 34; % Traceback depth for Viterbi decoder
decodedData = vitdec(codedData,trellis,tbdepth, 'trunc', 'hard');

Verify the decoded data has zero bit errors.
biterr(data,decodedData)

ans = 0

Compare Full Message to Piecewise Message Convolutional Encoding

Compare the convolutional encoding of a full message to the convolutional encoding of a message in
two segments.
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This diagram shows a rate 2/3 encoder with two input streams, three output streams, and seven shift
registers.

L J

Define the trellis structure in the diagram by using the poly2trellis function. Set the constraint
length of the upper path to 5 and the constraint length of the lower path to 4. The octal
representation of the code generator matrix corresponds to the taps from the upper and lower shift
registers.

trellis = poly2trellis([5 4]1,[23 35 0; 0 5 13]);

Inspect the coder configuration.

K = log2(trellis.numInputSymbols) % Number of input bit streams
K=2

N = log2(trellis.numOutputSymbols) % Number of output bit streams
N=3

coderate = K/N

coderate = 0.6667

numReg = log2(trellis.numStates) % Number of coder registers
numReg = 7

Define a message with five two-bit input symbols.

numSymPerFrame = 5; % Number of symbols per frame
msg = randi([0 1],K*numSymPerFrame,1);

Encode the full message by using the trellis to configure the convenc function.

[code a,fstate a] = convenc(msg,trellis);
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Apply piecewise message encoding by using the same trellis structure. Use the final and initial state
arguments when using the convenc function. For piecewise message encoding, message segments
must be a multiple of the number of bits in an input symbol.

Encode part of the message, recording the final state for later use.

[code al,fstate al] = convenc(msg(l:6),trellis);

Encode the rest of the message, using the final state, fstate al, as the initial state input argument.
[code a2,fstate a2] = convenc(msg(7:end),trellis,fstate al);

Verify that the full coded message, code a, matches the concatenated piecewise coded message,
[code al; code a2].

isequal(code_a, [code _al; code a2?])

ans = logical
1

Verify that the final state, fstate a, of the encoder after the full message encoding matches the
final state, fstate a2, of the encoder after piecewise message encoding.

isequal(fstate a,fstate a2)

ans = logical
1

Input Arguments

msg — Binary message
vector of binary values

Binary message, specified as a vector of binary values. msg must contain one or more symbols. Each
symbol must consist of log2(trellis.numInputSymbols) bits.

Example: [1 1 0 1 0 0 1 1] specifies the message as a binary row vector with eight elements.
Data Types: double | logical

trellis — Trellis description
structure

Trellis description, specified as a MATLAB structure that contains the trellis description for a rate
K/N code. K represents the number of input bit streams, and N represents the number of output bit
streams.

The trellis structure contains these fields. You can either use the poly2trellis function to create
the trellis structure or create it manually. For more about this structure, see “Trellis Description of a
Convolutional Code” and the istrellis function.

numInputSymbols — Number of symbols input to encoder
2K
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Number of symbols input to the encoder, specified as an integer equal to 25, where K is the number of
input bit streams.

Data Types: double

numOutputSymbols — Number of symbols output from encoder
2N

Number of symbols output from the encoder, specified as an integer equal to 2V, where N is the
number of output bit streams.

Data Types: double

numStates — Number of states in encoder

power of 2

Number of states in the encoder, specified as a power of 2.

Data Types: double

nextStates — Next states
matrix of integers

Next states for all combinations of current states and current inputs, specified as a matrix of integers.
The matrix size must be numStates by 2K,
Data Types: double

outputs — Outputs
matrix of octal numbers

Outputs for all combinations of current states and current inputs, specified as a matrix of octal
numbers. The matrix size must be numStates by 2K,

Data Types: double

Data Types: struct

puncpat — Puncture pattern
vector of binary values

Puncture pattern, specified as a vector of binary values. Indicate punctured bits with 0s and
unpunctured bits with 1s. The length of the puncpat vector must be an integer divisor of the input
message vector length, length(msg).

Data Types: double

istate — Initial state
integer scalar

Initial state used for the encoder registers, specified as an integer scalar in the range [0,
(trellis.numStates - 1)].

Data Types: double
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Output Arguments

codedout — Convolutionally encoded message
vector of binary values

Convolutionally encoded message, returned as a vector of binary values. This output vector has the
same data type and orientation as input msg. Each symbol in codedout consists of
log2(trellis.numOutputSymbols) bits.

Data Types: double | logical

fstate — Final state
integer scalar

Final state of the encoder registers, returned as an integer scalar. When calling convenc iteratively,
such as in a loop, fstate is typically used to set istate for subsequent calls to the convenc
function.

Data Types: double

More About

Convolutional Coding

Convolutional coding is an error-control coding that has memory. Specifically, the computations and
coded output depend on the current set of input symbols and on a number of previous input symbols
that varies depending on the trellis configuration. A convolutional encoder outputs N bits for every K
input bits. The input can have varying multiples of K bits over a simulation.

Using a MATLAB trellis structure that defines a set of generator polynomials, you can model
nonsystematic, systematic feedforward, or systematic feedback convolutional codes. For more
information and examples that demonstrate various convolutional code architectures, see the
“Convolutional Codes” topic.

To decode the convolutionally coded output, you can use:

* The vitdec function or comm.ViterbiDecoder System object — Uses the Viterbi algorithm with
hard-decision and soft-decision decoding

* The comm.APPDecoder System object — Uses an a posteriori probability decoder for the soft
output decoding of convolutional codes

Version History
Introduced before R2006a
References
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Extended Capabilities

C/C++ Code Generation
Generate C and C++ code using MATLAB® Coder™.

The input arguments trellis, and puncpat must be compile-time constants. For more information,
see coder.Constant.

See Also

Functions
distspec | poly2trellis|istrellis |vitdec

Objects
comm.APPDecoder | comm.ConvolutionalEncoder | comm.TurboEncoder |
comm.ViterbiDecoder

Topics

“Convolutional Codes”

“Trellis Description of a Convolutional Code”

“Estimate BER for Hard and Soft Decision Viterbi Decoding”
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convertSNR

Convert SNR values

Syntax

convertSNR(x, inputmode)
convertSNR(x, inputmode, outputmode)
convertSNR(x, inputmode,Name=Value)

y
y
y

Description
y = convertSNR(x, inputmode) converts the input signal-to-noise ratio value x to an SNR.

y = convertSNR(x, inputmode, outputmode) converts the input signal-to-noise ratio value x to
outputmode.

y = convertSNR(x, inputmode,Name=Value) specifies additional name-value arguments.

Examples

Add Noise to 8-PSK Modulated Signal for Eb/No Value

Generate random data symbols and the 8-PSK modulated signal.

d = randi([0 71,100,1);

M= 8; % 8-PSK

k = 1log2(M); % bits per symbol
psk = pskmod(d,M);

Add the noise equivalent of a 6 dB Eb/No value to the modulated signal. To do so, first convert the
Eb/No value to an SNR.

EbNo = 6;
SNR = convertSNR(EbNo, 'ebno',BitsPerSymbol=k)

SNR = 10.7712

y = awgn(psk,SNR);

Plot the signal with and without the noise component.
figure

plot(real(psk));

hold on

plot(real(y))
legend("Perfect Signal","Noisy Signal")
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Convert Eb/No Value to SNR Value

Set the simulation parameters

M = 16; % Modulation order
k = 1og2(M); % bits per symbol
nSamp = 4; % Number of samples

Create the raised cosine transmit and receive filters

txfilter
rxfilter

comm.RaisedCosineTransmitFilter('OutputSamplesPerSymbol',nSamp);
comm.RaisedCosineReceiveFilter('InputSamplesPerSymbol',nSamp,
'DecimationFactor',nSamp);

Generate random data symbols and the filtered 16-QAM modulated signal.

d = randi([0 1],1000,1);
sigl = gammod(d,M, InputType="bit");
gam = txfilter(sigl);

Convert the Eb/No value of 10 dB to an SNR value and add the noise equivalent to the filtered
modulated signal.

EbNo = 10;
SNR = convertSNR(EbNo, "ebno",BitsPerSymbol=k, ...
SamplesPerSymbol=nSamp,CodingRate=1/3)
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SNR = 5.2288

[sig2,var] awgn(gam,SNR) ;
y = rxfilter(sig2);

outsignal = gamdemod(y,M,OutputType="11r",NoiseVariance=var);

Plot the demodulated QAM signal.

figure
plot(outsignal,'.")
xlabel('Bit Number')
ylabel('LLR")
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Input Arguments

x — Input value
numeric row vector

Input value, specified as a numeric row vector.

Data Types: double

inputmode — Input mode
Ilebnoll | “eSnO" | “Snr"

Input mode, specified as "ebno", "esno", or "snr".
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* "ebno" — x is the energy per bit to noise power spectral density ratio (Eb/No).
* "esno" — x is the energy per symbol to noise power spectral density ratio (Es/No).
* "snr" — xis the SNR.

outputmode — Output mode
Ilebnoll | “eSnO” | Ilsnrll

Output mode for y, specified as "ebno", "esno", or "snr".

* "ebno" — y is the energy per bit to noise power spectral density ratio (Eb/No).
* "esno" —y is the energy per symbol to noise power spectral density ratio (Es/No).
* "snr" —yisthe SNR.

Name-Value Pair Arguments

Specify optional pairs of arguments as Namel=Valuel, ...,NameN=ValueN, where Name is the
argument name and Value is the corresponding value. Name-value arguments must appear after
other arguments, but the order of the pairs does not matter.

Before R2021a, use commas to separate each name and value, and enclose Name in quotes.

Example: y = convertSNR(x,inputmode,outputmode,SamplesPerSymbol=2)

samplespersymbol — Samples per symbol
1 (default) | positive integer

Samples per symbol, specified as a positive integer. The function ignores samplespersymbol value
if you set:

* inputmode to "ebno" and outputmode to "esno".
* inputmode to "esno" and outputmode to "ebno".

For more information, see “Input mode to output mode conversion” on page 2-222.

Data Types: double

bitspersymbol — Bits per symbol
1 (default) | positive integer

Bits per symbol, specified as a positive integer. The function ignores bitspersymbol value if you
set:

e inputmode to "esno" and outputmode to "snr".
* inputmode to "snr" and outputmode to "esno".

For more information, see “Input mode to output mode conversion” on page 2-222.

Data Types: double

codingrate — Coding rate
1 (default) | scalar in the range (0, 1]

Coding rate, specified as a scalar in the range (0, 1]. The function ignores codingrate value if you
set:
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* inputmode to "esno" and outputmode to "snr".
* inputmode to "snr" and outputmode to "esno".

For more information, see “Input mode to output mode conversion” on page 2-222.

Data Types: double

Output Arguments

y — Output value
row vector of numeric values

Output value, returned as a row vector of numeric values.

More About

Input mode to output mode conversion

The following table shows the parameters used in conversion based on the choice of inputmode and
outputmode. The default value for all the parameters is 1.

inputmode to outputmode Conversion

Parameters used

ebno to snr, snr to ebno

bitspersymbol, codingrate,
samplespersymbol

ebno to esno, esno to ebno

bitspersymbol, codingrate

esno to snr, snr to esno

samplespersymbol

Version History
Introduced in R2022a

See Also
awgn
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convintrlv

Permute symbols using shift registers

Syntax

intrlved = convintrlv(data,nrows,slope)
[intrlved,state] = convintrlv(data,nrows,slope)
[intrlved, state] convintrlv(data,nrows,slope,init state)

Description

intrlved = convintrlv(data,nrows,slope) permutes the elements in data by using a set of
nrows internal shift registers. Before the function begins to process data, it initializes all shift
registers with zeros. If data is a matrix with multiple rows and columns, the function processes the
columns independently. For information about delays, see “Delays of Convolutional Interleaving and
Deinterleaving” on page 2-224.

[intrlved,state] = convintrlv(data,nrows,slope) returns a structure that holds the final
state of the shift registers. state.value stores any unshifted symbols. state.index is the index of
the next register to be shifted.

[intrlved,state] = convintrlv(data,nrows,slope,init state) initializes the shift
registers with the symbols contained in init state.value and directs the first input symbol to the
shift register referenced by init state.index. The structure init state is typically the state
output from a previous call to this same function, and is unrelated to the corresponding deinterleaver.

Examples

The example below shows that convintrlyv is a special case of the more general function
muxintrlv. Both functions yield the same numerical results.

X = randi([0 1],100,1); % Original data
nrows = 5; % Use 5 shift registers

slope = 3; % Delays are 0, 3, 6, 9, and 12.

y = convintrlv(x,nrows,slope); % Interleaving using convintrlv.
delay = [0:3:12]; % Another way to express set of delays

yl = muxintrlv(x,delay); % Interleave using muxintrlv.

isequal(y,yl)

The output below shows that y, obtained using convintrlyv, and y1, obtained using muxintrlv, are
the same.

ans =
1

Another example using this function is in “Effect of Delays on Recovery of Convolutionally Interleaved
Data Using MATLAB”.

The example on the muxdeintrlv reference page illustrates how to use the state output and
init state input with that function; the process is analogous for this function.
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More About

Delays of Convolutional Interleaving and Deinterleaving
The total delay due to a convolutional interleaver and deinterleaver pair is N X slope x (N - 1).

* N is the number of registers and equals the value of the nrows argument
* slope is the register length step and equals the value of the slope argument

This diagram shows the structure of a general convolutional interleaver comprised of a set of shift
registers, each having a specified delay shown as D(1), D(2),..., D(N), and a commutator to switch
input and output symbols through registers. The kth shift register holds D(k) symbols, where k =1, 2,
3, ... N. The kth shift register has a delay value of ((k-1) x slope). With each new input symbol, the
commutator switches to a new register and shifts in the new symbol while shifting out the oldest
symbol in that register. When the commutator reaches the Nth register, upon the next new input, the
commutator returns to the first register.

2D(1)

D)

o— DN |—e

Version History
Introduced before R2006a

References
[1] Heegard, Chris and Stephen B. Wicker. Turbo Coding. Boston: Kluwer Academic Publishers, 1999.

See Also

Functions
convdeintrlv | muxintrlv | helintrlv

Objects
comm.ConvolutionalDeinterleaver | comm.ConvolutionalInterleaver

Blocks
Convolutional Interleaver | Convolutional Deinterleaver
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Topics
“Interleaving”
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convimtx

Convolution matrix of Galois field vector

Syntax

A = convmtx(c,n)

Description

A convolution matrix is a matrix, formed from a vector, whose inner product with another vector is
the convolution of the two vectors.

A = convmtx(c,n) returns a convolution matrix for the Galois vector c. The output A is a Galois
array that represents convolution with c in the sense that conv(c, x) equals

» A*x, if c is a column vector and x is any Galois column vector of length n. In this case, A has n
columns and m+n-1 rows.

* X*A, if c is a row vector and x is any Galois row vector of length n. In this case, A has n rows and
m+n-1 columns.

Examples

The code below illustrates the equivalence between using the conv function and multiplying by the
output of convmtx.

m=4;

c = gf([1; 9; 31,m); % Column vector

n==6;

x = gf(randi([0 2”m-1],n,1),m);

ckl = isequal(conv(c,x), convmtx(c,n)*x) % True
ck2 = isequal(conv(c',x'),x"*convmtx(c',n)) % True

The output is
ckl =

ck2 =

Version History
Introduced before R2006a

See Also
gf | conv
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Topics
“Signal Processing Operations in Galois Fields”
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cosets

Produce cyclotomic cosets for Galois field

Syntax

cst = cosets(m)

Description

cst = cosets(m) produces cyclotomic cosets mod 2”°m- 1. Each element of the cell array cst is a
Galois array that represents one cyclotomic coset.

A cyclotomic coset is a set of elements that share the same minimal polynomial. Together, the
cyclotomic cosets mod 2”m-1 form a partition of the group of nonzero elements of GF(2”m). For more
details on cyclotomic cosets, see the works listed in “References” on page 2-229.

Examples

The commands below find and display the cyclotomic cosets for GF(8). As an example of interpreting
the results, c{2} indicates that A, A%, and A? + A share the same minimal polynomial, where A is a
primitive element for GF(8).

c = cosets(3);
c{1}'
c{2}'
c{3}'

The output is below.

ans = GF(2"3) array. Primitive polynomial D”3+D+1 (11 decimal)
Array elements =

1

ans = GF(2"3) array. Primitive polynomial D”3+D+1 (11 decimal)
Array elements =

2 4 6

ans = GF(2"3) array. Primitive polynomial D”3+D+1 (11 decimal)
Array elements =

3 5 7



cosets

Version History
Introduced before R2006a

References

[1] Blahut, Richard E., Theory and Practice of Error Control Codes, Reading, MA, Addison-Wesley,
1983, p. 105.

[2] Lin, Shu, and Daniel J. Costello, Jr., Error Control Coding: Fundamentals and Applications,
Englewood Cliffs, NJ, Prentice-Hall, 1983.

See Also
gf | minpol
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crc.detector

(To be removed) Construct CRC detector object

Note will be removed in a future release. To detect errors in input data using cyclic redundancy
check (CRC), use the comm.CRCDetector System object instead. For more details on the
recommended workflow, see “Compatibility Considerations”.

Syntax

h= crc.detector(polynomial)

h= crc.detector(generator0Obj)

h= crc.detector(‘Polynomial’, polynomial, ‘paraml’, vall, etc.)

h= crc.detector

Description

h= crc.detector(polynomial) constructs a CRC detector object H defined by the generator
polynomial POLYNOMIAL

h= crc.detector(generator0Obj) constructs a CRC detector object H defined by the parameters
found in the CRC generator object GENERATOROB]

h= crc.detector('propertyl', vall, ...) constructs a CRC detector object H with
properties as specified by PROPERTY/VALUE pairs.

h= crc.detector constructs a CRC detector object H with default properties. It constructs a CRC-
CCITT detector, and is equivalent to:

h=
crc.detector('Polynomial', '0x1021', 'InitialState', 'OXFFFF', 'ReflectInput’', fal
se, 'ReflectRemainder', false, 'FinalXOR', '0x0000")

Properties

The following table describes the properties of a CRC detector object. All properties are writable,
except Type.

Property Description

Type Specifies the object as a 'CRC Detector'.




crc.detector

Property Description

Polynomial The generator polynomial that defines
connections for a linear feedback shift register.
This property can be specified as a binary vector
representing descending powers of the
polynomial. In this case, the leading '1' of the
polynomial must be included. It can also be
specified as a string, prefaced by '0x', that is a
hexadecimal representation of the descending
powers of the polynomial. In this case, the
leading '1' of the polynomial is omitted.

InitialState The initial contents of the shift register. This
property can be specified as a binary scalar, a
binary vector, or as a string, prefaced by '0x', that
is a hexadecimal representation of the binary
vector. As a binary vector, its length must be one
less than the length of the binary vector
representation of the Polynomial.

ReflectInput A Boolean quantity that specifies whether the
input data should be flipped on a bytewise basis
prior to entering the shift register.

ReflectRemainder A Boolean quantity that specifies whether the
binary output CRC checksum should be flipped
around its center after the input data is
completely through the shift register.

FinalXOR The value with which the CRC checksum is to be
XORed just prior to detecting the input data. This
property can be specified as a binary scalar, a
binary vector or as a string, prefaced by '0x', that
is a hexadecimal representation of the binary
vector. As a binary vector, its length must be one
less than the length of the binary vector
representation of the Polynomial.

A detect method is used with the object to detect errors in digital transmission.

CRC Generation Algorithm

For information pertaining to the CRC generation algorithm, see “Cyclic Redundancy Check Codes”.
Detector Method

[OUTDATA ERROR] = DETECT(H, INDATA) detects transmission errors in the encoded input
message INDATA by regenerating a CRC checksum using the CRC detector object H. The detector
then compares the regenerated checksum with the checksum appended to INDATA. The binary-
valued INDATA can be either a column vector or a matrix. If it is a matrix, each column is considered
to be a separate channel. OUTDATA is identical to the input message INDATA, except that it has the
CRC checksum stripped off. ERROR is a 1xC logical vector indicating if the encoded message INDATA
has errors, where C is the number of channels in INDATA. An ERROR value of 0 indicates no errors,
and a value of 1 indicates errors.
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Examples

Create a CRC-16 CRC generator, then use it to generate a checksum for the binary vector
represented by the ASCII sequence '123456789'. Introduce an error, then detect it using a CRC-16
CRC detector.

gen = crc.generator('Polynomial', '0x8005', 'ReflectInput’,
true, 'ReflectRemainder', true);

det = crc.detector('Polynomial', '0x8005', 'ReflectInput',
true, 'ReflectRemainder', true);

% The message below is an ASCII representation

% of the digits 1-9

msg = int2bit((49:57)"',8);

encoded = generate(gen, msg);
encoded(1) = ~encoded(1);

[outdata error] = detect(det, encoded);
noErrors = isequal(msg, outdata)

error

Introduce an error
Detect the error
Should be 0

Should be 1

o® o° o o°

This example generates the following output:

noErrors = 0 error =1

Version History
Introduced in R2008a

crc.detector will be removed in a future release.
Warns starting in R2020b

crc.detector will be removed in a future release. To detect errors in input data using cyclic
redundancy check (CRC), use the comm.CRCDetector System object instead.

Replace instances of crc.detector with a comm.CRCDetector System object. Note the mapping
between crc.detector properties and comm.CRCDetector properties:

crc.detector comm.CRCDetector
Polynomial Polynomial
InitialState InitialConditions
ReflectInput ReflectInputBytes
ReflectRemainder ReflectChecksums
FinalXOR FinalXOR

See the following table for examples of migrating the old workflow to the recommended workflow.

Previous Workflow Recommended Workflow




crc.detector

old0 = crc.generator;
oldOdet = crc.detector

data = randi([0 1],100,1);
enc_old = generate(oldO,data);
[dec_old, err old] = detect(oldOdet,enc old
oldOdet =
Type: CRC Detector
Polynomial: 0x1021
InitialState: OXFFFF
ReflectInput: false
ReflectRemainder: false
FinalXOR: 0x0000

sysO = comm.CRCGenerator('InitialConditiong
sysOdet = comm.CRCDetector('InitialConditid

data randi([0 1],100,1);

enc_new = sysO(data);

Jdec new, err] sysOdet(enc_new);

sysOdet

comm.CRCDetector with properties:

Polynomial: 'z”16 + z712 + z™5 4
InitialConditions: 1
DirectMethod: false
ReflectInputBytes: false
ReflectChecksums: false
FinalXOR: 0
ChecksumsPerFrame: 1

old0 = crc.generator([1 1 1 1 1]
oldOdet crc.detector([1 11 1

)
1])

data randi([0 1],100,1);
enc_old = generate(old0,data);

[dec_old, err old] = detect(oldOdet,enc old

sysO0 = comm.CRCGenerator('Polynomial',[1 1
sysOdet = comm.CRCDetector('Polynomial',[1

data randi([0 1],100,1);
enc_new = sysO(data);

[dec_new, err] sysOdet(enc_new);
);

sysOdet =
oldOdet =
comm.CRCDetector with properties:
Type: CRC Detector
Polynomial: OxF Polynomial: [1 1 1 1 1]
InitialState: 0x0 InitialConditions: O
ReflectInput: false DirectMethod: false
ReflectRemainder: false ReflectInputBytes: false
FinalXOR: 0Ox0 ReflectChecksums: false
FinalXOR: 0
ChecksumsPerFrame: 1
See Also
Functions

crc.generator

Objects
comm.CRCGenerator | comm.CRCDetector

Blocks

General CRC Generator | General CRC Syndrome Detector
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crc.generator

(To be removed) Construct CRC generator object

Note will be removed in a future release. To generate cyclic redundancy check (CRC) code bits, use
the comm.CRCGenerator System object instead. For more details on the recommended workflow,
see “Compatibility Considerations”.

Syntax

h = crc.generator(polynomial)

h = crc.generator(detectorObj)

h = crc.generator(‘Polynomial’, polynomial, ‘paraml’, vall, etc.)

h = crc.generator

Description

h = crc.generator(polynomial) constructs a CRC generator object H defined by the generator
polynomial POLYNOMIAL.

h = crc.generator(detectorObj) constructs a CRC generator object H defined by the
parameters found in the CRC detector object DETECTOROB].

h = crc.generator(‘propertyl', vall, ...) constructs a CRC generator object H with
properties as specified by the PROPERTY/VALUE pairs.

h = crc.generator constructs a CRC generator object H with default properties. It constructs a
CRC-CCITT generator, and is equivalent to: h = crc.generator('Polynomial’, '0x1021", 'InitialState’,
'0xFFFF', ...

'ReflectInput’, false, 'ReflectRemainder’, false, 'FinalXOR', '0x0000").
Properties

The following table describes the properties of a CRC generator object. All properties are writable,
except Polynomial.



crc.generator

Property

Description

Polynomial

The generator polynomial that defines
connections for a linear feedback shift register.
This property can be specified as a binary vector
representing descending powers of the
polynomial. In this case, the leading '1' of the
polynomial must be included. It can also be
specified as a string, prefaced by '0x', that is a
hexadecimal representation of the descending
powers of the polynomial. In this case, the
leading '1' of the polynomial is omitted.

InitialState

The initial contents of the shift register. This
property can be specified as a binary scalar, a
binary vector, or as a string, prefaced by '0x', that
is a hexadecimal representation of the binary
vector. As a binary vector, its length must be one
less than the length of the binary vector
representation of the Polynomial.

ReflectInput

A Boolean quantity that specifies whether the
input data should be flipped on a bytewise basis
prior to entering the shift register.

ReflectRemainder

A Boolean quantity that specifies whether the
binary output CRC checksum should be flipped
around its center after the input data is
completely through the shift register.

FinalXOR

The value with which the CRC checksum is to be
XORed just prior to being appended to the input
data. This property can be specified as a binary
scalar, a binary vector, or as a string, prefaced by
'0x', that is a hexadecimal representation of the
binary vector. As a binary vector, its length must
be one less than the length of the binary vector
representation of the Polynomial.

CRC Generation Algorithm

For information pertaining to the CRC generation algorithm, refer to the “CRC Non-Direct Algorithm”
section of the Communications Toolbox User's Guide.

Generator Method

encoded = generate(h, msg) generates a CRC checksum for an input message using the CRC
generator object H. It appends the checksum to the end of MSG. The binary-valued MSG can be
either a column vector or a matrix. If it is a matrix, then each column is considered to be a separate

channel.

Examples

Create a CRC-16 CRC generator, then use it to generate a checksum for the binary vector

represented by the ASCII sequence '123456789'.
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gen = crc.generator('Polynomial', '0x8005",
'ReflectInput', true, 'ReflectRemainder', true);

The message below is an ASCII representation of the digits 1-9.

msg = int2bit((49:57)',8);
encoded = generate(gen, msg);

h:

Type: CRC Generator
Polynomial: OxF
InitialState: OxF
ReflectInput: true
ReflectRemainder: false
FinalXOR: 0x0

Version History
Introduced in R2008a

crc.generator will be removed in a future release.
Warns starting in R2020b

crc.generator will be removed in a future release. To generate cyclic redundancy check (CRC) code,
use the comm.CRCGenerator System object instead.

Replace instances of crc.generator with a comm.CRCGenerator System object. Note the mapping
between crc.generator properties and comm.CRCGenerator properties:

crc.generator comm.CRCGenerator
Polynomial Polynomial

InitialState InitialConditions
ReflectInput ReflectInputBytes
ReflectRemainder Reflectchecksums
FinalXOR FinalXOR

See the following table for examples of migrating the old workflow to the recommended workflow.

Previous Workflow Recommended Workflow




crc.generator

data = randi([0 1],100,1); data = randi([0 1],100,1);
old0 = crc.generator
enc0ld = generate(oldO,data); sysO = comm.CRCGenerator('InitialConditiong
encNew = sysO(data);
old0 =
sys0 =
Type: CRC Generator
Polynomial: 0x1021 comm.CRCGenerator with properties:
InitialState: OXFFFF
ReflectInput: false Polynomial: 'z"16 + z"12 + z"5 +
ReflectRemainder: false InitialConditions: 1
FinalXOR: 0x0000 DirectMethod: false
ReflectInputBytes: false
ReflectChecksums: false
FinalXOR: 0
ChecksumsPerFrame: 1
data = randi([0 1],96,1); data = randi([0 1],96,1);
old0 = crc.generator('Polynomial', 'OxF', |Bys0ixl&bamine CRCGénerator('Polynomial’,...
'ReflectInput', true, 'FinalXOR', '0x0") 'Ox1F', 'InitialConditions', [1 1 1 1],...

encOld = generate(old0,data);

Type: CRC Generator
Polynomial:
InitialState:
ReflectInput:
ReflectRemainder:
FinalXOR:

OxF
OxF
true
false
0x0

'ReflectInputBytes', true, 'FinalXOR', 0)

encNew = sys0O(data);
sys0 =

comm.CRCGenerator with properties:

Polynomial: 'Ox1F'
InitialConditions: [1 1 1 1]
DirectMethod: false
ReflectInputBytes: true
ReflectChecksums: false

FinalXOR: 0
ChecksumsPerFrame: 1

data = randi([0 1],100,5);
old0 = crc.generator([1 1 1 1 1])
encOld = generate(old0,data);
old0 =
Type: CRC Generator
Polynomial: OxF
InitialState: 0x0
ReflectInput: false
ReflectRemainder: false
FinalXOR: 0x0

data randi([0 1],100,5);

sysO = comm.CRCGenerator('Polynomial',[1 1
'ChecksumsPerFrame',5)

encNew = sysO(data(:));
sys0 =

comm.CRCGenerator with properties:

Polynomial: [1 1 1 1 1]
InitialConditions: 0
DirectMethod: false
ReflectInputBytes: false
ReflectChecksums: false
FinalXOR: ©
ChecksumsPerFrame: 5
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See Also

Functions
crc.detector

Objects
comm.CRCGenerator | comm.CRCDetector

Blocks
General CRC Generator | General CRC Syndrome Detector
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cyclgen

Produce parity-check and generator matrices for cyclic code

Syntax
cyclgen(n,pol)
clgen(n,pol,opt)
= cyclgen(...)
k]l = cyclgen(...)

< <

Description

For all syntaxes, the codeword length is n and the message length is k. A polynomial can generate a
cyclic code with codeword length n and message length k if and only if the polynomial is a degree-(n-
k) divisor of x~n-1. (Over the binary field GF(2), x*n-1 is the same as x“n+1.) This implies that k
equals n minus the degree of the generator polynomial.

h = cyclgen(n,pol) produces an (n-k)-by-n parity-check matrix for a systematic binary cyclic
code having codeword length n. The row vector pol gives the binary coefficients, in order of
ascending powers, of the degree-(n-k) generator polynomial. Alternatively, you can specify pol as a
polynomial character vector. For more information, see “Representation of Polynomials in
Communications Toolbox”.

h = cyclgen(n,pol,opt) is the same as the syntax above, except that the argument opt
determines whether the matrix should be associated with a systematic or nonsystematic code. The
values for opt are 'system' and 'nonsys’'.

[h,g] = cyclgen(...) isthesameash = cyclgen(...), except that it also produces the k-by-
n generator matrix g that corresponds to the parity-check matrix h.

[h,g,k] = cyclgen(...) isthesameas [h,g] = cyclgen(...), except that it also returns the
message length k.

Examples

Parity Check and Generator Matrices for Binary Cyclic Codes

Create parity check and generator matrices for a binary cyclic code having codeword length 7 and
message length 4.

Create the generator polynomial using cyclpoly.
pol = cyclpoly(7,4);

Create the parity check and generator matrices. The parity check matrix parmat has a 3-by-3 identity
matrix embedded in its leftmost columns.

[parmat,genmat,k] = cyclgen(7,pol)
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parmat = 3x7

1 0 0 1 1 1 0
0 1 0 0 1 1 1
0 0 1 1 1 0 1
genmat = 4x7
1 0 1 1 0 0 0
1 1 1 0 1 0 0
1 1 0 0 0 1 0
0 1 1 0 0 0 1
k =4

Create a parity check matrix in which the code is not systematic. The matrix parmatn does not have
an embedded 3-by-3 identity matrix.

parmatn = cyclgen(7,pol, 'nonsys"')

parmatn = 3x7

1 1 1 0 1 0 0
0 1 1 1 0 1 0
0 0 1 1 1 0 1

Create the parity check and generator matrices for a (7,3) binary cyclic code. As this is a systematic
code, there is a 4-by-4 identity matrix in the leftmost columns of parmat2.

parmat2 = cyclgen(7,'l + X2 + x"3 + x™4")

parmat2 = 4x7

[cNoNoN
[oNoN TNo]
[l SN o No]
o NoNO)
H O
O R
H O

Version History
Introduced before R2006a

See Also
encode | decode | bchgenpoly | cyclpoly

Topics
“Block Codes”

2-240



cyclpoly

cyclpoly

Produce generator polynomials for cyclic code

Syntax
pol = cyclpoly(n,k)
pol = cyclpoly(n,k,opt)

Description

For all syntaxes, a polynomial is represented as a row containing the coefficients in order of
ascending powers.

pol = cyclpoly(n,k) returns the row vector representing one nontrivial generator polynomial
for a cyclic code having codeword length n and message length k.

pol = cyclpoly(n,k,opt) searches for one or more nontrivial generator polynomials for cyclic
codes having codeword length n and message length k. The output pol depends on the argument
opt as shown in the table below.

opt Significance of pol Format of pol

‘'min' One generator polynomial Row vector representing the
having the smallest possible polynomial
weight

'max’ One generator polynomial Row vector representing the
having the greatest possible polynomial
weight

'all' All generator polynomials Matrix, each row of which

represents one such polynomial

a positive integer, L All generator polynomials Matrix, each row of which

having weight L represents one such polynomial

The weight of a binary polynomial is the number of nonzero terms it has. If no generator polynomial
satisfies the given conditions, the output pol is empty and a warning message is displayed.

Examples
Cyclic Code Generator Polynomials
Create [15,4] cyclic code generator polynomials.

Use the input 'all' to show all possible generator polynomials for a [15,4] cyclic code. Use the input

'max ' to show that 1 + x + x% + x3 + x® + x” + x® + x!1 is one such polynomial that has the largest
number of nonzero terms.

cl

cyclpoly(15,4,'all")

cl 3%x12
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1 1 0 0 0 1 1 0 0 0 1 1
1 0 0 1 1 0 1 0 1 1 1 1
1 1 1 1 0 1 0 1 1 0 0 1
c2 = cyclpoly(15,4, 'max")
c2 = 1Ix12
1 1 1 1 0 1 0 1 1 0 0 1

This command shows that no generator polynomial for a [15,4] cyclic code has exactly three nonzero
terms.

c3 = cyclpoly(15,4,3)

Warning: No cyclic generator polynomial satisfies the given constraints.

Algorithms

Ifoptis 'min', 'max', or omitted, polynomials are constructed by converting decimal integers to
base p. Based on the decimal ordering, gfprimfd returns the first polynomial it finds that satisfies
the appropriate conditions. This algorithm is similar to the one used in gfprimfd.

Version History
Introduced before R2006a

See Also
cyclgen | encode

Topics
“Block Codes”
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de2bi

(Not recommended) Convert Decimal to Base-P

Note is not recommended. Instead, use the int2bit function. For more information, see
“Compatibility Considerations”.

Syntax

de2bi(d)
de2bi(d,n)
de2bi(d,n,p)
de2bi(d, [] p)
de2bi(d,

O T T OTUT
LI | 1 [

_,flg)

Description

b = de2bi(d) converts a nonnegative decimal integer d to a binary row vector. If d is a vector, the
output b is a matrix in which each row is the binary form of the corresponding element in d.

b = de2bi(d,n) has an output with n columns.

b = de2bi(d,n,p) converts a nonnegative decimal integer d to a base-p row vector.

b = de2bi(d,[],p) specifies the base, p .

b = de2bi(d,  ,flg) uses flg to determine whether the first column of b contains the lowest-

order or highest-order digits.

Examples

Convert Decimal to Base-2

This example shows how to convert decimals to binary numbers in their base-2 equivalents.
d array = [1 2 3 4];

Convert the decimal array to binary by using the de2bi function. Specify that the most significant
digit is the leftmost element and set the number of desired columns to 5. The output becomes a 4-
by-5 matrix where each row corresponds to a decimal value from the input. Because the largest
decimal value in d_array can be expressed in 3 columns, the de2bi pads the matrix with two extra
zero columns at the specified most-significant bit side. If you specify too few columns, the conversion
will fail.

b array = de2bi(d array,5,'left-msb")
b array = 4x5
0 0 0 0 1
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0 0 0 1 0
0 0 0 1 1
0 0 1 0 0

b array = de2bi(d array,5, 'right-msb")

b array = 4x5

oOroRr
Or RO
RO ®O®
cooo
cooo

If you do not specify a number of columns, the number of columns is exactly what is needed to
express the largest decimal of the input.

b array = de2bi(d array, 'left-msb"')
b array = 4x3

0 0 1

0 1 0

0 1 1

1 0 0

The output rows for specifying a leftmost-significant bit correspond to:
1=02%+02h +12%
2=002%+12" +02%
3=002%+12h+122°%

4=12%+02YH +02%

b array = de2bi(d array, 'right-msb")

b array = 4x3
1 0 0
0 1 0
1 1 0
0 0 1

The output rows for specifying a rightmost-significant bit correspond to:
1=12%+02h +00?
2=02%+ 12 +02%

3=12%9+12YH +002?)
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4=002%+02Y +12%

Input Arguments

d — Decimal input
nonnegative integer | vector | matrix

Decimal input, specified as a nonnegative integer, vector, or matrix. If d is a matrix, it is treated like
the column vector d(:).

Note To ensure an accurate conversion, d must be less than or equal to 252,

Data Types: double | single | integer | fi

n — Number of output columns
positive integer scalar

The number of output columns specified as a positive scalar. If necessary, the binary representation of
d is padded with extra zeros.

Data Types: double | single

p — Base
2 (default) | positive integer scalar

Base of the output b, specified as an integer greater than or equal to 2.

+ If dis avector, the output b is a matrix in which each row is the base-p form of the corresponding
element in d.

o Ifdisamatrix, de2bi treats it like the vector d(:).
Data Types: double | single

flg — MSB flag
‘right-msb' (default) | ' left-msb'

MSB flag, specified as 'right-msb' or 'left-msb'.

* 'right-msb' -- Indicates the right (or last) column of the binary output, b, as the most
significant bit (or highest-order digit).

 'left-msb' -- Indicates the left (or first) column of the binary output, b, as the most significant
bit (or highest-order digit).

Data Types: char | string

Output Arguments

b — Binary output
vector | matrix

Binary representation of d, returned as a row vector or matrix. The output is of the same data type as
the input.
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Version History
Introduced before R2006a

de2bi is not recommended. Use int2bit instead.

Not recommended starting in R2021b

Use int2bit instead of de2bi. If converting the representation of numbers from decimal to a base

other than 2, use dec2base.

The code in this table shows decimal-to-binary conversion for various inputs using the recommended

function.

Discouraged Feature

Recommended Replacement

% Default (left MSB) % Default (left MSB)

n = randi([1 100]); % Number of integers n = randi([1 100]); % Number of integers

bpi = 3; % Bits per integer bpi = 3; % Bits per integer

x = randi([0,2%bpi-1],n,1); x