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Streaming Sample Interface
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In this section...

“What Is a Streaming Sample Interface?” on page 1-2

“How Does a Streaming Sample Interface Work?” on page 1-2
“Why Use a Streaming Sample Interface?” on page 1-2
“Sample Stream Conversion” on page 1-3

“Timing Diagram of Serial Sample Interface” on page 1-3
“Using the nextFrame Output Signal” on page 1-4

What Is a Streaming Sample Interface?

In hardware, processing an entire frame of data at one time has a high cost in memory and area. To
save resources, serial processing is preferable in HDL designs. Wireless HDL Toolbox blocks operate
on one sample at a time rather than a frame. The blocks accept and return data as a serial stream of
samples and control signals. The control signals indicate the frame boundaries. The protocol mimics
the characteristics of a real-world system, including inactive intervals between samples and frames.

How Does a Streaming Sample Interface Work?

The control protocol uses start and end signals to demark each frame, and a valid signal to indicate
which samples to process. The Wireless HDL Toolbox streaming sample protocol allows you to
configure the number of idle cycles between samples and between frames. Idle cycles model the
bursty character of real-world systems.

This protocol allows for frames of different sizes, such as if runt or partial frames enter the system
due to synchronization changes.

Why Use a Streaming Sample Interface?
Format Independence

The blocks that use this interface do not need a configuration option for an exact frame size or
inactive intervals. In addition, if you change the input data timing for your design, you do not need to
update each block. Instead, update the stream configuration once at the serialization step. Some
blocks still require a maximum frame size parameter to allocate memory resources.

Error Tolerance

By using a streaming sample interface with control signals, each Wireless HDL Toolbox block starts
computation on a fresh set of samples at the start-of-frame signal. Computations on the new frame
occur whether or not the block receives the end signal for the previous frame.

The protocol tolerates minor timing errors. If the number of valid and invalid cycles between start
and end signals varies, the blocks continue to operate correctly. This protocol makes the system
resilient to runt frames and synchronization changes.

The Wireless HDL Toolbox encoder blocks require minimum between-frame spacing to accommodate
insertion of codewords. The turbo and convolutional decoder blocks require that the previous frame




Streaming Sample Interface

is decoded (has asserted the frame end signal) before the next frame arrives. The polar, LPDC, and
RS encoder and decoder blocks provide a signal to indicate when the block is ready to receive the
start of a new frame.

Sample Stream Conversion

Use the Frame To Samples block to convert framed data to a stream of samples and control signals
that conform to this protocol. The control signals are grouped in a bus data type called
samplecontrol.

The Frame To Samples block can serialize fixed-size frames. If your frames vary in size, use the
whdlFramesToSamples function to convert framed data to vectors of samples and control signals in
MATLAB®. Then import the vectors to Simulink®. Use the Sample Control Bus Creator block to create
a samplecontrol bus in your model.

If your data is already in a serial format, design your own logic to generate these control signals from
your existing serial control scheme.

Supported Sample Data Types

Wireless HDL Toolbox blocks have an input and output port, sample, for the streaming sample data.
The blocks capture one sample at a time from the input, and produce one sample at a time for output.
The samples can be one of these supported data types.

Port Description Data Type
sample Scalar integer value that represents one sample. Supported data types include:
The protocol also allows for a vector of integer * Boolean

values that represent a single sample, such as for e uintorint

turbo-encoded samples. : .
o ufixorsfix

double and single are supported
for simulation but not for HDL code
generation.

Streaming Sample Control Signals

Wireless HDL Toolbox blocks have an input and output port, ctrl, for the frame control signals
relating to each sample. These three control signals indicate the validity of a sample and the
boundaries of the frame. The control signal port is a nonvirtual bus data type called samplecontrol.
For details of the bus data type, see “Sample Control Bus” on page 1-7.

Timing Diagram of Serial Sample Interface

The timing diagram illustrates the streaming sample protocol. It shows a six-sample input frame and
the equivalent sequence of control and data signals.

1-3
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The input frame is ([1 2 3 4 5 6]) ', and the serializer is configured to insert idle cycles around
the valid samples:

* One idle cycle between samples
* Three idle cycles between frames
* One value representing each sample (default output size)

You can specify these parameters by using either the Frame To Samples block or the
whdlFramesToSamples function.

The control signals start and end are 1 for the first and last valid samples of the frame, respectively.
The valid signal is 1 for each valid input sample. The valid signal is O for the idle cycles inserted
between the samples and between the frames. The six-sample frame is now represented by streaming
data over 15 cycles.

Using the nextFrame Output Signal

The NR Polar Encoder, NR Polar Decoder, NR LDPC Encoder, NR LDPC Decoder, and RS Decoder
blocks each provide an output signal to indicate when the block is ready to receive the start of a new
frame. This signal is necessary because these blocks cannot accept a new frame at certain stages of
internal computations, and the latency of those stages can vary with the values of input ports.

Port

Description Data Type

nextFrame Boolean scalar that indicates when the block can Boolean

accept the start of a new frame

1-4

This waveform shows the NR Polar Encoder block processing several frames. The nextFrame output
signal is @ when the block is processing data, and 1 when the block is ready to receive the start of a
new frame. The cursors show the latency varying with the values of the input K and E port values.
For the first frame with given K and E values, the block must determine the message length and
information bit mapping for those values. This configuration stage means the block needs some time
before it is ready to accept the next input frame. For subsequent frames with the same values for K
and E, the block is ready sooner because it does not need to recompute the configuration.
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If the block receives an input start signal while nextFrame is 0, the block discards the frame in
progress and begins processing the new data. This waveform shows an NR Polar Encoder input frame
(3) applied when nextFrame is 0. The block discards the frame in progress (2) and processes the

new frame (3) as normal.
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If the block receives an invalid input frame, for example, if the frame size is not within the supported
range, then the block sets nextFrame to 1 one cycle after the input end signal. This behavior
indicates that the input frame is discarded. This waveform shows an NR Polar Encoder input frame
(1) that does not have the correct number of samples expected for the accompanying K and E values.
The waveform shows the nextFrame signal set to 1 immediately after the input end signal from
frame 1. The block discards the frame in progress (1) and processes the new frame (2) as normal.
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See Also

Blocks
Frame To Samples | Samples To Frame

Functions
whd1lFramesToSamples | whdlSamplesToFrames

Related Examples

. “Verify Turbo Decoder with Streaming Data from MATLAB”
. “Verify Turbo Decoder with Framed Data from MATLAB”



Sample Control Bus

Sample Control Bus

Wireless HDL Toolbox blocks use a nonvirtual bus data type, samplecontrol, for control signals
associated with serial data. The bus contains three boolean signals indicating the validity of a
sample and the boundaries of the frame. You can easily connect one block to another, because all
Wireless HDL Toolbox blocks use this bus for input and output. To convert frames into a sample
stream and a samplecontrol bus, use the Frame To Samples block. This block serializes fixed-size
frames. If your frames vary in size, use the whdlFramesToSamples function to convert the frames to
a data vector in MATLAB, and then import the data into Simulink.

Signal Description Data Type

start true for the first sample in the frame Boolean

end true for the last sample in the frame Boolean

valid true for any valid sample Boolean
Troubleshooting:

When you generate HDL code from a Simulink model that uses this bus, you may need to declare an
instance of samplecontrol bus in the base workspace. If you encounter the error Cannot resolve
variable 'samplecontrol' when you generate HDL code in Simulink, use the
samplecontrolbus function to create an instance of the bus type. Then try generating HDL code
again.

To avoid this issue, the Wireless HDL Toolbox model template includes this line in the InitFcn
callback.

evalin('base', 'samplecontrolbus")

You can also call this command from the MATLAB command line.

See Also

Blocks
Frame To Samples | Samples To Frame

More About

. “Streaming Sample Interface” on page 1-2

1-7
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Configure the Simulink Environment for Hardware Design

1-8

About Simulink Model Templates

Simulink model templates provide common configuration settings and best practices for new models.
Instead of using the default canvas of a new model, select a template model to help you get started.

For more information on Simulink model templates, see “Build and Edit a Model Interactively”.
Create Model Using Wireless HDL Toolbox Model Template

Click the Simulink button, I.i?'.l, or type simulink at the MATLAB command prompt.

2 On the Simulink start page, find the Wireless HDL Toolbox section, and click the Streaming
Data from MATLAB or Framed Data from MATLAB template.

Wireless ®* | Al VE

v Wireless HDL Toolbox

Streaming Data from MATLAB Framed Data from MATLAB

A new model, with the template contents and settings, opens in the Simulink Editor. Select Save to
save the model.

Alternatively, you can create a new model from the template on the command line. For example:

new system my whdl Fmodel FromTemplate whdl framed data.sltx
open_system my whdl Fmodel

Or:

new _system my whdl Smodel FromTemplate whdl streaming data.sltx
open_system my whdl Smodel



Configure the Simulink Environment for Hardware Design

Wireless HDL Toolbox Model Templates

Both Wireless HDL Toolbox model templates include an empty subsystem, HDL Algorithm. This
subsystem accepts and returns streaming data and accompanying control signals using the
samplecontrolbus. You can design an HDL-targeted algorithm within this subsystem.

The templates also configure the model for HDL code generation. Both templates:

* Configure solver settings equivalent to calling hdlsetup

» Display data rates and data types in the Model Editor

* Create an instance of samplecontrolbus in the workspace (in InitFcn)

The simulation time, input data, and block parameters are defined in the callback function, InitFcn.

To view or edit this function, on the Modeling tab, expand Model Settings and click Model
Properties, and then on the Callbacks tab, click InitFcn*.

Framed Data Template

The Framed Data from MATLAB template imports framed data from the MATLAB workspace,
assuming all frames are the same size. Then, it converts the data to a sample stream by using the
Frame To Samples block.

The output of the HDL Algorithm subsystem is connected to a Samples To Frame block. This block
converts the output back to framed data for export to the MATLAB workspace.

The InitFcn defines placeholder input frames and settings for the Frame Input From Workspace,
Frame To Samples, and Samples To Frame blocks.

The StopFcn applies the valid signal to the output data and creates a single variable in the
workspace.

The model has one data rate for the framed data and a faster data rate for the sample stream. You
can display these rates as different colors in the Simulink model.

double daubia L
| samplein samplelul ——— P sample A f—————————

samgleln sampleCul

elri0ul ==

HOL Algorithm

Streaming Data Template

Use the Streaming Data from MATLAB template when your data stream has different-sized frames.
The InitFcn defines placeholder input frames and uses the whdlFramesToSamples function to
convert framed data to vectors of data and control signals. The From Workspace block imports these
variables to the model.

1-9
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To connect to the HDL Algorithm subsystem and any Wireless HDL Toolbox blocks that you add inside
it, the model converts the control signals to the samplecontrolbus type, using the Sample Control
Bus Creator block.

The model exports the streaming data and control signals back to the MATLAB workspace. The
StopFcn uses the whdlSamplesToFrames function to convert them back to framed data.

The model has a single data rate because all signals in the model represent streaming samples.

. double . |+ doutle
sampleln P samplein sampledut
{!’ gamplein gamplelut

Sample Input Sampla Cutput
From To Warkspace
Workspace

start

F— > samplacontrol > samplecontrol
1 . .
el Sampla Control cirl e ctdin it e

Bus Craalor ctriln chriCout

J} ctrlin

Confral Input
From
Workspace

Control Qutput
ﬂld To Workspace

HOL Alganthm

See Also

Blocks
Frame To Samples | Samples To Frame | Sample Control Bus Creator

Functions
whdlFramesToSamples | whdlSamplesToFrames

More About

. “Streaming Sample Interface” on page 1-2
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HDL Code Generation Support

2-2

You can use Simulink for rapid prototyping of hardware designs. Wireless HDL Toolbox blocks, when
used with HDL Coder™, support HDL code generation. HDL Coder tools generate target-independent
synthesizable Verilog® and VHDL® code for FPGA programming or ASIC prototyping and design.

HDL Code Generation Support in Wireless HDL Toolbox
Most blocks in Wireless HDL Toolbox support HDL code generation.

The following blocks are for simulation only and are not supported for HDL code generation:

* Frame To Samples
* Samples To Frame
* FIL Frame To Samples
* FIL Samples To Frame

Other Blocks Supporting HDL Code Generation

Other MathWorks® products also include blocks supported for HDL code generation that you can use
to build up your design.

To create a library of HDL-supported blocks from all your installed products, enter hd11ib at the
MATLAB command line. This command requires an HDL Coder license.

You can also view blocks that are supported for HDL code generation in documentation by filtering
the block reference list. Click Blocks in the blue bar at the top of the Help window, then select the
HDL code generation check box at the bottom of the left column. The blocks are listed in their
respective products. You can use the table of contents in the left column to navigate between
products and categories.

Refer to the "Extended Capabilities > HDL Code Generation" section of each block page for block
implementations, properties, and restrictions for HDL code generation.
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Streaming Sample Interface in HDL

The streaming sample control bus data type used by Wireless HDL Toolbox blocks is flattened into
separate signals in HDL.

In VHDL, the interface is declared as:

PORT( clk : IN std logic;
reset : IN std logic;
enb IN std logic;
in@ IN std logic_vector(7 DOWNTO 0); -- uint8
inl start IN std logic;
inl end IN std logic;
inl valid IN std logic;
outo OUT  std logic vector(7 DOWNTO 0); -- uint8
outl start OUT  std logic;
outl end OUT  std logic;
outl valid OUT std logic
)

In Verilog, the interface is declared as:
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input clk;

input reset;

input  enb;

input [7:0] in@®; // uint8
input inl start;

input inl end;

input inl valid;

output [7:0] out®; // uint8
output outl start;

output outl end;

output outl valid;

See Also

More About

“Streaming Sample Interface” on page 1-2
“Generate HDL Code” on page 2-5
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Generate HDL Code

You can generate HDL code from subsystems that include blocks supported for HDL code generation,
such as the model in “Verify Turbo Decoder with Streaming Data from MATLAB”. In that example,
you can generate HDL code from the HDL Algorithm subsystem.

To generate HDL code, you must have an HDL Coder license.

Prepare Model

Run hdlsetup to configure the model for HDL code generation. If you started your design using the
Wireless HDL Toolbox Simulink model template, your model is already configured for HDL code
generation.

Generate HDL Code

Right-click the HDL Algorithm subsystem, and select HDL Code > Generate HDL for Subsystem to
generate HDL using the default settings. The output log of this operation is shown in the MATLAB
Command Window, along with the location of the generated files.

To change code generation options, use the HDL Code Generation panes of the Simulink
Configuration Parameters dialog box. For guidance through the HDL code generation process, or to
select a target device or synthesis tool, right-click the HDL Algorithm subsystem, and select HDL
Code > HDL Workflow Advisor.

Alternatively, from the MATLAB Command Window, you can call:

makehdl([modelname '/HDL Algorithm'])

Generate HDL Test Bench

You can select options to generate a test bench in the Simulink Configuration Parameters dialog box
or in the HDL Workflow Advisor.

Alternatively, to generate an HDL test bench from the command line, call:

makehdltb([modelname '/HDL Algorithm'])

See Also

Functions
makehdl | makehdltb

Related Examples

. “HDL Code Generation and FPGA Synthesis from Simulink Model” (HDL Coder)
. “Choose a Test Bench for Generated HDL Code” (HDL Coder)

2-5
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FPGA-in-the-Loop
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FPGA-in-the-loop (FIL) enables you to run a Simulink simulation that is synchronized with an HDL
design running on an Intel® or Xilinx® FPGA board. This link between the simulator and the board
enables you to verify HDL implementations directly against Simulink or MATLAB algorithms. You can
apply real-world data and test scenarios from these algorithms to the HDL design on the FPGA.

When simulating Wireless HDL Toolbox blocks, you must use a streaming sample interface.
Streaming sample data, while required for hardware implementations of communications systems, is
time-consuming at the FPGA-in-the-loop interface with Simulink.

You can convert from frames to samples and samples to frames either in Simulink or in MATLAB.
Depending on your workflow, you can optimize your FPGA-in-the-loop simulation in one of two ways.

One workflow is a Simulink model that imports framed data from MATLAB. This type of model then
uses the Frame To Samples and Samples To Frame blocks to convert the data format. For FPGA-in-
the-loop, replace these conversion blocks with FIL Frame To Samples and FIL Samples To Frame
blocks.

The other workflow is a Simulink model that imports streaming data from MATLAB. This type of
model goes with a MATLAB script that uses the whdlFrameToSamples and whd1SamplesToFrames
functions. For FPGA-in-the-loop, modify your script and Simulink model so that they pass vectors of
data to the FPGA-in-the-loop interface.

When you generate a programming file for a FIL target in Simulink, the tool creates a model to
compare the FIL simulation with your Simulink design. For Wireless HDL Toolbox designs, the FIL
block in that model replicates the sample-streaming interface and sends one sample at a time to the
FPGA. Both these modifications construct vectors that make more efficient use of the interface
between the Simulink model and the FPGA board.

The instructions that follow show how to modify FPGA-in-the-loop models for the “Verify Turbo
Decoder with Streaming Data from MATLAB” and “Verify Turbo Decoder with Framed Data from
MATLAB” workflow examples.

FIL Workflow: Framed Data from MATLAB

Autogenerated FIL Model

The generated model, including the FIL block that interfaces with the FPGA board, is shown for a
model that converts to streaming samples in Simulink. If each sample is represented by multiple
values, then the values are flattened into separate ports for FIL.
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The blue ToFILSrc subsystem branches the sample-stream input of the HDL Algorithm block to the
FromFILSrc subsystem. The blue ToFILSink subsystem branches the sample-stream output of the
HDL Algorithm block into the Compare subsystem, where it is compared with the output of the HDL
Algorithm fil block. This setup is slow because the model sends only a single sample, and its
associated control signals, in each packet to and from the FPGA board.

Modified FIL Model

To improve the communication bandwidth with the FPGA board, modify the autogenerated model.
The modified model uses the FIL Frame To Samples and FIL Samples To Frame blocks to send one

frame at a time.
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To create this modified FIL model:

Frame Output

o

Wiorkspace

1 Remove the blue subsystems, and create a branch at the frame input port of the Frame To

Samples block.
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2 Insert the FIL Frame To Samples block before the HDL Algorithm fil block. Insert the FIL
Samples To Frame block after the HDL Algorithm fil block.

3  Set the OQutput frame size on the FIL block to the input frame size.

Runtime Options
Owerclocking factor: | 1 v|
Output frame size: | inframesize v|

4 In the FIL Frame To Samples and FIL Samples To Frame blocks, set the parameters to match the
settings of the Frame To Samples and Samples To Frame blocks.

5 Branch the frame output of the Samples To Frame block for comparison. You can compare the
entire frame at once with a Diff block. Compare the validOut signals using an XOR block.

The input size at the FIL block is the frame size from the input data frames. The vector size of the FIL
block ports does not modify the generated HDL code. It affects only the packet size of the
communication between the simulator and the FPGA board. This modified model sends an entire
frame to the FPGA board in each packet, significantly improving the efficiency of the communication
link.

FIL Workflow: Streaming Data from MATLAB

Autogenerated FIL Model

The generated model, including the FIL block that interfaces with the FPGA board, is shown for a
model that converts to streaming samples in MATLAB. If each sample is represented by multiple
values, then the values are flattened into separate ports for FIL.
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The blue ToFILSrc subsystem branches the sample-stream input of the HDL Algorithm block to the
FromFILSrc subsystem. The blue ToFILSink subsystem branches the sample-stream output of the
HDL Algorithm block into the Compare subsystem, where it is compared with the output of the HDL
Algorithm fil block. This setup is slow because the model sends only a single sample, and its
associated control signals, in each packet to and from the FPGA board.

Modified FIL Model

To improve the communication bandwidth with the FPGA board, use the generated FIL block in a
different model. The alternate model imports and exports vectors of flattened data. The
accompanying MATLAB script reshapes the input and output data, and verifies the FIL output against
a behavioral model. Reshaping the data in MATLAB is easier and the simulation is faster than
reshaping in Simulink.
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First, modify the accompanying MATLAB script:

1

Pick a frame size for the FIL simulation. This size does not have to match the actual frame sizes
in the generated data. It can contain your entire data set. The FIL block divides the data into
maximum size packets for communication with the FPGA board.

filframesize = 99;

Combine the cell array of input frames into one matrix.

allframes = [inframes{:}];

Flatten the samples and control signals so there is one vector for each input port on the FIL
block. This model includes the LTE Turbo Decoder block, so the input samples consist of three
values.

allframes(1:3:end);
allframes(2:3:end);
allframes(3:3:end);

sysIn
plIn
p2In

ctristartIn ctrlIn(1:3:end);
ctrlendIn ctrlIn(2:3:end);
ctrilvalidIn ctrlIn(3:3:end);

Call the FIL model.

simTime = size(allframes,1);

modelname = 'TurboDecoderStreamingFILVectortoSL';
open_system(modelname) ;

sim(modelname);

Reshape the output variables for input to the whd1SamplesToFrames function. Recreate an N-
by-3 control signal matrix and a vector of sample data. In this example, the output sample is a
single value. If the output sample is multiple values, build an N-by-SampleSize sample matrix.

sampleOut = squeeze(sampleOut ts.Data);
ctrlOut = [squeeze(ctrlstartOut ts.Data)



FPGA-in-the-Loop

squeeze(ctrlendOut ts.Data)
squeeze(ctrlvalidOut ts.Data)l;

Then, create a Simulink model:

1 Copy the generated FIL block into a new model.

2 Configure and connect a Signal From Workspace block for each input port on the FIL block. Use
the variables from your MATLAB script as the parameter values.

Parameters

Signal:

|51_,r51n | :

Sample time:

| sampletime/filframesize | ;

Samples per frame:

|ﬂ|fram95ize | :

3  Set the Output frame size on the FIL block to the desired FIL frame size.

Runtime Options
Overclocking factor: | 1 v|
Output frame size: | filframesize e |

4 Configure and connect a To Workspace block for each output port of the FIL block.

The input size at the FIL block is the frame size you specify on the Signal To Workspace blocks. The
vector size of the FIL block ports does not modify the generated HDL code. It affects only the packet
size of the communication between the simulator and the FPGA board. This modified model sends an
entire frame to the FPGA board in each packet, significantly improving the efficiency of the
communication link.

See Also

More About

. “Verify Turbo Decoder with Streaming Data from MATLAB”
. “Verify Turbo Decoder with Framed Data from MATLAB”

2-11



2 HDL Code Generation and Verification

Verify Viterbi Decoder Using HDL Cosimulation

Berncalli Conwolutional
Binary Ercoder . e e i o

Current value of Es/Ma [dB)

This example shows how to generate and verify HDL code to implement a fixed-point Viterbi decoder.

To run this example, in addition to the required MATLAB® products, you must install and include on
the MATLAB system path either Mentor Graphics® ModelSim®/Questasim® or Cadence®
Xcelium®.

Overview of Simulink Model

Open the Simulink® model viterbi codegen.slx. This model generates HDL code for a fixed-
point Viterbi decoder.

h
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2-12

Sample Delay: 148

N - . Ry

Viterbi_WHOL

Copyright 2011-2021 The MathWarks, Inc.

The model uses binary phase-shift keying (BPSK) and additive white Gaussian noise (AWGN) blocks to
simulate the wireless transmission of data. In the top model, the parameter EsNo, which represents
the average signal energy to noise ratio, affects the transmission of data. By default, the EsNo
parameter is set to 0.

After you initiate the data transmission, the test bench feeds the data into the Viterbi Decoder block,
which is implemented using the Wireless HDL Toolbox™ product. The Viterbi Decoder block attempts
to recover the original data but might have errors in the recovery. To measure how accurate this
decoder is, the test bench sends the decoded data to an Error Rate Calculation block along with the
original data. Then the Display block displays the results from this calculation.

Generate HDL Code

To open the HDL Coder(TM) app, on the Apps tab in the Simulink Toolstrip, click the HDL Coder
app icon. To select the toolchain you want to use for your cosimulation, first click Settings to open
the Configurations Parameters dialog box. In the left pane, click HDL Code Generation, then Test
Bench. For the Simulation tool parameter, select the toolchain. Apply the changes by clicking OK.

To generate HDL code for the Viterbi decoder and open a new Simulink model, click Generate
Testbench, then HDL Cosimulation.

Launch HDL Simulator

You can connect and format the new Simulink model to accommodate your test bench. This example
includes two prepared models: viterbi modelsim.slx and viterbi xcelium.slx. Choose the
model that fits your toolchain. This example uses the ModelSim/QuestaSim Simulink model, which is
shown in the figure.


matlab:viterbi_codegen
matlab:viterbi_modelsim
matlab:viterbi_xcelium

Verify Viterbi Decoder Using HDL Cosimulation
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To launch the HDL simulator, double-click the Start Simulator block in the model. In addition to
launching the HDL simulator, this action inputs the commands to compile the HDL code and prepares
for cosimulation with MATLAB and Simulink.

Run Simulation

When the HDL simulator finishes compiling the HDL files and preparing for simulation, the text
Ready for cosimulation ... appears in the HDL simulator command window. After this text
appears, return to the open model in Simulink and run the simulation from there.

When the simulation finishes, the Simulink model displays the results. In this example, the results are
displayed as the bit error rate (BER) shown in the two Display blocks. The two displays show the BER
results from the Viterbi Decoder block from the Wireless HDL Toolbox Product and the HDL coded
block implemented using HDL Coder. Based on the results, the HDL Coder implementation yields the
same results as the original block.

Rerun Simulation with New Parameters

The parameter EsNo controls the behavior of the transmission. Change this parameter to change the
simulation behavior. For example, enter this command at the MATLAB command prompt.

EsNo = 5;

Changing this parameter does not require new HDL code to be generated, as this change does not
affect the Viterbi block. To repeat this example with the new parameter value, run the simulation
again from the open Simulink model.

Finish Simulation

After you are finished with simulation, close the HDL simulator session. Then, return to Simulink and
close the model.

See Also

Functions
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makehdl (HDL Coder) | makehdltb (HDL Coder)
Blocks

Viterbi Decoder

Related Topics

* “Set Up for HDL Cosimulation” (HDL Verifier)

e “Run MATLAB-HDL Cosimulation” (HDL Verifier)

* “Generate HDL Code” on page 2-5

* “Choose a Test Bench for Generated HDL Code” (HDL Coder)
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Verify 5G Wireless Applications Using SystemVerilog DPI

This example shows how to use SystemVerilog DPI components to verify 5G wireless applications in
an HDL environment. The system in this example uses various 5G components and a parameterizable
5G waveform generator to validate the behavior of the Synchronization Signal Block (SSB) decoding
section of the Master Information Block (MIB) recovery process.

The verification workflow includes these key benefits:

* 3GPP 5G New Radio (NR) standard requires deep domain expertise. Creating a standard-
compliant waveform verification model can be challenging. Generating a DPI component from a
Wireless HDL Toolbox™ waveform generator simplifies the test bench design process by
automatically creating a standard compliant verification IP.

* The parameterizable 5G waveform generator tests the DUT in different scenarios. You can
reconfigure the parameters to create a series of test cases to meet coverage.

* The standalone 5G DPI components generated from Simulink® and MATLAB® can be reused and
integrated in customized test benches.

* The component-based workflow makes designing a standalone test bench faster. You can splice
different modules in the top-level test bench to test different 5G function components.

« Full functional control at the top level test bench enables component manipulation according to
the process status changes. This control results in performance gains compared to a test-vector-
based HDL test bench.

MIB Recovery Process

MIB recovery requires SSB detection, demodulation, and decoding. This example shows how to
validate the HDL code generated by HDL Coder™ for the SSB decoding module.

SSB Detection DUT
Strongest S5B SSB
Decoding

SSB detection performs a primary synchronization sequence (PSS) search, orthogonal frequency
division multiplexing (OFDM) demodulation, and a secondary synchronization sequence (SSS) search.
SSB detection has two modes of operation: search and demodulation. In search mode, the detection
searches for SSBs and returns their parameters. In demodulation mode, the detection recovers a
specified SSB, OFDM-demodulates its resource grid, and searches for the SSS within the appropriate
resource elements. The details of SSB detection and demodulation are described in the “NR HDL Cell
Search” on page 5-77 example.

SSB decoding performs a demodulation reference signal (DMRS) search, channel estimation and
phase equalization, and broadcast channel (BCH) decoding steps. The details of SSB decoding are
described in the “NR HDL MIB Recovery” on page 5-45 example.

5G waveform generator uses 5G Toolbox™ functions to generate a test waveform, which is then
applied to the SSB detection in search mode. After the strongest SSB is determined, the test
waveform is applied to the SSB detection in demodulation mode to recover a specified SSB resource
grid and search for the SSS within the appropriate resource element.
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After an SSB is detected and demodulated, it needs to be decoded to extract the MIB content. When
SSB decoding has the demodulated grid, the SSB decoding module decodes the SSB and output the
PBCH payload, which is then parsed to extract the MIB data.

File Structure
This example uses these files.

Simulink models
* nrhdlSSBDetection.slx: This Simulink model uses the nrhd1SSBDetectionFR1Core model
reference to simulate the behavior of the SSB detection part of the MIB recovery process.

* nrhdlSSBDetectionFR1Core. slx: This model reference implements the SSB detection
algorithm.

* nrhdlSSBDecoding. slx: This Simulink model uses the nrhd1SSBDecodingCore model
reference to simulate the behavior of the SSB decoding part of the MIB recovery process.

* nrhdlSSBDecodingCore.slx: This model reference implements the SSB decoding algorithm.
Simulink data dictionary

* nrhdlReceiverData.sldd: This Simulink data dictionary contains bus objects that define the
buses contained in the example models.

MATLAB code

* generate5GWaveform.m: This function is a modified version of the Wireless HDL Toolbox™ 5G
waveform generator, which is C code generation compatible.

* runSSBDetectionModelSearch.m: This script executes and verifies the nrhd1SSBDetection
model in search mode.

* runSSBDecodingModel.m: This script uses the MATLAB reference to implement the cell search
algorithm and then runs the nrhd1SSBDecoding Simulink model. The script verifies the
operation of the model using 5G Toolbox and the MATLAB reference code.

* nrsvdpiexamples: This package contains the MATLAB reference code and utility functions for
verifying the implementation models.

Pregenerated HDL test bench components (available for Windows® only)

* 5GNRCellDecodeDPITB: This folder contains generated DPI components, HDL code of the
decoding module, and the top-level test bench with associated build and simulation scripts.

Set Up for HDL Simulation

This section describes the workflow for generating the DPI component for each 5G functional
component and HDL code for the SSB decoding component. The provided top-level test bench
instantiates all of the generated components to validate the behavior of the HDL code that is
generated from the SSB decoding block. To enable reuse of individual SystemVerilog DPI components
and use a subset of the components in a test bench, generate SystemVerilog DPI for each 5G
component individually.

The 5GNRCel11DecodeDPITB folder contains all of the necessary generated components. if you do not
want to regenerate these components, skip this section.

5G Waveform Generator
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This function uses 5G Toolbox functions to generate a test waveform. The 5G waveform generator has
three input arguments: ncellid, SNR, and frequencyOffset. When you use this waveform
generator in a SystemVerilog test bench, you can test different scenarios by providing different values
for SNR, frequencyOffset, and ncellid without changing the component code. For this example,
use this command to generate the DPI component from the MATLAB function
generate5GWaveform.

dpigen generate5GWaveform -args {0,0,0} -PortsDataType LogicVector

The -args {0,0,0} parameter indicates that three scalar inputs of type double. The -
PortsDataType LogicVector parameter indicates generating a logic vector type interface for the
port.

SSB Detection

This component is introduced in the nrhd1SSBDetection Simulink model and the top-level test
bench uses this component for the SSB search and SSB demodulation. Use these commands to run a
search mode simulation and verify the results in MATLAB.

clear all;
runSSBDetectionModelSearch;

Then use this command to generate a DPI component for the Simulink subsystem
nrhd1SSBDetection/SSB Detection.

rtwbuild('nrhd1SSBDetection/SSB Detection');
Choose Strongest PSS

This component is introduced in the nrhd1SSBDetection Simulink model and the top-level test
bench uses this component to determine the strongest PSS from the PSSs detected by the SSB
search. Use this command to generate a DPI component for the Simulink subsystem
nrhd1SSBDetection/chooseStrongestPSS.

rtwbuild('nrhdlSSBDetection/chooseStrongestPSS');
SSB Decoding

This component is introduced in the nrhd1SSBDecoding Simulink model and is the DUT in this
example. Use these commands to run an SSB decoding simulation in MATLAB.

clear all;
runSSBDecodingModel;

Then, use this command to generate HDL code from this component.
makehdl('nrhd1SSBDecoding/SSB Decoding', 'TargetlLanguage', 'Verilog');
Parse PBCH Payload

This component is introduced in the nrhd1SSBDecoding Simulink model and the top-level test
bench uses this component to parse the PBCH payload to obtain the MIB information. Use this
command to generate the DPI component for the Simulink subsystem nrhd1SSBDecoding/
parsePBCHPayload.

rtwbuild('nrhdlSSBDecoding/parsePBCHPayload');
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The 5GNRCel1DecodeDPITB folder contains a top-level test bench, CellDecode tb.sv, to simulate
the entire process described in the MIB Recovery Process section. In this example, the ncellid
parameter is set to 249, the SNR parameter is set to 50, and the frequencyOffset parameter is set
to 5000. You can modify the values of these parameters to test the design in different scenarios.

|=| CellDecode_tb.sv E3

Ba o
1

i S/ Parameters for 5G waveform genserator

2 dpi freguencyOffset <= S0007

80 dpi SNE <= 07

81 dpi ncellid <= 245;

g2 @ (posedge clk) dpiWaveGenEnable <= 1'b0; // Call the waveform generator once
83 ke end

I % T % B S I N T (%

Run Test Bench

Add the QuestaSim simulator to the MATLAB system path, and then navigate to the
5GNRCel1DecodeDPITB folder. To compile and simulate the DUT in QuestaSim, enter these
commands at the MATLAB prompt.

lvsim < compile dut.do
lvsim < sim 5G waveform.do

Observe the following simulation results:

* In this figure of a waveform, signal names that start with "mib" carry MIB information from the
waveform generator, and signal names that start with "decode" carry MIB information from the
decode process. The waveform shows that the decoded MIB information matches the MIB
information from the waveform generator.

[CellDecode_tb/mib_NFrame
/CellDecode_tb/mib_SubcarrierSpacingCommon
JCellDecode_tb/mib_k_SSB
[CellDecode_th/mib_DMRSTypeAPosition
/CellDecode_tb/mib_PDCCHConfigSIB1
J/CellDecode_tb/mib_CellBarred
JCellDecode_tb/mib_IntraFreqReselection
[CelDecode_tbfvalidOut
JCellDecode_tb/decodeNFrame
/CellDecode_tb/decodeSubcarrierSpacingCom. ..
/CellDecode_tb/decodekSSB
[CellDecode_th/decodeDMRSTypeAPosition
/CellDecode_tb/decodePDCCHConfigSIB1
J/CellDecode_tb/decodeCellBarred
JCellDecode_tb/decodelntraFreqReselection

4=

Using this approach, you can dynamically react to the status of each 5G functional component to save
simulation time compared to a vector-based test bench.

* In this figure of a waveform, the value of the detection status changes from 6 to 8, indicating that
the demodulation operation is complete. The SSS is found, and a demodulated resource grid is
returned. In this case, you can start the SSB decoding process instead of waiting for SSB
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demodulation to finish processing the input vectors if you are using a vector-based HDL test
bench.

& /CelDecode_th/status 4h3
/CelDecode_tb/decodeStart
/CellDecode_th/detectionReportValid

[CellDecode_tb/searchFrequencyOffset 32'h00000000 00000000

21'h000000 000000

* In this figure of a waveform, the value of the decoding status changes from 2 to 4, indicating that
the MIB is detected. In this case, you can stop the simulation rather than finish processing the
grid resource data. In contrast, the vector-based test bench approach requires simulation for a
fixed amount of time before analyzing the results.

/CellDecode_tb/bchStatus 3ha 2
[CellDecode_th/ssbIndex3Lsb 3h3 3

JCellDecode_th/pbchPayload 32h0110004a —_J00a20... ) 14c00004 ] 0d4000... )40800... ) 04040... |
JCellDecode_thfvalidOut ]
/CellDecode_tb/nextSSB

J/CellDecode_tb/decodeNFrame
/CellDecode_tb eSubcarrierSpacingCom...

) P

C b o
Now 6585520 ns | -

Reuse DPI Component

You can reuse the generated 5G function DPI components in a customized test bench.

* Use these components to test a subset of the MIB recover process. For example, reuse the 5G
waveform generator to validate the behavior of an SSB search module.

DUT

-~} SSB Search

» Use these components to test different 5G function components in the MIB recovery process. For
example, when you are validating the behavior of SSB demodulation in the MIB recovery process,
you can reuse the 5G waveform generator, SSB search and parse PBCH payload DPI components,
and generate a DPI component from SSB decoding. Instantiate these components in your top-level
test bench to validate the behavior of the SSB demodulate module.
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DUT

Strongest SSB SSB
Demodulate

Conclusion

This example shows how to use a standalone test bench with DPI components to validate the SSB
decoding module of an MIB recovery process. The HDL Verifier™ generated DPI components support
tunable parameters, which enable customization of the 5G test waveform from the top-level test

bench. You can reuse each generated DPI component in other custom HDL test benches. You can use
this workflow for verifying the HDL IP in your wireless application.

Related Topics

* “NR HDL Cell Search” on page 5-77
* “NR HDL MIB Recovery” on page 5-45
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Prototype Wireless Communications Algorithms on Hardware

The Communications Toolbox™ Support Package for Xilinx Zyng-Based Radio enables you to design,
prototype, and verify practical wireless communications systems on Xilinx Zyng-based radio
hardware.

* Use the Xilinx Zyng-based radio as an I/O peripheral to transmit and receive real-time arbitrary
waveforms using MATLAB System objects or Simulink blocks.

« Transmit and receive RF signals out of the box, enabling quick testing of SDR designs under real-
world conditions.

* Transmit and receive data on one or two channels.
* Configure RF radio settings easily.
* Acquire high-bandwidth signals by using burst mode.

* In Simulink, customize and prototype SDR algorithms. Target only the FPGA fabric of the device,
or deploy partitioned hardware-software co-design implementations across the ARM® processor
and the FPGA fabric of the device (Windows® operating system only).

* Run application examples to get started.
The support package provides two workflows:

* FPGA-only targeting - This workflow uses generated HDL code from HDL Coder and HDL Coder
Support Package for Xilinx Zynq Platform.

* Hardware-software co-design - This workflow also uses HDL Coder and HDL Coder Support
Package for Xilinx Zynq Platform. It additionally requires Simulink Coder™, Embedded Coder®,
and Embedded Coder Support Package for Xilinx Zynq Platform.

The “LTE MIB Recovery and Cell Scanner Using Analog Devices AD9361/AD9364” (Communications
Toolbox Support Package for Xilinx Zynqg-Based Radio) support package example shows how to use
the hardware-software co-design workflow to deploy the design from “LTE HDL MIB Recovery” on
page 5-130 to a hardware board with a radio daughter card. The “LTE Receiver Using Analog Devices
AD9361/AD9364” (Communications Toolbox Support Package for Xilinx Zynq-Based Radio) support
package example shows how to capture live LTE data for use in testing your designs.

How to Install Support Packages

A support package is an add-on that enables you to use a MathWorks product with specific third-party
hardware and software. Support packages use the license of the base product. For instance,
Communications Toolbox Support Package for Xilinx Zyng-Based Radio requires a license for
Communications Toolbox.

Install support packages using the MATLAB Add-Ons menu. You can also use the Add-Ons menu to
update installed support package software or update the firmware on third-party hardware.

To install support packages, on the MATLAB Home tab, in the Environment section, click Add-Ons
> Get Hardware Support Packages. You can filter this list by selecting categories (such as
hardware vendor or application area), or by performing a keyword search.

Search the Add-Ons list for Zynq, and install these support packages:

* Communications Toolbox Support Package for Xilinx Zyng-Based Radio
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* HDL Coder Support Package for Xilinx Zynq Platform

* Embedded Coder Support Package for Xilinx Zynq Platform (only needed for hardware-software
co-design)

When the support package installation is complete, you must set up the host computer and radio
hardware. For Windows systems, the installer provides guided setup steps. For Linux® systems, the
installer links to manual setup instructions.

Design Requirements

The Communications Toolbox Support Package for Xilinx Zyng-Based Radio provides a reference
design that you can use to create an IP core that integrates into the radio hardware. Use the HDL
Workflow Advisor to guide you through generating a shareable and reusable IP core module using the
reference design.

To work with the reference design, your FPGA targeted design must use a streaming data interface
with a control signal that indicates the validity of each sample. Wireless HDL Toolbox blocks provide
this interface. Use the Sample Control Bus Selector block to separate the valid control signal from
the bus.

To deploy a design using the support package, your design must meet these preconditions.

* Each data input or output must be 16 bits. The HDL subsystem that fits into the reference design
does not support complex signals at the ports. To handle complex inputs and outputs, model
separate I and Q ports at the subsystem boundaries.

* Model all the ports for a given reference design, even when the ports are not used.

* In Simulink, the input and output data and valid signals must be driven at the same sample rate.
Therefore, the input and output clock rates of the subsystem must be equal.

* Clock the data and valid signals at the fastest rate of the HDL subsystem.
» For the FPGA-only targeting workflow:
* Duplex operation is not supported. Use either the transmit or the receive operation, but not
both.
* For the hardware-software co-design workflow:

* Duplex operation is supported. You can use both the Transmitter and Receiver blocks in the
same design.

* AXI4-Lite register ports can be clocked at arbitrary rates.

* In single-channel mode, you can transmit or receive data frames containing an even number of
samples only. If you use an odd number of samples, the software inserts a zero sample at the
end of each frame.

The real-time design encounters a larger volume of data and a larger set of state progressions than
you can simulate in Simulink. Make sure to model and generate control logic to handle the restart
between subframes. Consider adding extra subsystem ports for debug visibility of these extended
states once the design is deployed to the board.

Design for Debugging

Once the design is deployed to the board, you have much less visibility of the internal signals in your
design. To improve visibility, you can add temporary output ports to your subsystem before you
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generate your IP core. Signals that can help with debugging are design state, mux select signals or
other control parameters, and data values at intermediate stages of the data path. You can also add
input ports and muxes to give the option for external control of parameters such as mux select signals
and gain values.

When you simulate the design on the board in External mode, you can drive and view these ports
from Simulink. The Xilinx Zynq AXI Interface block from the generated software model provides a
Simulink interface to the input and output ports of your design while it is running on the board.

Once you are confident that your design is behaving as intended, you can remove these ports and
regenerate the IP core.

Another debugging strategy is to include a known input signal stored in memory on the FPGA. This
memory can be part of the generated HDL code from your Simulink model. The “LTE MIB Recovery
and Cell Scanner Using Analog Devices AD9361/AD9364” (Communications Toolbox Support Package
for Xilinx Zyng-Based Radio) support package example shows an input port externalDataSel that
provides a switch between a stored data set and the live data from the radio.

See Also

More About

. “Communications Toolbox Support Package for Xilinx Zyng-Based Radio”

. “FPGA Targeting Workflow” (Communications Toolbox Support Package for Xilinx Zynq-Based
Radio)

. “Hardware-Software Co-Design Workflow” (Communications Toolbox Support Package for Xilinx

Zyng-Based Radio)
. “LTE HDL MIB Recovery” on page 5-130
. “LTE HDL SIB1 Recovery” on page 5-112
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Append CRC Checksum to Streaming Data

3-2

This example shows how to use the LTE CRC Encoder block to encode data, and how to compare the
hardware-friendly design with the results from LTE Toolbox™ . The workflow follows these steps:

1 Generate frames of random input samples in MATLAB.

2  Generate and append a CRC checksum using the LTE Toolbox function 1teCRCEncode.

3 Convert framed input data to a stream of samples and import the stream into Simulink®.
4

To encode the samples using a hardware-friendly architecture, run the Simulink model, which
contains the Wireless HDL Toolbox™ block LTE CRC Encoder.

5 Export the stream of bits, which now has an appended CRC checksum, to the MATLAB®
workspace.

6 Convert the sample stream back to framed data, and compare the frames with the reference
frames and checksum.

Generate input data frames. Generate reference output data using 1teCRCEncode.

frameLength = 256;

numframes = 2;

rng(0);

txframes = cell(1,numframes);
txcodeword = cell(1l,numframes);
rxSoftframes = cell(1l,numframes);

for ii = l:numframes
txframes{ii} = randi([0 1], frameLength,1)>0.5;
CRCType '24B';

CRCMask = 50;
txcodeword{ii} = 1teCRCEncode(txframes{ii}, CRCType, CRCMask);

end

Serialize input data for the Simulink model. Leave enough time between frames for each frame to be
fully encoded before the next one starts. For CRC 24 encoding, the checksum adds 24 parity bits at
the end of the frame. The hardware-friendly algorithm also adds CRCLength + 3 cycles of latency.

idleCyclesBetweenSamples = 0;
idleCyclesBetweenFrames = 24+27;
outputSize =1;

[sampleIn,ctrlIn] = whdlFramesToSamples(...
txframes,idleCyclesBetweenSamples, idleCyclesBetweenFrames,outputSize);

Run the Simulink model.

sampletime = 1;

simTime = length(ctrlIn);

modelname = 'ltehdlCRCEncoderModel';
open(modelname);

sim(modelname) ;
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The Simulink model exports sampleOut and ctrlOut back to the MATLAB workspace. Deserialize
the output samples, and compare the framed data to the reference data.

txhdlframes = whdlSamplesToFrames(sampleOut, ctrlOut);

fprintf('\nLTE CRC Encoder\n');
for ii = l:numframes
numBitsDiff = sum(double(txcodeword{ii})-double(txhdlframes{ii}));
fprintf([' Frame %d: Behavioral and ' ...
"HDL simulation differ by %d bits\n'], ii, numBitsDiff);
end

Maximum frame size computed to be 280 samples.
LTE CRC Encoder

Frame 1: Behavioral and HDL simulation differ by 0 bits
Frame 2: Behavioral and HDL simulation differ by 0 bits

See Also

Blocks
LTE CRC Encoder

Functions
1teCRCEncode

More About
. “Check for CRC Errors in Streaming Samples” on page 3-4
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Check for CRC Errors in Streaming Samples

This example shows how to use the LTE CRC Decoder block to check encoded data, and how to
compare the hardware-friendly design with the results from LTE Toolbox™. The workflow follows
these steps:

1  Generate frames of random input samples in MATLAB.

2 Generate and append the CRC checksum using the LTE Toolbox function 1teCRCEncode.

3 Convert framed input data and checksum to a stream of samples and import it to Simulink®.
4

To check the samples against the checksum using a hardware-friendly architecture, run the
Simulink model. The model contains the Wireless HDL Toolbox™ block LTE CRC Decoder.

Export the stream of samples back to the MATLAB® workspace.

(6,]

6 Convert the sample stream back to framed data, and compare the frames with the reference
data.

Generate input data frames, then generate the CRC checksum using 1teCRCEncode.

frameLength = 256;

numframes = 2;

rng(0);

txframes = cell(1l,numframes);
txcodeword = cell(1l,numframes);
rxSoftframes = cell(1,numframes);

for ii = l:numframes
txframes{ii} = randi([0 1], frameLength,1)>0.5;
CRCType '24B';

CRCMask = 50;
txcodeword{ii} = boolean(lteCRCEncode(txframes{ii},CRCType,CRCMask));

end

Serialize input data for the Simulink model. The LTE CRC Decoder block does not require any space
between frames, but the hardware-friendly algorithm adds latency of (3 * CRCLength / SampleSize) +
5 cycles. This example uses scalar input samples, so the latency is (3 * CRCLength) + 5.

idleCyclesBetweenSamples = 0;
idleCyclesBetweenFrames = 77;
samplesizeln =1;

[sampleIn,ctrlIn] = whdlFramesToSamples(...
txcodeword,idleCyclesBetweenSamples, idleCyclesBetweenFrames,samplesizeln);

Run the Simulink model.

sampletime = 1;

simTime = length(ctrlIn);

modelName = 'ltehdlCRCDecoderModel’;
open_system(modelName) ;
sim(modelName) ;
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The Simulink model exports sampleOut and ctrl0ut back to the MATLAB workspace. Deserialize
the output samples, and compare the framed data to the input frames.

txhdlframes = whdlSamplesToFrames (sampleOut,ctrlOut);

fprintf('\nLTE CRC Decoder\n');
for ii = l:numframes
numBitsDiff = sum(double(txframes{ii})-double(txhdlframes{ii}));
fprintf([' Frame %d: Behavioral and '
'"HDL simulation differ by %d bits\n'], ii, numBitsDiff);
end

Maximum frame size computed to be 256 samples.
LTE CRC Decoder

Frame 1: Behavioral and HDL simulation differ by 0 bits
Frame 2: Behavioral and HDL simulation differ by 0 bits

See Also

Blocks
LTE CRC Decoder

Functions
1teCRCDecode

More About
. “Append CRC Checksum to Streaming Data” on page 3-2
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Turbo Encode Streaming Samples

3-6

This example shows how to use the LTE Turbo Encoder block to encode data, and how to compare the
hardware-friendly design with the results from LTE Toolbox™. The workflow follows these steps:
Generate frames of random input samples in MATLAB®.

Encode the data using the LTE Toolbox function 1teTurboEncode.

Convert framed input data to a stream of samples and import the stream into Simulink®.

A W N R

To encode the samples using a hardware-friendly architecture, run the Simulink model, which
contains the Wireless HDL Toolbox™ block LTE Turbo Encoder.

Export the stream of encoded samples to the MATLAB workspace.
6 Convert the sample stream back to framed data, and compare the frames with the reference
data.

Generate input data frames. Generate reference encoded data using LteTurboEncode.

rng(o);
turboframesize = 40;
numframes = 2;

txBits
codedData

cell(1,numframes);
cell(1,numframes);

for ii = l:numframes
txBits{ii} = logical(randi([0® 1],turboframesize,l));
codedData{ii} = lteTurboEncode(txBits{ii});

end

Serialize input data for the Simulink model. Leave enough time between frames for each frame to be
fully encoded before the next one starts. The LTE Turbo Encoder block takes inframesize + 16
cycles to complete encoding of a frame.

inframes = txBits;
inframesize = size(inframes{1l},1);

idlecyclesbetweensamples = 0;
idlecyclesbetweenframes = inframesize+16;

[sampleIn,ctrlIn] = ...
whdlFramesToSamples (inframes,
idlecyclesbetweensamples,
idlecyclesbetweenframes);

Run the Simulink model. The simulation time equals the number of input samples. Because of the
added idle cycles between frames, the streaming input data includes enough cycles for the model to
complete encoding of both frames.

sampletime = 1;

samplesizeln = 1;

simTime = size(ctrlIn,l);

modelname = 'ltehdlTurboEncoderModel’;
open_system(modelname) ;
sim(modelname) ;
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The Simulink model exports sampleOut ts and ctrlOut ts back to the MATLAB workspace.
Deserialize the output samples, and compare the framed data to the reference encoded frames.

The output samples of the LTE Turbo Encoder block are interleaved with the parity bits.

Hardware-friendly output: S'1 P1 1 P2 1 S2 P1 2 P2 2 Sn P1 n P2 n

LTE Toolbox output: S 1 S 2 SnPl1P12 PLnP21P22 ... P2n
Reorder the samples using the interleave option of the whd1SamplesToFrames function. Compare

the reordered output frames with the reference encoded frames.

sampleQut = sampleOQut';
interleaveSamples = true;
outframes = whdlSamplesToFrames(sampleQut(:),ctrlOut,[],interleaveSamples);

fprintf('\nLTE Turbo Encoder\n');
for ii = l:numframes
numBitsDiff = sum(outframes{ii} ~= codedData{ii});
fprintf([' Frame %d: Behavioral and ' ...
'"HDL simulation differ by %d bits\n'],ii,numBitsDiff);
end

Maximum frame size computed to be 132 samples.
LTE Turbo Encoder

Frame 1: Behavioral and HDL simulation differ by 0 bits
Frame 2: Behavioral and HDL simulation differ by 0 bits

See Also

Blocks
LTE Turbo Encoder

Functions
lteTurboEncode
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More About

. “Turbo Decode Streaming Samples” on page 3-9
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Turbo Decode Streaming Samples

This example shows how to use the LTE Turbo Decoder block to decode data, and how to compare
the hardware-friendly design with the results from LTE Toolbox™.

1 Generate frames of random input samples in MATLAB®. Encode the samples and add noise to
the data.

2 Decode the data using the LTE Toolbox function, 1teTurboDecode.
Convert framed input data to a stream of samples and import the stream into Simulink®.

To decode the samples using a hardware-friendly architecture, execute the Simulink model,
which contains the LTE Turbo Decoder block.

5 Export the stream of decoded bits to the MATLAB workspace.

Convert the sample stream back to framed data, and compare the frames with the decoded
frames from Step 2.

Generate input data frames. Turbo encode the data, modulate the message, and add noise to the
resulting constellation. Demodulate the noisy constellation and generate soft bit values. Generate
reference decoded data using LteTurboDecode. For the hardware-friendly model, convert the soft
bits into a fixed-point data type.

rng(o);
numframes = 2;

txBits = cell(1,numframes);
softBits = cell(1l,numframes);
rxBits = cell(1,numframes);
inframes = cell(1l,numframes);

for ii = l:numframes
txBits{ii} = randi([0 1]1,6144,1);
codedData lteTurboEncode(txBits{ii});
txSymbols = lteSymbolModulate(codedData, 'QPSK");
noise = 0.5*complex(randn(size(txSymbols)),randn(size(txSymbols)));
rxSymbols = txSymbols + noise;
softBits{ii} = lteSymbolDemodulate(rxSymbols, 'QPSK', 'Soft"');
rxBits{ii} = lteTurboDecode(softBits{ii});
inframes{ii} = fi(softBits{ii},1,5,2);
end

Serialize input data for the Simulink model. Leave enough time between frames for each frame to be
fully decoded before the next one starts. The LTE Turbo Decoder block takes 2 *
numTurboIterations * HalflterationLatency + ( inframesize / samplesizeIn) cycles to
complete decoding of a frame. For details of the HalfIterationLatency calculation see the Turbo
Decoder block reference page.

The LTE Turbo Decoder block expects input samples are interleaved with the parity bits.
Hardware-friendly input: S 1 P1 1 P2 1 S2 P1 2 P2 2 ... Sn P1 n P2 n
LTE Toolbox input: S 1 S 2 ... SnP1 1Pl 2 ...PLnP21P22...P2n

Reorder the samples using the interleave option of the whdlFramesToSamples function.

inframesiz

e = size(inframes{1},1); %includes 4 tail bit samples
encoderrate = 3;

% rate 1/3 Turbo code
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samplesizeln =

idlecyclesbetweensamples = 0;

outframesize =

size(txBits{1},1);

numTurboIterations = 6;

halfIterationLatency = (ceil(outframesize/32)+3)*32; %

encoderrate; % 3 samples in at a time

window size=32

algframedelay = 2*numTurboIterations*halflterationLatency+(inframesize/samplesizeln);

idlecyclesbetweenframes =

interleaveSamples
[samplelIn,ctrlIn]

true;

whdlFramesToSamples (inframes,
idlecyclesbetweensamples,
idlecyclesbetweenframes,
samplesizeln,

interleaveSamples);

algframedelay;

Run the Simulink model. The simulation time equals the number of input samples. Because of the
added idle cycles between frames, the streaming input data includes enough cycles for the model to
complete decoding of both frames.

sampletime = 1;

sampleCut

Sampla Cutput
To Workspacs

'{ ctrlOut

Control Output
To Workspace

simTime = size(ctrlIn, 1);
modelname = 'ltehdlTurboDecoderModel’;
open_system(modelname);
sim(modelname) ;
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The Simulink model exports sampleOut and ctrl0ut back to the MATLAB workspace. De-serialize
the output samples, and compare to the decoded frame.

outframes =

fprintf('\nLTE Turbo Decoder\n');

for ii =

1:numframes

whdlSamplesToFrames (sampleOQut,ctrlOut);

numBitsDiff = sum(outframes{ii} ~= rxBits{ii});

fprintf ([’

Frame %d: Behavioral and

"HDL simulation differ by %d bits\n'],ii,numBitsDiff);

end

Maximum frame size computed to be 6144 samples.
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LTE Turbo Decoder
Frame 1: Behavioral and HDL simulation differ by 0 bits
Frame 2: Behavioral and HDL simulation differ by 0 bits

See Also

Blocks
LTE Turbo Decoder

Functions
lteTurboDecode

More About

. “Turbo Encode Streaming Samples” on page 3-6
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Convolutional Encode of Streaming Samples

3-12

This example shows how to use the LTE Convolutional Encoder block to encode data, and how to
compare the hardware-friendly design with the results from LTE Toolbox™. The workflow follows
these steps:

Generate frames of random input samples in MATLAB®.

Encode the data using the LTE Toolbox function 1teConvolutionalEncode.

Convert framed input data to a stream of samples and import the stream into Simulink®.

A W N -

To encode the samples using a hardware-friendly architecture, run the Simulink model, which
contains the Wireless HDL Toolbox™ block LTE Convolutional Encoder.

Export the stream of encoded bits to the MATLAB workspace.
Convert the sample stream back to framed data, and compare the frames with the reference
data.

Generate input data frames. Generate reference encoded data using LteConvolutionalEncode.

rng(o);

frameLength = 256;

numframes = 2;

txframes = cell(1,numframes);
txcodeword = cell(1,numframes);
rxSoftframes = cell(1l,numframes);

for k = l:numframes
txframes{k} = randi([0 1], frameLength,1)>0.5;
txcodeword{k} = lteConvolutionalEncode(txframes{k});
end

Serialize input data for the Simulink model. Leave enough time between frames so that each frame is
fully encoded before the next one starts. The block takes frameLength + 5 cycles to encode the
frame.

0 .

idleCyclesBetweenSamples ;
frameLength+5;

idleCyclesBetweenFrames

[sampleIn,ctrlIn] = whdlFramesToSamples(...
txframes,idleCyclesBetweenSamples,idleCyclesBetweenFrames);

Run the Simulink model. Because of the added idle cycles between frames, the streaming input data
includes enough cycles for the model to complete encoding of both frames.

sampletime = 1;

samplesizeln = 1;

simTime = size(ctrlIn,1);

modelname = 'ltehdlConvolutionalEncoderModel";
open_system(modelname);

sim(modelname);
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The Simulink model exports sampleOut and ctrl0ut back to the MATLAB workspace. Deserialize
the output samples, and compare them to the encoded frame.

The output samples of the LTE Convolutional Encoder block are the interleaved results of the three
polynomials.

* Hardware-friendly output: G0 1 G1 1 G2 1 GO0 2 G1 2 G2 2 ... Gn G1 n G2 n

* LTE Toolbox output: GO 1 GO 2 ... GO n G1 1 Gl 2 ... Gl nG21G22...G2n

The whd1SamplesToFrames function provides an option to reorder the samples. Compare the
reordered output frames with the reference encoded frames.

interleaveSamples = true;
sampleQut = sampleOut';
txhdlframes = whdlSamplesToFrames(sampleQut(:),ctrlOut,[],interleaveSamples);

fprintf('\nLTE Convolutional Encoder\n');
for k = 1l:numframes
numBitsDiff = sum(double(txcodeword{k})-double(txhdlframes{k}));
fprintf([' Frame %d: Behavioral and '
"HDL simulation differ by %d bits\n'],k,numBitsDiff);
end

Maximum frame size computed to be 768 samples.
LTE Convolutional Encoder

Frame 1: Behavioral and HDL simulation differ by 0 bits
Frame 2: Behavioral and HDL simulation differ by 0 bits

See Also

Blocks
LTE Convolutional Encoder

Functions
lteConvolutionalEncode

More About

. “Convolutional Decode of Streaming Samples” on page 3-14
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Convolutional Decode of Streaming Samples

This example shows how to use the LTE Convolutional Decoder block to decode data, and how to
compare the hardware-friendly design with the results from LTE Toolbox™. The workflow follows
these steps:

Generate LTE convolutionally encoded messages in MATLAB®, using LTE Toolbox.

2 (Call Communications Toolbox™ functions to perform BPSK modulation, transmission through an
AWGN channel, and BPSK demodulation. The result is soft-bit values that represent log-
likelihood ratios (LLRs).

3 Quantize the soft bits according to the signal-to-noise ration (SNR).
Convert framed input data to a stream of samples and import the stream into Simulink®.

5 To decode the samples using a hardware-friendly architecture, execute the Simulink model,
which contains the LTE Convolutional Decoder block.

Export the stream of decoded bits to the MATLAB workspace.

Convert the sample stream back to framed data, and compare the frames with the original input
frames.

Calculate the channel SNR and create the modulator, channel, and demodulator System objects. EbNo
is the ratio of energy per uncoded bit to noise spectral density, in dB. EcNo is the ratio of energy per
channel bit to noise spectral density, in dB. The code rate of the convolutional encoder is 1/3.
Therefore each transmitted bit contains 1/3 of a bit of information.

EbNo
EcNo

10;
EbNo - 10*1ogl0(3);

modulator = comm.BPSKModulator;
channel = comm.AWGNChannel('EbNo',EcNo);
demodulator = comm.BPSKDemodulator('DecisionMethod', 'Log-likelihood ratio');

Generate input data frames. Encode the data, modulate the message, and add channel effects to the
resulting constellation. Demodulate the transmitted constellation and generate soft-bit values. For the
hardware-friendly model, convert the soft bits into a fixed-point data type. The optimal soft-bit
quantization step size is a function of the noise spectral density, No.

rng(0);
messageLength = 100;
numframes = 2;
numSoftBits = 5;

txMessages = cell(1,numframes);
rxSoftMessages = cell(1l,numframes);

No = 10" ((-EcNo)/10);
quantStepSize = sqrt(No/2”numSoftBits);

for k = l:numframes

txMessages{k} = randi([0 1],messageLength,l,'int8");
txCodeword = lteConvolutionalEncode(txMessages{k});

modOut
chanOut

modulator.step(txCodeword) ;
channel.step(modOut);
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demodOut = -demodulator.step(chanOut)/4;

rxSoftMessagesDouble = demodOut./quantStepSize;
rxSoftMessages{k} = fi(rxSoftMessagesDouble,1l,numSoftBits,0);

end

Serialize input data for the Simulink model. Leave enough time between frames so that each frame is
fully decoded before the next one starts. The LTE Convolutional Decoder block takes (2 *
messagelength) + 140 cycles to complete decoding of a frame.

The LTE Convolutional Decoder block expects the input data to contain the three encoded bits

interleaved.
* Hardware-friendly input: G0 1 G1 1 G2 1 GO 2 G1 2 G2 2 ... GO n G1 n G2 n
* LTE Toolbox input: GO 1 GO 2 ... GO n G1. 1 Gl 2 ... Gl nG21G22...G2n

0;

* messagelLength + 140;
3;
true;

idleCyclesBetweenSamples
idleCyclesBetweenFrames
samplesizeln
interleaveSamples

[sampleIn,ctrlIn] = whdlFramesToSamples(rxSoftMessages,...
idleCyclesBetweenSamples, ...
idleCyclesBetweenFrames, ...
samplesizeln,...
interleaveSamples);

Run the Simulink model. Because of the added idle cycles between frames, the streaming input
variables include enough cycles for the model to complete decoding of both frames.

sampletime= 1;

simTime = size(ctrlIn,1l);

modelname = 'ltehdlConvolutionalDecoderModel';
open(modelname);

sim(modelname);
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The Simulink model exports sampleOut and ctrlOut back to the MATLAB workspace. Deserialize
the output samples, and compare to the decoded frame.

rxMessages = whdlSamplesToFrames(sampleOut,ctrlOut);

fprintf('\nLTE Convolutional Decoder\n');
for k = l:numframes
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numBitsDiff = sum(double(txMessages{k})-double(rxMessages{k}));
fprintf([' Frame %d: Behavioral and '
'"HDL simulation differ by %d bits\n'], k, numBitsDiff);
end
Maximum frame size computed to be 100 samples.
LTE Convolutional Decoder

Frame 1: Behavioral and HDL simulation differ by 0 bits
Frame 2: Behavioral and HDL simulation differ by 0 bits

See Also

Blocks
LTE Convolutional Decoder

Functions
lteConvolutionalDecode

More About

. “Convolutional Encode of Streaming Samples” on page 3-12
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Descrambling with Gold Sequence Generator

This example shows how to use the LTE Gold Sequence Generator block to implement an LTE
descrambler.

The example model generates random I-Q pairs, multiplies the I and Q components with a generated
Gold sequence, and interleaves the I and Q into a single data stream.

You can generate HDL from the HDL Descrambler subsystem.

symbolsOut ———— e
doubl boolean
| 010 l—;] biealean l—b oad
ufix31 ‘:

503 ———p init

boolean
validOut —— =
boolean ~ alidut —

«8_En ' sfix11_Enf

Sombals Generator

[

The LTE Gold Sequence Generator block has no block parameters. It is configured to match the
polynomial and shift length required by LTE standard TS 36.212. You must initialize the sequence
with a 31-bit value on the init port, and load the value into the block by setting the load signal to 1
for one cycle. The enable signal generates the Gold sequence values. The output valid signal
indicates when the output is available.

Descrambler

siixd_End

D sfixd_Eni (g} ‘@@b . |sxto Ens | Tz sfix10_EnG N
m

symbalsin J—’ [

iz .sﬁ:z B
e
bookean [ oo ’—| e symbalsOut
2 r—— st oolean L s 4Dsﬁ=|U_EnE T i | swin E
oad .—b z +
GO kil | LTE Gold Sequence 2
- Generator NRZ Conversion

init
boolean boolean

fid sfix2
gavle val 4;-

enable

sfinl1_EnG

Gald Sequence Generator

1 boolean
» Z (2

validOut

You can add data logging on the signals and use the Logic Analyzer to view the waveforms.
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To generate and check the HDL code referenced in this example, you must have an HDL Coder
license.

To generate the HDL code, use the following command:

makehdl('1ltehdlGoldDescramblerModel/HDL Descrambler')

To generate a test bench, use the following command:

makehdltb('ltehdlGoldDescramblerModel/HDL Descrambler')

See Also

Blocks
LTE Gold Sequence Generator
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Parallel Gold Sequence Generation

This example shows how to use the LTE Gold Sequence Generator block to generate multiple
sequences in parallel for use in channel estimation.

The example model initializes the LTE Gold Sequence Generator block with a vector that represents
the init values for each of four channels. The block returns four independent Gold sequences.

You can generate HDL from the HDL Gold Sequence Generator subsystem.

dioulbla boolaan beoolzan (4)
(1o B boolean P 1 1 a —
Load
double boodean | _ _ [boclean
[omes(1,200) 0] P boolean | 2 2 =—]
Enable HOL Gold Sequence Generator
|l-"| Caopyright 2017 The Math\Works, Inc.

The LTE Gold Sequence Generator block has no block parameters. It is configured to match the
polynomial and shift length required by LTE standard TS 36.212. You must initialize the sequence
with a 31-bit value on the init port, and load the value into the block by setting the load signal to 1
for one cycle. This model has four init values, representing four channels.

The enable signal generates the Gold sequence values. The output is a vector of four values. The
output valid signal indicates when the output data is available.

1 }:-D-Dean P load boobaan (4) @

data

ufixd (4)
(x4 e LTE Gold Sequence

L

DDaI02an

@ boolaan Eable valid .":@

Gold Sequence Generator

N

You can add data logging on the signals and use the Logic Analyzer to view the waveforms.
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To generate and check the HDL code referenced in this example, you must have an HDL Coder™
license.

To generate the HDL code, use the following command:

makehdl('ltehdlGoldVectorModel/HDL Gold Sequence Generator')
To generate a test bench, use the following command:

makehdltb('ltehdlGoldVectorModel/HDL Gold Sequence Generator')

See Also

Blocks
LTE Gold Sequence Generator
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LTE OFDM Demodulation of Streaming Samples

This example shows how to use the LTE OFDM Demodulator block to return the LTE resource grid
from streaming samples. You can generate HDL code from this block.

Generate input LTE OFDM symbols using LTE Toolbox™. Select a reference channel based on
NDLRB, and specify the type of cyclic prefix.

enb = 1teRMCDL('R.5");

enb.TotSubframes = 1;

enb.CyclicPrefix = 'Normal'; % or 'Extended'
% NDLRB | Reference Channel

% 6 | R.4

% 15 | R.5

% 25 | R.6

% 50 | R.7

% 75 | R.8

% 100 | R.9

[waveform,LTEGrid,info] = 1teRMCDLTool(enb,[1;0;0;1]);

%%In this example, the Input data sample rate parameter is set to |Use

% maximum input data sample rate|. Hence, the LTE OFDM Demodulator block
% expects input samples at 30.72 MHz sample rate to correspond to the

% size of the FFT. The sample rate of |waveform| depends on NDLRB,

% so the generated waveform might be at a lower rate. To generate

% a test waveform, upsample the signal to 30.72 MHz, normalize the power,
% and add noise. Scale the signal magnitude to be in the range -1 to 1 for
% easy conversion to fixed-point types.

FsRx = 30.72e6;

FsTx = info.SamplingRate;

% NDLRB | Sampling Rate (MHz)
% 1) 6 | 1.92

% 2) 15 | 3.84

% 3) 25 | 7.68

% 4) 50 | 15.36

% 5) 75 | 30.72

% 6) 100 | 30.72

tx = resample(waveform,FsRx,FsTx);

avgTxPower = (tx' * tx) / length(tx);

tx = tx / sqrt(avgTxPower);

n=0.1* complex(randn(length(tx),1),randn(length(tx),1));
rx tx + n;

rx 0.99 * rx / max(abs(rx));

Use an LTE Toolbox function as a behavioral reference for the OFDM demodulation. Downsample the
test waveform to the actual sample rate for the selected NDLRB. Then, compensate for the scale
factor that results from the difference in FFT sizes.
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refInput = resample(rx,FsTx,FsRx);
refGrid = 1teOFDMDemodulate(info, refInput);

refGrid = refGrid * FsRx/FsTx;

Set up the Simulink™ model input data. Convert the test waveform to a fixed-point data type to model
the result from a 12-bit ADC. The Simulink sample time is 30.72 MHz.

The Simulink model imports the sample stream dataIn and validIn, the input parameters NDLRB
and cyclicPrefixType, and the variable stopTime.

NDLRB = info.NDLRB;

if strcmp(info.CyclicPrefix, 'Normal')
cyclicPrefixType = false;

else
cyclicPrefixType = true;

end

sampling time = 1/FsRx;
dataIn = fi(rx,1,12,11);
validIn = true(length(dataIn),1l);

Calculate the Simulink simulation time, accounting for the latency of the LTE OFDM Demodulator
block. The latency of the FFT is fixed because the block uses a 2048-point FFT. Assume the maximum
possible latency of the cyclic prefix removal and subcarrier selection operations. The simulation must
run long enough to apply the input data, plus the latency of the final input symbol.

FFTlatency = 4137;

CPRemove max = 512; % extended CP

carrierSelect max = 424; % NDRLB 100

stopTime = sampling_time*(length(dataIn)+CPRemove max+FFTlatency+carrierSelect max);

Run the Simulink model. The model imports the dataIn and validIn structures and returns
dataOut and validOut.

modelname = 'LTEOFDMDemodulatorExample’;
open(modelname)

set param(modelname, 'SampleTimeColors','on');

set _param(modelname, 'SimulationCommand', 'Update');
sim(modelname)

p sfu12_Ent1 (c} D1
dataln »|1
Isf23_En1 (c) D1 jdouble (c) D1
1 = '-} double }—b‘ dataQut |

booizan D1 F
wvalidin

Input parameters
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- gouple D1 uint16 D1 LTE OFDM Demodulatar
NOLRB | uint16

Compare the output of the Simulink model against the behavioral results, and calculate the SQNR of
the HDL-optimized LTE OFDM Demodulator block.

rxgridSimulink = dataOut(validOut);

figure('units', 'normalized’, 'outerposition',[0 0 1 1])
subplot(2,1,1)
plot(real(refGrid(:)))



LTE OFDM Demodulation of Streaming Samples

hold on

plot(squeeze(real(rxgridSimulink)))

legend('Real part of behavioral waveform', 'Real part of HDL-optimized waveform')
title('Comparison of LTE Time-Domain Downlink Waveform')

xLlabel('0OFDM Subcarriers")

ylabel('Real Part of Time-Domain Waveform')

subplot(2,1,2)

plot(imag(refGrid(:)))

hold on

plot(squeeze(imag(rxgridSimulink)))

legend('Imag part of behavioral waveform', 'Imag part of HDL-optimized waveform')
title('Comparison of LTE Time-Domain Downlink Waveform')

xlabel('OFDM Subcarriers')

ylabel('Imag Part of Time-Domain Waveform')

sqnrRealdB
sqnrImagdB

fprintf('\n LTE OFDM Demodulator: \n SQNR of real part is %.2f dB',sqnrRealdB)
fprintf('\n SQNR of imaginary part is %.2f dB\n',sqnrImagdB)

LTE OFDM Demodulator:
SQNR of real part is 25.98 dB
SQNR of imaginary part is 23.23 dB
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Reset and Restart LTE OFDM Demodulation

This example shows how to recover the LTE OFDM Demodulator block from an unfinished LTE cell.
The input data is truncated to simulate the loss of a signal or a reset from the upstream parts of the
receiver. The example model uses the reset signal to clear the internal state counters of the LTE
OFDM Demodulator block and then restart calculations on the next cell. In this example, the Input
data sample rate parameter of LTE OFDM Demodulator is set to Use maximum input data sample
rate. So, the base sampling rate of the block is 30.72 MHz.

Generate two input LTE OFDM cells that use different NDLRBs or different types of cyclic prefix.
Upsample both waveforms to the base sampling rate of 30.72 MHz.

enbl = 1teRMCDL('R.9"');

enbl.TotSubframes = 1;

enbl.CyclicPrefix = 'Normal'; % or 'Extended'
[waveforml,gridl,infol] = 1teRMCDLTool(enbl,[1;0;0;1]);

enb2 = 1teRMCDL('R.6"');

enb2.TotSubframes = 1;

enb2.CyclicPrefix = 'Normal'; % or 'Extended'
[waveform2,grid2,info2] = 1teRMCDLTool(enb2,[1;0;0;1]);

FsRx = 30.72e6;
tx1 resample(waveforml,FsRx,infol.SamplingRate);
tx2 resample(waveform2,FsRx,info2.SamplingRate);

Truncate the first waveform two-thirds through the cell. Concatenate the shortened cell with the
second generated cell, leaving some invalid samples in between. Add noise, and scale the signal
magnitude to be in the range [-1, 1] for easy conversion to fixed point.

tx1l = tx1(1:2*length(tx1)/3);
Lgapl 3000;

Lgap2 10000;
rx = [zeros(Lgapl,1); tx1; zeros(Lgap2,1); tx2];

L = length(rx);
rx = rx + 2e-4*complex(randn(L,1l),randn(L,1));

dataIn fp = 0.99*rx/max(abs(rx));
The LTE OFDM Demodulator block maintains internal counters of subframes within each cell. The

block requires a reset after an incomplete cell to clear the counters before it can correctly
demodulate subsequent cells. Create a reset pulse signal at the end of the first waveform.
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sfe12_En11 (c} D1
dataln | data
dataln

resetIndex = Lgapl + length(txl);
resetIn = false(length(rx),1);
resetIn(resetIndex) = true;

Set up the Simulink™ model input data. Convert the test waveform to a fixed-point data type to model
the result from a 12-bit ADC. The Simulink sample time is 30.72 MHz.

The Simulink model imports the sample stream dataln and validIn, the input parameters NDLRB
and cyclicPrefixType, the reset signal resetIn, and the simulation length stopTime.

dataln = fi(dataIn fp,1,12,11);

validIn = [false(Lgapl,1l); true(length(tx1),1); false(Lgap2,1); true(length(tx2),1)];
validIn(resetIndex+1l:Lgapl+length(tx1l)) = false;

NDLRB = uintl6([infol.NDLRB*ones(Lgapl + length(tx1l),1); info2.NDLRB*ones(Lgap2 + length(tx2),1)

cpTypel = strcmp(infol.CyclicPrefix, 'Extended');
cpType2 = strcmp(info2.CyclicPrefix, 'Extended');

cyclicPrefixType = [repmat(cpTypel,Lgapl + length(tx1l),1); repmat(cpType2,Lgap2 + length(tx2),1)

Calculate the Simulink simulation time, accounting for the latency of the LTE OFDM Demodulator
block. The latency of the FFT is fixed because the block uses a 2048-point FFT. Assume the maximum
possible latency of the cyclic prefix removal and the subcarrier selection operations.

FFTlatency = 4137;
CPRemove max = 512; % extended CP
carrierSelect max = 424; % NDRLB 100

sampling time = 1/FsRx;
stopTime = sampling time*(length(dataIn) + CPRemove max + FFTlatency + carrierSelect max);

Run the Simulink model. The model imports the dataIn and validIn structures and returns
dataOut and validOut.

modelname = 'LTEOFDMDemodResetExample';
open(modelname)

set param(modelname, 'SampleTimeColors', 'on');

set param(modelname, 'SimulationCommand', 'Update');
sim(modelname)

¥

b sfim23 Enil | doubls () 01
. boolean D1 valid data = | double | dataCut
walidin vall datalut

NDLRE unt 16 D1
MOLRB

validin

¥

NDLRE LTE OFDM Demodulator
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EE
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Split dataOut and validOut into two parts as divided by the reset pulse. The block applies the reset
to the output data one cycle after the reset is applied on the input. Use the validOut signal to
collect the valid output samples.

dataOutl
dataOut2

datalut(1l:resetIndex);
dataOut(resetIndex+1l:end);



Reset and Restart LTE OFDM Demodulation

validOutl
validQut2

validOut(1l:resetIndex);
validOut(resetIndex+1l:end);

demodDatal
demodData?2

dataOutl(validOutl);
dataOut2(validOut2);

Generate reference data by flattening and normalizing the unmodulated resource grid data. Truncate
the first cell in the same way as the modulated input data. Apply complex scaling to each
demodulated sequence so that it can be compared to its corresponding reference data.

refDatal = grid1(:);

refDatal = refDatal(1l:length(demodDatal));
refData2 = grid2(:);

refDatal = refDatal/norm(refDatal);

refData2 = refData2/norm(refData2);

demodDatal = demodDatal/(refDatal'*demodDatal);
demodData2 = demodData2/(refData2'*demodData2);

Compare the output of the Simulink model against the truncated input grid, and display the results.

figure('units', 'normalized', 'outerposition', [0 ©@ 1 1])
subplot(2,2,1)

plot(real(refDatal(:)))

hold on

plot(squeeze(real(demodDatal)))

legend('Input grid', 'Demodulated output')
title(sprintf('Cell 1 (NDLRB %d) - Real part', infol.NDLRB))
xlabel('OFDM Subcarriers')

subplot(2,2,2)

plot(imag(refDatal(:)))

hold on

plot(squeeze(imag(demodDatal)))

legend('Input grid', 'Demodulated output')

title(sprintf('Cell 1 (NDLRB %d) - Imaginary part', infol.NDLRB))
xlabel('OFDM Subcarriers')

subplot(2,2,3)

plot(real(refData2(:)))

hold on

plot(squeeze(real(demodData2)))

legend('Input grid', 'Demodulated output')
title(sprintf('Cell 2 (NDLRB %d) - Real part', info2.NDLRB))
xLlabel('0OFDM Subcarriers")

subplot(2,2,4)

plot(imag(refData2(:)))

hold on

plot(squeeze(imag(demodData2)))

legend('Input grid', 'Demodulated output')

title(sprintf('Cell 2 (NDLRB %d) - Imaginary part', info2.NDLRB))
xlabel('OFDM Subcarriers')

sqnrRealdBl
sqnrImagdBl

10*1logl0O(var(real(demodDatal))/abs(var(real (demodDatal)
10*1ogl0(var(imag(demodDatal))/abs(var(imag(demodDatal)

)
)

- var(real(refDatal(:))))
- var(imag(refDatal(:))))
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fprintf('\n
fprintf('\n

sqnrRealdB2
sqnrImagdB2

fprintf('\n
fprintf('\n

Cell 1: SQONR of real part is %.2f
Cell 1: SQNR of imaginary part is

Cell 2: SONR of real part is %.2f
Cell 2: SQNR of imaginary part is

Cell 1: SQNR of real part is 33.71 dB
Cell 1: SQNR of imaginary part is 52.26 dB

Cell 2: SQNR of real part is 32.41 dB
Cell 2: SQNR of imaginary part is 36.72 dB
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Modulate and Demodulate LTE Resource Grid

This example shows how to modulate and demodulate LTE resource grid samples. The model
connects the LTE OFDM Modulator block to the LTE OFDM Demodulator block. To verify the
algorithms of both the blocks, compare the output of the demodulator with the input of the modulator.
You can generate HDL code from either block.

Generate the input resource grid using LTE Toolbox™.

enb = 1teRMCDL('R.6");
enb.CyclicPrefix="Normal";
enb.TotSubframes = 1;

[~,LTEGrid,info] = 1teRMCDLTool(enb,[1;0;0;11);

NDLRB=info.NDLRB;

if strcmp(enb.CyclicPrefix, 'Normal')
CPType=false;

else
CPType=true;

end

sampling time=1/30.72e6;

modulatorLatency=4137+2048*2;

demodulatorLatency=4137+2048%*2;
stoptime=enb.TotSubframes*(30720+modulatorLatency+demodulatorLatency)*sampling time;

Convert the LTEGrid sample frames to a stream of samples with control signals for input to the
Simulink® model.

idlecyclesbetweensamples
idlecyclesbetweenframes

0;
0;

[dataIn,ctrl] = whdlFramesToSamples(mat2cell(LTEGrid(:),numel(LTEGrid),1), ...
idlecyclesbetweensamples,idlecyclesbetweenframes);
validIn = logical(ctrl(:,3));

Run the Simulink model to modulate and demodulate the samples, and save the output samples to a
workspace variable.

open_system('LTEHDLOFDMModDemodExample")
sim('LTEHDLOFDMModDemodExample');

rxgridSimulink = dataOut(validOut);
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Compare the input of the modulator, generated from the 1teRMCDLTool function, and the output of
the demodulator from the model.

figure('units', 'normalized', 'outerposition',[0 0 1 1])

subplot(2,1,1);

plot(real(LTEGrid(:)));

hold on

plot(squeeze(real(rxgridSimulink)));

legend('Real part of LTE grid', 'Real part of demodulated waveform');
title('Comparision of Input to OFDM Modulator with Output from OFDM Demodulator');
xlabel('OFDM Subcarriers');

ylabel('Real part of the time-domain waveform');

subplot(2,1,2)

plot(imag(LTEGrid(:)))

hold on

plot(squeeze(imag(rxgridSimulink)))

legend('Imag part of LTE grid', 'Imag part of demodulated waveform');
title('Comparision of Input to OFDM Modulator with OQutput from OFDM Demodulator');
xlabel('OFDM Subcarriers');

ylabel('Imag part of the time-domain waveform');
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Comparision of Input to OFDM Modulator with Output from OFDM Demodulator
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OFDM Modulation of LTE Resource Grid Samples
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This example shows how to use the LTE OFDM Modulator block to modulate LTE resource grid
samples to an equivalent time-domain signal output. You can generate HDL code from this block.

Generate the input resource grid using LTE Toolbox™ function.

enb = 1teRMCDL('R.6");
enb.CyclicPrefix="Normal';
enb.TotSubframes = 1;

[~,LTEGrid, info]
[eNodeBOutput,~]

1teRMCDLTool(enb,[1;0;0;11);
1teOFDMModulate(enb,LTEGrid) ;

Convert the LTEGrid sample frames to a stream of samples with control signals for input to the
Simulink® model.

NDLRB=info.NDLRB;

if strcmp(enb.CyclicPrefix, 'Normal')
CPType=false;

else
CPType=true;

end

sampling time=1/30.72e6;
stoptime=enb.TotSubframes*(30720+4137+2048*2)*sampling time;

idlecyclesbetweensamples
idlecyclesbetweenframes

0;
0;

[dataIn,ctrl] = whdlFramesToSamples(mat2cell(LTEGrid(:),numel(LTEGrid),1), ...
idlecyclesbetweensamples,idlecyclesbetweenframes);
validIn = logical(ctrl(:,3));

Run the Simulink model.

modelname = 'OFDMModulatorModelExample';
open_system(modelname) ;
sim(modelname);
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Save the output of the Simulink model and then compare the output of the model against the output
of the 1teOFDMModulate function.

rxgridSimulink=dataOut(validOut);

figure('units', 'normalized', 'outerposition',[0 0 1 1])

subplot(2,1,1);

plot(real(eNodeBOutput));

hold on

plot(squeeze(real(rxgridSimulink)));

legend('Real part of behavioral waveform', 'Real part of HDL-optimized waveform');
title('Comparison of LTE Time-Domain Downlink Waveforms from Behavioral and HDL-Optimized Algori
xlabel('OFDM subcarriers');

ylabel('Real part of the time-domain waveform');

subplot(2,1,2)

plot(imag(eNodeBOutput))

hold on

plot(squeeze(imag(rxgridSimulink)))

legend('Imag part of behavioral waveform', 'Imag part of HDL-optimized waveform');
title('Comparison of LTE Time-Domain Downlink Waveforms from Behavioral and HDL-Optimized Algori
xlabel('OFDM subcarriers');

ylabel('Imag part of the time-domain waveform');
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Depuncture and Decode Streaming Samples

This example shows how to use the hardware-friendly Depuncturer block and Viterbi Decoder block
to decode samples encoded at WLAN code rates.

Generate input samples in MATLAB® by encoding random data, BPSK-modulating the samples,
applying a channel model, demodulating the samples, and creating received soft-decision bits. Then,
import the soft-decision bits into a Simulink® model to depuncture and decode the samples. Export
the result of the Simulink simulation back to MATLAB and compare it against the original input
samples.

The example model supports HDL code generation for the HDL Depuncture and Decode subsystem.

modelname = 'ltehdlViterbiDecoderModel';
open_system(modelname) ;

h 4

sampleln

dataln datalut fb——— ol sampleCulTs

’—' | ctrioutTs |
start cirlin cirlOut ctrlOutTS
BndSample Control ctrl HDL Depuncture and Decode

Bus Creator

walid

Copyright 2018 The MathWeorks, Inc.

Set Up Code Rate Parameters

Set up workspace variables that describe the code rate. The Viterbi Decoder block supports
constraint lengths in the range [3,9] and polynomial lengths in the range [2,7].

Choose a traceback depth in the range [3,128]. For non-punctured samples, the recommended depth
is 5 times the constraintLength. For punctured samples, the recommended depth is 10 times the
constraintLength.

Starting from a code rate of 1/2, IEEE 802.11 WLAN specifies three puncturing patterns to generate
three additional code rates. Choose one of these code rates, and then set the frame size and
puncturing pattern based on that rate. You can also choose the unpunctured code rate of 1/2.

IEEE 802.11 WLAN specifies different modulation types for different code rates and uses
'Terminated' mode. This example uses BPSK modulation for all rates and can run with
'Terminated' or 'Truncated' operation mode. The blocks also support 'Continuous' mode, but
it is not included in this example.

constraintLength = 7;

codeGenerator = [133 171];

opMode = 'Terminated';
tracebackDepth = 10*constraintLength;

trellis = poly2trellis(constraintLength, ...
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codeGenerator);

IEEE 802.11n-2009 WLAN 1/2 (7, [133 171])

% Rate Puncture Pattern Maximum Frame Size
% 1/2 [1;1;1;1] 2592

% 2/3 [1;1;1;0] 1728

% 3/4 [1;1;1;0;0;1] 1944

% 5/6 [1;1;1;0;0;1;1;0;0;1] 2160
codeRate = 3/4;

if (codeRate == 2/3)
puncVector = logical([1;1;1;01]);
frameSize = 1728;

elseif (codeRate == 3/4)
puncVector = logical([1;1;1;0;0;1]1);
frameSize = 1944;

elseif (codeRate == 5/6)
puncVector = logical([1;1;1;0;0;1;1;0;0;1]);
frameSize = 2160;

else % codeRate == 1/2
puncVector = logical([1;1;1;1]);
frameSize = 2592;

end

if strcmpi(opMode, 'Terminated')
% Terminate the state at the end of the frame
taillLen = constraintLength-1;
else
% Truncated mode
taillLen = 0;
end

Generate Samples for Decoding

Use Communications Toolbox™ functions and System objects to generate encoded samples and apply
channel noise. Demodulate the received samples, and create soft-decision values for each sample.

EbNo = 10;

EcNo = EbNo - 10*lo0gl0(numel(codeGenerator));
numFrames = 5;

numSoftBits = 4;

txMessages = cell(1l,numFrames);
rxSoftMessages = cell(1l,numFrames);

No = 10"~ ((-EcNo)/10);
quantStepSize = sqrt(No/2”numSoftBits);

modulator = comm.BPSKModulator;
channel = comm.AWGNChannel('EbNo',EcNo);
demodulator = comm.BPSKDemodulator('DecisionMethod', 'Log-likelihood ratio');

for ii = l:numFrames
txMessages{ii} = [randn(frameSize - taillen,1)
zeros(tailLen,1)]>0;
% Convolutional encoding and puncturing
txCodeword = convenc(txMessages{ii},trellis,puncVector);
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% Modulation

modOut = modulator.step(txCodeword);

% Channel

chanOut = channel.step(modOut);

% Demodulation

demodOut = -demodulator.step(chanOut)/4;

% Convert to soft-decision values

rxSoftMessagesDouble = demodOut./quantStepSize;

rxSoftMessages{ii} = fi(rxSoftMessagesDouble,1l,numSoftBits,0);
end

Set Up Variables for Simulink Simulation

The Simulink model requires streaming samples with accompanying control signals. Use the
whdlFramesToSamples function to convert the framed rxSoftMessages to streaming samples and
generate the matching control signals.

Calculate the required simulation time from the latency of the depuncture and decoder blocks.

samplesizeln = 1;

idlecyclesbetweensamples = 0;

idlecyclesbetweenframes = 0;

if strcmpi(opMode, 'Truncated')
% Truncated mode requires a gap between frames of at least constraintLength-1
idlecyclesbetweenframes = constraintlLength - 1;

end

[sampleIn,ctrlIn] = whdlFramesToSamples(rxSoftMessages,
idlecyclesbetweensamples,idlecyclesbetweenframes, samplesizeln);

depunLatency = 6;
vitLatency = 4*tracebackDepth + constraintLength + 13;
latency = vitlLatency + depunLatency;

simTime = size(ctrlIn,1l) + latency;
sampletime = 1;

Run the Simulink Model

Call the Simulink model to depuncture and decode the samples. The model exports the decoded
samples to the MATLAB workspace. The Depuncture and Viterbi Decoder block parameters are
configured using workspace variables. Because Operation mode is a list parameter, use set param
to assign the workspace value.

Convert the streaming samples back to framed data for comparison.

set param([modelname '/HDL Depuncture and Decode'], 'Open','on');

set param([modelname '/HDL Depuncture and Decode/Viterbi Decoder'], ...
'TerminationMethod', opMode);

sim(modelname);

sampleOut = squeeze(sampleQutTS.Data);

ctrlOut = [squeeze(ctrlQutTS.start.Data)
squeeze(ctrlOutTS.end.Data)
squeeze(ctrlOutTS.valid.Data)l;

rxMessages = whdlSamplesToFrames(sampleOut,ctrlOut);
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Maximum frame size computed to be 1944 samples.
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Verify Results

Compare the output samples against the generated input samples.

fprintf('\nDecoded Samples\n');
for ii = l:numFrames
numBitsErr = sum(xor(txMessages{ii}, rxMessages{ii}));
fprintf('Frame #%d: %d bits mismatch \n',ii,numBitsErr);
end

Decoded Samples

Frame #1: 0 bits mismatch
Frame #2: 0 bits mismatch
Frame #3: 0 bits mismatch
Frame #4: 0 bits mismatch
Frame #5: 0 bits mismatch

See Also

Blocks
Depuncturer | Viterbi Decoder

boolean
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LTE Symbol Modulation of Data Bits

This example shows how to use the LTE Symbol Modulator block to modulate data bits to complex
data symbols. You can generate HDL code from this block.

Set up input data parameters. Choose a data length for each modulation type. The data length must
be an integer multiple of number of bits per symbol.

rng(0);
framesize = 240;

Map modulation names to values
0 - BPSK

1 - QPSK

2 - 16-QAM

3 - 64-QAM

4 - 256-QAM

others - QPSK

0® 0% of o° o o° o°

% For LTE Symbol Modulator Simulink block
modSelval = [0;1;2;3;4];

% For |lteSymbolModulate| function
modSelStr = {'BPSK', 'QPSK', '16QAM"', '64QAM", '256QAM"};

outWordLength = 16;

numframes = length(modSelVal);
dataBits = cell(1l,numframes);
modSelTmp = cell(1l,numframes);
lteFcnOutput = cell(1l,numframes);

Generate frames of random input samples.

for ii = 1l:numframes
dataBits{ii} = logical(randi([0 1], framesize,l));
modSelTmp{ii} = fi(modSelVal(ii)*ones(framesize,1),0,3,0);

end

Convert the framed input data to a stream of samples and input the stream to the LTE Symbol
Modulator Simulink block.

idlecyclesbetweensamples = 0;

idlecyclesbetweenframes 0;

[sampleIn, ctrl] = whdlFramesToSamples(dataBits,idlecyclesbetweensamples,...
idlecyclesbetweenframes);

[modSel, ~] = whdlFramesToSamples(modSelTmp,idlecyclesbetweensamples,...
idlecyclesbetweenframes);

load = logical(ctrl(:,1)"');

validIn = logical(ctrl(:,3)"');

sampletime = 1;
samplesizeln = 1;
simTime = size(ctrl,1);

Run the Simulink model.
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modelname = 'ltehdlSymbolModulatorModel';
open_system(modelname) ;

sim(modelname) ;
boodean
sampleln | dataln
sfi16_Eni4 (c)
dataCiut » sampleOut
boodaan
walidln I validin
il
modSal | modSel
boolaan
validOut p  wvalidOut
boodaan
load | load
Symbaol Modulator
Copyright 2018 The MathWorks, Inc.

Export the stream of modulated samples from Simulink to the MATLAB workspace.

sampleOut = squeeze(sampleQut).';
1teHDLOutput = sampleOut(squeeze(validOut));

Modulate data bits with 1teSymbolModulate function and use its output as a reference data.

for ii = 1l:numframes
lteFcnOutput{ii} = lteSymbolModulate(dataBits{ii},modSelStr{ii}).";
end

Compare the output of the Simulink model against the output of 1TteSymbolModulate function.

fprintf('\nLTE Symbol Modulator\n');

lteFcnOutput = fi(cell2mat(lteFcnOutput),l,outWordLength,outWordLength-2);

difference = sum(abs(lteHDLOutput-1lteFcnOutput(1l:1length(lteHDLOutput))));

fprintf('\nTotal number of samples differed between Simulink block output and Reference data out]

LTE Symbol Modulator
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Total number of samples differed between Simulink block output and Reference data output: 0

See Also

Blocks
LTE Symbol Modulator
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NR Symbol Modulation of Data Bits

3-42

This example shows how to use the NR Symbol Modulator block to modulate data bits to complex
data symbols. You can generate HDL code from this block.

Set up input data parameters. Choose a data length for each modulation type. The data length must
be an integer multiple of number of bits per symbol.

rng(0);
framesize = 240;

ap modulation names to values
- BPSK
- QPSK
- 16-QAM
- 64-QAM
- 256-QAM
- pi/2-BPSK
others - QPSK

UhrhrwWNRFROZX=

0® % o° o° o° o° o° o°

% for NR Symbol Modulator Simulink block
modSelval = [0;1;2;3;4;5];

% for nrSymbolModulate function
modSelStr = {'BPSK', 'QPSK", '16QAM"', '64QAM"', '256QAM", 'pi/2-BPSk'};

outWordLength = 16;

numframes = length(modSelVal);
dataBits = cell(1l,numframes);
modSelTmp = cell(1l,numframes);

nrFcnOutput = cell(1l,numframes);

Generate frames of random input samples.

for ii = 1l:numframes
dataBits{ii} = logical(randi([0 1],framesize,l));
modSelTmp{ii} = fi(modSelVal(ii)*ones(framesize,1),0,3,0);

end

Convert the framed input data to a stream of samples and input the stream to the Simulink block.

idlecyclesbetweensamples = 0;

idlecyclesbetweenframes = 0;

[sampleIn, ctrl] = whdlFramesToSamples(dataBits,idlecyclesbetweensamples, ...
idlecyclesbetweenframes);

[modSel, ~] = whdlFramesToSamples(modSelTmp,idlecyclesbetweensamples,...
idlecyclesbetweenframes);

load = logical(ctrl(:,1)"');

validIn = logical(ctrl(:,3)"');

sampletime = 1;
samplesizeln = 1;
simTime = size(ctrl,61);

Run the Simulink model.
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modelname = 'nrhdlSymbolModulatorModel';
open_system(modelname) ;

sim(modelname) ;
booleaan
sampleln | dataln
sfix16_Eni4 (c)
dataCiut e sampleOut
boolaan
walidin I validin
ufind
modSal | modSel
boolaan
validOut | wvalidOut
boolean
load | load
MR Symbol Modulator
|l-l'| Copyright 2018 The MathWorks, Inc.

Export the stream of modulated samples from Simulink to the MATLAB workspace.

sampleOut = squeeze(sampleOQut).';
nrHDLOutput = sampleOut(squeeze(validOut));

Modulate frame data bits with nrSymbolModulate function and use the output of this function as a
reference data.

for ii = l:numframes
nrFcnOutput{ii} = nrSymbolModulate(dataBits{ii},modSelStr{ii}).";
end

Compare the output of the Simulink model against the output of nrSymbolModulate function.

fprintf('\nNR Symbol Modulator\n');

nrFcnOutput = fi(cell2mat(nrFcnOutput),1,outWordLength,outWordLength-2);

error = sum(abs(nrHDLOutput-nrFcnOutput(l:length(nrHDLOutput))));

fprintf('\nTotal number of samples differed between Behavioral and HDL simulation: %d \n',error)

NR Symbol Modulator
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Total number of samples differed between Behavioral and HDL simulation: 0

See Also

Blocks
NR Symbol Modulator
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LTE Symbol Demodulation of Complex Data Symbols

This example shows how to use the LTE Symbol Demodulator block to demodulate complex LTE data
symbols to data bits or LLR values. The workflow follows these steps:

Set up input data parameters.

Generate frames of random input samples.

Convert framed input data to a stream of samples and import the stream into Simulink®.
Run the Simulink® model, which contains the LTE Symbol Demodulator block.

Export the stream of demodulated samples from Simulink to the MATLAB® workspace.

S U1 A W N R

Demodulate data symbols with 1teSymbolDemodulate function to use its output as a reference
data.

7 Compare Simulink block output data with the reference MATLAB function output.
Set up input data parameters.

Map modulation names to values. The numerical values are used to set up the LTE Symbol
Demodulator block. The strings are used to configure the 1teSymbolDemodulator function.

rng(0);

framesize = 10;

% 0 - BPSK

% 1 - QPSK

% 2 - 16-QAM

% 3 - 64-QAM

% 4 - 256-QAM

% others - QPSK

modSelVal = [0;1;2;3;4];

modSelStr = {'BPSK', 'QPSK"', '16QAM', '64QAM', '256QAM"'};

decType = 'Soft';

numframes = length(modSelVal);
dataSymbols = cell(1l,numframes);
modSelTmp = cell(1l,numframes);
lteFcnOutput = cell(1l,numframes);

Generate frames of random input samples.

for ii = l:numframes
dataSymbols{ii} = complex(randn(framesize,l),randn(framesize,1));
modSelTmp{ii} = fi(modSelVal(ii)*ones(framesize,1),0,3,0);

end

Convert the framed input data to a stream of samples and input the stream to the LTE Symbol
Demodulator Simulink block.

idlecyclesbetweensamples 0;

idlecyclesbetweenframes 0;

[sampleIn, ctrl] = whdlFramesToSamples(dataSymbols,idlecyclesbetweensamples, ...
idlecyclesbetweenframes);

[modSel, ~] = whdlFramesToSamples(modSelTmp,idlecyclesbetweensamples, ...
idlecyclesbetweenframes);
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validIn = logical(ctrl(:,3)"');

sampletime = 1;
samplesizeln = 1;
simTime = size(ctrl,1)*8;

Run the Simulink model.

modelname = 'ltehdlSymbolDemodulatorModel"';

open_system(modelname) ;

set param([modelname '/Demod/LTE Symbol Demodulator'], 'DecisionType',decType)
sim(modelname);

3-46
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Export the stream of demodulated samples from Simulink to the MATLAB workspace.
1teHDLOutput = sampleQut(validOut).';

Demodulate data symbols with 1teSymbolDemodulate function and use its output as a reference
data.

for ii = l:numframes
lteFcnOutput{ii} = lteSymbolDemodulate(dataSymbols{ii},modSelStr{ii},decType).";
end

Compare the output of the Simulink model against the output of L1teSymbolDemodulate function.

lteFcnOutput = double(cell2mat(lteFcnOutput));

figure(1)
stem(1lteHDLOutput, 'b")
hold on
stem(lteFcnOutput,'--r")
grid on

legend('Reference', 'Simulink")

xlabel('Sample Index')

ylabel('Magnitude")

title('Comparison of Simulink Block and MATLAB Function')
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Comparison of Simulink Block and MATLAB Function
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See Also

Blocks
LTE Symbol Demodulator
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NR Symbol Demodulation of Complex Data Symbols

3-48

This example shows how to use the NR Symbol Demodulator block to demodulate complex NR data
symbols to data bits or LLR values. The workflow follows these steps:

Set up input data parameters.

Generate frames of random input samples.

Convert framed input data to a stream of samples and import the stream into Simulink.
Run the Simulink® model, which contains the NR Symbol Demodulator block.

Export the stream of demodulated samples from Simulink to the MATLAB® workspace.

S U1 A W N R

Demodulate data symbols with nrSymbolDemodulate function to use its output as a reference
data.

7 Compare Simulink block output data with the reference MATLAB function output.
Set up input data parameters.

Map modulation names to values. The numerical values are used to set up the NR Symbol
Demodulator block. The strings are used to configure the nrSymbolDemodulator function.

rng(0);
framesize = 10;

- BPSK
- QPSK
- 16-QAM
64-QAM
- 256-QAM
- pi/2-BPSK
others - QPSK
modSelVal [0;1;2;3;4;5];
modSelStr {'BPSK"', 'QPSK', '16QAM', '64QAM', '256QAM', 'pi/2-BPSK'};

0® 0% of o° o o° o°
U WNRERO
f

decType = 'Soft';

numframes = length(modSelVal);
dataSymbols = cell(1l,numframes);
modSelTmp = cell(1l,numframes);
nrFcnOutput = cell(1l,numframes);

Generate frames of random input samples.

for ii = l:numframes
dataSymbols{ii} = complex(randn(framesize,l),randn(framesize,1));
modSelTmp{ii} = fi(modSelVal(ii)*ones(framesize,1),0,3,0);

end

Convert the framed input data to a stream of samples and input the stream to the NR Symbol
Demodulator Simulink block.

idlecyclesbetweensamples 0;

idlecyclesbetweenframes 0;

[sampleIn, ctrl] = whdlFramesToSamples(dataSymbols,idlecyclesbetweensamples, ...
idlecyclesbetweenframes);

[modSel, ~] = whdlFramesToSamples(modSelTmp,idlecyclesbetweensamples, ...
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idlecyclesbetweenframes);
validIn = logical(ctrl(:,3)"');
sampletime = 1;
samplesizeln = 1;
simTime = size(ctrl,1)*8;

Run the Simulink model.
modelname = 'nrhdlSymbolDemodulatorModel’;

open_system(modelname) ;
set param([modelname '/NRDemod/NR Symbol Demodulator'], 'DecisionType',decType)

sim(modelname) ;
sfi16_En13 (c) s 18_Enl3

1 P 1 1 p sampleCut
boolaan boolaan

2 o2 2 p|  validOut
ufind i - boodaan

soolaan MRDemod
_____ ! |

Copyright 2018 The MathWorks, Inc.

Export the stream of demodulated samples from Simulink to the MATLAB workspace.
nrHDLOutput = sampleOut(validOut).';

Demodulate data symbols with nrSymbolDemodulate function and use its output as a reference
data.

for ii = l:numframes
nrFcnOutput{ii} = nrSymbolDemodulate(dataSymbols{ii},modSelStr{ii}, 'DecisionType',decType,1)."';
end

Compare the output of the Simulink model against the output of nrSymbolDemodulate function

nrFcnOutput = double(cell2mat(nrFcnOutput));

figure(1l)
stem(nrHDLOutput, 'b")
hold on
stem(nrFcnOutput, '--r")
grid on

legend('Reference', 'Simulink')

xlabel('Sample Index')

ylabel('Magnitude")

title('Comparison of Simulink block and MATLAB function')
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Comparison of Simulink block and MATLARE function
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Application of FFT 1536 block in LTE OFDM Demodulation

This example shows how to use the FFT 1536 block in LTE OFDM demodulation.

Generate transmitter waveform.

Remove cyclic prefix.

Prepare inputs for FFT 1536 simulation.

Form resource grid.

Compare the CellRS symbols from the grid with that of 1teCellRS function.
Generate HDL code.

o U A W N M

Generate transmitter waveform.

cfg = lteTestModel('1.1","'15MHz");
cfg.TotSubframes = 1;
tx = lteTestModelTool(cfg);
The above transmitter waveform generation uses a 2048-point FFT, which results in a scaling factor
1
of %= in OFDM modulation. If a 1536-point FFT were used, the waveform would have a scaling factor

1 2045
of TiiG. This example multiplies the waveform by a factor of 1% to achieve the correct scaling.
tx = tx*(2048/1536);

] 3. 0Mehi

To achieve a 23.04 Msps sampling rate, resample the tx samples by + = .72

rx = resample(tx,3,4); % rate conversion from 30.72Msps to 23.04Msps

Remove cyclic prefix. The first symbol of each slot has 12 additional CP samples.

rx(11520+1:11520+12) = []; % discard 12 CP samples in slot 2

rx(1:12) = []; % discard 12 CP samples in slot 1

rx = reshape(rx,108+1536,14); % reshape to form 14 OFDM symbols
rx(1:108,:) = []1; % discard remaining 108 CP samples from all symbols

Prepare inputs for FFT 1536 simulation.
SampleTime = 4.3e-8; % 1/23.04€6;
data = rx(:);

valid = true(1536*14,1);

data = fi(data,1,22,20);

dataln = timeseries(data, (0:length(data)-1).'*SampleTime);
validIn = timeseries(valid, (0:length(valid)-1).'*SampleTime);

FFT1536Latency = 3180;

NofClks = FFT1536Latency+length(data); % number of simulation clock cycles
StopTime = (NofClks)*SampleTime;

open_system HDLFFT1536model;
sim HDLFFT1536model;
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f22 En20c) f24 En20 (c)
dataln o= | dats data i) | dataOut
FFT 1536
Latency = 3180 1
Lana | trol a0
validin =an I vealid ot ian-pec:lnm E:I'Ib STEFI.DLIt
: <stan>
FFT 1536
b0
.................... » Eal'll-h:_ endOut
<gnd>
0
| validout
<yalid=
E Copyright 2012 The MathWaorks, Inc. .
simOut = dataOut(validOut);
simOut = double(simOut(:)*1536);

Form the resource grid and remove the DC subcarrier.

fftOut = fftshift(reshape(simOut,1536,14));
resourceGrid = fftOut(318+1:318+1+900,:);
resourceGrid(900/2+1,:) = [1;

Compare the CellRS symbols from the grid with the symbols returned from the 1teCel1lRS function.

cellRS = lteCellRS(cfg);
cellRSIndices = lteCellRSIndices(cfg);
simCellRS = resourceGrid(cellRSIndices);
figure;
plot(real(simCellRS),imag(simCellRS), 'o', 'MarkerSize',15);
hold on;
plot(real(cellRS),imag(cellRS), '*', 'MarkerSize',10)
legend('CellRS symbols from the FFT 1536 simulation grid'...
, 'CellRS symbols from lteCellRS function', 'Location', 'southoutside')
axis([-11 -1 1]);
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To generate HDL code for the FFT 1536 block, you must have an HDL Coder™ license. To generate
HDL code from the FFT 1536 block in this model, right-click the block and select Create Subsystem
from Selection. Then right-click the subsystem and select HDL Code > Generate HDL Code for
Subsystem.

See Also

Blocks
FFT 1536
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Convolutional Encode and Puncture Streaming Samples

startin

This example shows how to use the hardware-friendly Convolutional Encoder and Puncturer blocks to
encode samples at WLAN code rates.

1  Generate random input frame samples with frame control signals by using the
whdlFramesToSamples function in MATLAB®.

2 Import these samples into a Simulink® model and run the model to encode and puncture the
samples.

3  Export the result of the Simulink simulation back to MATLAB.
Generate reference samples using the convenc MATLAB function with puncturing enabled.
5 Compare the Simulink results with the reference samples.

The example model supports HDL code generation for the EncodeAndPuncture subsystem, that
contains the Convolutional Encoder and Puncturer blocks.

modelname = 'GenConvEncPuncturerModel';
open_system(modelname) ;

¥

dataln dataCut » sampleOut

sampleln

endin
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Set up workspace variables that describe the code rate. The Convolutional Encoder block supports
constraint lengths in the range [3,9] and polynomial lengths in the range [2,7].

Starting from a code rate of 1/2, IEEE 802.11 WLAN specifies three puncturing patterns to generate
three additional code rates. Choose one of these code rates, and then set the frame size and
puncturing pattern based on that code rate. You can also choose the unpunctured code rate of 1/2.

IEEE 802.11 WLAN specifies different code rates and uses 'Terminated' mode. The blocks also
support 'Continuous' mode and 'Truncated' modes, but they are not included in this example.

constraintLength = 7;
codeGenerator = [133 171];

trellis = poly2trellis(constraintLength, ...

codeGenerator);
% IEEE 802.11n-2009 WLAN 1/2 (7, [133 171])
% Rate Puncture Pattern Maximum Frame Size
% 1/2 [1;1;1;1] 2592



Convolutional Encode and Puncture Streaming Samples

% 2/3 [1;1;1;0] 1728
% 3/4 [1;1;1;0;0;1] 1944
% 5/6 [1;1;1;0;0;1;1;0;0;1] 2160
codeRate = 3/4;

if (codeRate == 2/3)

pu

ncVector = logical([1;1;1;01);

frameSize = 1728;

elseif
pu

(codeRate == 3/4)
ncVector = logical([1;1;1;0;0;1]1);

frameSize = 1944;

elseif
pu

(codeRate == 5/6)
ncVector = logical([1;1;1;0;0;1;1;0;0;1]);

frameSize = 2160;
else % codeRate == 1/2

puncVector = logical([1;1;1;1]);
frameSize = 2592;
end

Generate input frame samples for encoding and puncturing by using Communications Toolbox™
System objects to generate encoded samples.

numFrames = 5;

txMessages
txCodeword

cell(1,numFrames);
cell(1,numFrames);

for ii = l:numFrames
txMessages{ii} = logical(randn(frameSize-constraintLength+1,1));
end

Set up variables for Simulink simulation. The Simulink model requires streaming samples with
accompanying control signals. Calculate the required simulation time from the latency of the
Convolutional Encoder and Puncturer blocks.

samplesizeln = 1;

idlecyclesbetweensamples = 0;

idlecyclesbetweenframes = constraintLength-1;

[sampleIn,ctrlIn] = whdlFramesToSamples(txMessages,
idlecyclesbetweensamples,idlecyclesbetweenframes, samplesizeln);

startIn = ctrlIn(:,1);
endIn = ctrlIn(:,2);
validIn = ctrlIn(:,3);

simTime = size(ctrlIn,1)+6;
sampletime = 1;

Run the Simulink model.

set param([modelname '/EncodeAndPuncture'], 'Open','on');
sim(modelname);
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Convert the streaming samples from the Simulink block output to framed data for comparison.

sampleOut = squeeze(sampleOut);

startOut = ctrlOut(:,1);
endOut = ctrlOut(:,2);
validOut = ctrlOut(:,3);
idxStart = find(startOut.*validOut);

idxEnd = find(endOut.*validOut);

Generate reference samples using convenc MATLAB function.

for ii = l:numFrames
txCodeword{ii} = convenc([txMessages{ii};false(constraintLength-1,1)1,...
trellis, puncVector);
end

Compare the output samples against the generated input samples.

fprintf('\nEncoded Samples\n');
for ii = l:numFrames

idx = idxStart(ii):idxEnd(ii);

idxValid = (validOut(idx));

dataOut = sampleOut(:,idx);

hd1TxCoded = dataOut(:,idxValid);

numBitsErr = sum(xor(txCodeword{ii}, hd1lTxCoded(:)));

fprintf('Number of samples mismatched in the frame #%d: %d bits\n',ii,numBitsErr);
end

Encoded Samples

Number of samples mismatched in the frame #1: 0 bits
Number of samples mismatched in the frame #2: 0 bits
Number of samples mismatched in the frame #3: 0 bits
Number of samples mismatched in the frame #4: 0 bits
Number of samples mismatched in the frame #5: 0 bits
See Also

Blocks

Convolutional Encoder | Puncturer
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OFDM Demodulation of Streaming Samples

This example shows how to use the OFDM Demodulator block to demodulate complex time-domain
OFDM samples to subcarriers for a vector input. This example model supports HDL code generation
for the OFDMDemod subsystem.

Set Up Input Data Parameters

Set up these workspace variables for the model to use. You can modify these values according to your
requirement.

rng('default');
numOFDMSym = 2;

maxFFTLen = 128;

DCRem = true;
RoundingMethod = 'floor';
Normalize = false;
cpFraction = 1;

fftLen = 64;
cpLen = 16;
numLG = 6;
numRG = 5;
if DCRem
NullInd = [1l:numLG fftLen/2+1 fftLen-numRG+1l:fftLen];
else
NullInd = [1:numLG fftLen-numRG+1l:fftLen]; %#ok<UNRCH>
end

symbOffset = floor(cpFraction*cpLen);
vecLen = 2;

Generate Frames of Random Input Samples

Generate frames of random samples using the MATLAB function randn.

data = randn(fftLen,numOFDMSym)+1i*randn(fftLen,numOFDMSym);
dataIn = ofdmmod(data, fftLen,cplLen);

Convert Frames to Stream of Random Samples

Convert frames of random samples to a stream of random samples to provide them as input to the
block.

data = dataln(:);
valid = true(length(dataIn)/veclLen,l1

)i
fftSig = fftLen*ones(length(dataln),l);

CPSig = cpLen*ones(length(dataIn),1);
LGSig = numLG*ones(length(dataln),l);
RGSig = numRG*ones(length(dataIn),1);

resetSig = false(length(data),l);
sampleTime = 1/veclen;
stopTime = (maxFFTLen*3*numOFDMSym)/veclLen;

Run Simulink model

Running the model imports the input signal variables to the block from the script and exports a
stream of demodulated output samples from the block to the MATLAB workspace.
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modelname = 'genhdlOFDMDemodulatorModel';
open_system(modelname) ;

out = sim(modelname);

simOut = squeeze(out.datalOut(:,1,out.validOut==1));
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Demodulate Stream Samples Using MATLAB Function

Demodulate stream of random input samples using the ofdmdemod baseline function.

[dataOutl] = ofdmdemod baseline(dataIn,fftLen,cpLen,symbOffset,NullInd."',[],Normalize,RoundingMe
matOut = dataOutl(:);

Compare Simulink Block Output with MATLAB Function Output

Compare the output of the Simulink model against the output of ofdmdemod baseline function

figure('units', 'normalized’, 'outerposition',[0 0 1 1])

subplot(2,1,1)

plot(real(matOut(:)));

hold on;

plot(real(simOut(:)));

grid on

legend('Reference’, 'Simulink")

xlabel('Sample Index')

ylabel('Magnitude")

title('Comparison of Simulink block and MATLAB function - Real part')

subplot(2,1,2)
plot(imag(matOut(:)));
hold on;
plot(imag(simQut(:)));
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grid on

legend('Reference’, 'Simulink")

xlabel('Sample Index')

ylabel('Magnitude")

title('Comparison of Simulink block and MATLAB function - Imaginary part')

sqnrRealdB=10*1ogl0(var(real(simOut(:)))/abs(var(real(simOut(:)))-var(real(matOut(:)))));
sqnrImagdB=10*1ogl0(var(imag(simOut(:)))/abs(var(imag(simOut(:)))-var(imag(matOut(:)))));

fprintf('\n OFDM Demodulator: \n SQNR of real part is %.2f dB',6sgnrRealdB);
fprintf('\n SQNR of imaginary part is %.2f dB\n',sqnrImagdB);

OFDM Demodulator:
SQNR of real part is 47.77 dB
SQNR of imaginary part is 42.69 dB
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See Also

Blocks
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Decode and recover message from RS codeword

Decode and recover message from RS codeword

This example shows how to use RS Decoder block to decode and recover a message from a Reed-
Solomon (RS) codeword. In this example, a set of random inputs are generated and provided to the
comm.RSEncoder function and its output is provided to the RS Decoder block. The output of the RS
Decoder block is compared with the input of the comm.RSEncoder function to check whether any
errors are encountered. The example model supports HDL code generation for the RS Decoder
subsystem.

Set Up Input Data parameters

Specify the input variables.

n = 255;

k = 239;

primPoly = [1 0001110 1];
B=1;

nMessages = 4;

data = zeros(k,nMessages);
inputMsg = (zeros(n,nMessages));
startSig = [];

endSig = [];

Generate Random Input Samples

Generate random samples based on n,k, and m values and provide them as input to the
comm.RSEncoder function. Here, n is the codeword length, k is the message length, and m is the gap
between the frames.

hRSEnc = comm.RSEncoder;
hRSEnc.CodewordLength =
hRSEnc.MessagelLength = k;
m=0;

for ii = l:nMessages

data(:,ii) = randi([0 n],k,1);
[1nputMsg(1 n,ii)] = hRSEnc(data(:,ii));
inputMsgl(1l:n,ii) = inputMsg(l:n,ii);
[inputMsg(n+1l:n+m,ii)] = zeros(m,1);
validIn(1l:n,ii) = true;

validIn(n+1l:n+m) = false;

endSig = [endSig [false(n-1,1); true;false(m,1);11;
startSig = [startSig [true;false(n+m-1,1)11;

end

refOutput = data(:);

Import Encoded Random Input Samples to the Simulink® Model

Provide the output of the comm.RSEncoder function as input to the Simulink model.
simDataIn = inputMsg(:);

simStartIn = startSig(:);

simEndIn = endSig(:);
simValidIn = validIn(:);
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Run the Simulink Model

Run the Simulink model to export the decoded samples of the Simulink block to the MATLAB®
workspace.

modelname = 'RSDecoder';
open_system(modelname) ;

out = sim(modelname);

simOutput = out.dataOut(out.validOut);

uintE
dataOut | oul.dataOut
double uintB
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nextFrams oul validOut
Sample Control
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simValidin »| boolean —a};:m" RS Decoder
) pout.errOut]
Copyright 2020 The MathWorks, Inc. Petouil AUmErTons|
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Compare Simulink Block Output with MATLAB Function Input
Compare the output of the Simulink block with the input provided to the comm.RSEncoder function.
fprintf('\nHDL RS Decoder\n');

difference = double(simOutput) - double(refOutput);
fprintf('\nTotal number of samples differed between Simulink block output and MATLAB function ou

HDL RS Decoder

Total number of samples differed between Simulink block output and MATLAB function output is: ©

See Also

Blocks
RS Decoder
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LDPC Encode and Decode of 5G NR Streaming Data

This example shows how to simulate the NR LDPC Encoder and NR LDPC Decoder Simulink® blocks
and compare the hardware-optimized results with the results from the 5G Toolbox™ functions. These
blocks support scalar and vector inputs. The NR LDPC Decoder block enables you to select either
Min-sum or Normalized min-sum algorithm for decoding operation.

Generate Input Data for Encoder

Choose a series of input values for bgn and liftingSize according to the 5G new radio (NR) standard.
Generate the corresponding input vectors for the selected base graph number (bgn) and liftingSize
values. Generate random frames of input data and convert them to Boolean data and control signal
that indicates the frame boundaries. encFrameGap accommodates the latency of the NR LDPC
Encoder block for bgn and liftingSize values. Use the nextFrame signal to determine when the block
is ready to accept the start of the next input frame.

[0; 1; 1; 0];
[4; 384; 144; 208];

bgn
liftingSize
numFrames = 4;

serial = false; % true for serial inputs and false for parallel inputs

encbgnIn = [];encliftingSizeIn = [];

msg = {numFrames};

K=[1;N=[];

encSampleIn = [];encStartIn = [];encEndIn = [];encValidIn = [];
encFrameGap = 2500;

for ii = l:numFrames

if bgn(ii) ==
K(ii) = 22;
N(ii) = 66;
else
K(ii) = 10;
N(ii) = 50;
end

frameLen = liftingSize(ii) * K(ii);

msg{ii} = randi([0 1],1,framelLen);

if serial

len = K(ii) * liftingSize(ii);

encFrameGap = liftingSize(ii) * N(ii) + 2500;

else

len = K(ii) * ceil(liftingSize(ii)/64); S#ok<*UNRCH>
encFrameGap = 2500;

end

encIn = ldpc _dataFormation(msg{ii},liftingSize(ii),K(ii),serial);

encSampleIn = logical([encSampleIn encIn zeros(size(encIn,l),encFrameGap)]); S#ok<*AGROW>
encStartIn = logical([encStartIn 1 zeros(1l,len-1) zeros(1l,encFrameGap)l]);

encEndIn = logical([encEndIn zeros(1l,len-1) 1  zeros(1l,encFrameGap)l]);

encValidIn = logical([encValidIn ones(1,len) zeros(1,encFrameGap)]);

encbgnIn = logical([encbgnIn repmat(bgn(ii),1,len) zeros(1l,encFrameGap)l]);
encliftingSizeIn = uintl6([encliftingSizeIn repmat(liftingSize(ii),1,len) zeros(1l,encFrameGa

end

encSampleIn = timeseries(logical(encSampleln'));
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sampleTime = 1;
simTime = length(encValidIn); %#0ok<NASGU>

Run Encoder Model

The HDL Algorithm subsystem contains the NR LDPC Encoder block. Running the model imports
the input signal variables encSampleIn, encStartIn, encEndIn, encValidIn, encbgnlIn,
encliftingSizelIn, sampleTime, and simTime and exports sampleOut and ctrlOut variables to
the MATLAB® workspace.

open_system('NRLDPCEncoderHDL");
encOut = sim('NRLDPCEncoderHDL");

boohaan [G4)
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ifingSizeln nextFrame - j
uint16 HDL Algorithm
encliftingSizeln
|l-l'| Copyright 2020 - 2022 The MathWwarks, Inc.

Verify Encoder Results

Convert the streaming data output of the block to frames and then compare them with the output of
the nrLDPCEncode function.

startIdx = find(encOut.ctrlOut.start.Data);
endIdx = find(encOut.ctrlOut.end.Data);

for ii = 1l:numFrames
encHDL{ii} = ldpc_dataExtraction(encOut.sampleOut.Data,liftingSize(ii),startIdx(ii),endIdx(1i.
encRef = nrLDPCEncode(msg{ii}',bgn(ii)+1);
error = sum(abs(encRef - encHDL{ii}));
fprintf(['Encoded Frame %d: Behavioral and '
'"HDL simulation differ by %d bits\n'],ii,error);
end

Encoded Frame
Encoded Frame
Encoded Frame
Encoded Frame

Behavioral and HDL simulation differ by 0 bits
Behavioral and HDL simulation differ by 0 bits
Behavioral and HDL simulation differ by 0 bits
: Behavioral and HDL simulation differ by 0 bits

A WNR

Generate Input Data for Decoder

Use the encoded data from the NR LDPC Encoder block to generate input log-likelihood ratio (LLR)
values for the NR LDPC Decoder block. Use channel, modulator, and demodulator system objects to
add some noise to the signal. Again, create vectors of bgn and liftingSize and convert the frames of
data to LLRs with a control signal that indicates the frame boundaries. decF rameGap accommodates
the latency of the NR LDPC Decoder block for bgn, liftingSize, and number of iterations. Use the
nextFrame signal to determine when the block is ready to accept the start of the next input frame.
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nVar 1.2;
chan comm.AWGNChannel( 'NoiseMethod', 'Variance', 'Variance',nVar);
bpskMod = comm.BPSKModulator;
bpskDemod = comm.BPSKDemodulator('DecisionMethod’,
"Approximate log-likelihood ratio', 'Variance',nVar);

algo = 'Normalized min-sum'; % 'Min-sum' or 'Normalized min-sum'
if strcmpi(algo, 'Min-sum')
alpha = 1;
else
alpha = 0.75;
end

numIter = 8;

decbgnIn = [];decliftingSizeIn = [];

rxLLR = {numFrames};

decSampleIn = [];decStartIn = [];decEndIn = [];decValidIn = [];

for ii=1:numFrames
mod = bpskMod(double(encHDL{ii}));
rSig = chan(mod);
rxLLR{ii} = fi(bpskDemod(rSig),1,6,0);

if serial

len = N(ii)* liftingSize(ii);

decFrameGap = numIter *7000 + liftingSize(ii) * K(ii);
else

len = N(ii)* ceil(liftingSize(ii)/64);

decFrameGap = numIter *1200;
end

decIn = ldpc_dataFormation(rxLLR{ii}',liftingSize(ii),N(ii),serial);

decSampleIn = [decSampleIn decIn zeros(size(decIn,l),decFrameGap)]; %#ok<*AGROW>

decStartIn = logical([decStartIn 1 zeros(1l,len-1) zeros(1l,decFrameGap)l]);

decEndIn = logical([decEndIn zeros(1l,len-1) 1  zeros(1l,decFrameGap)l]);

decValidIn = logical([decValidIn ones(1,len) zeros(1,decFrameGap)]);

decbgnIn = logical([decbgnIn repmat(bgn(ii),1,len) zeros(1l,decFrameGap)l]);

decliftingSizeIn = uintl6([decliftingSizeIn repmat(liftingSize(ii),1,len) zeros(1l,decFrameGa
end

decSampleIn = timeseries(fi(decSampleln',1,6,0));
simTime = length(decValidIn);

Run Decoder Model

The HDL Algorithm subsystem contains the NR LDPC Decoder block. Running the model imports
the input signal variables decSampleln, decStartIn, decEndIn, decValidIn, decbgnlIn,
decliftingSizelIn, numIter, sampleTime, and simTime and exports a stream of decoded output
samples sampleOut along with control signal ctrlOut to the MATLAB workspace.

open_system('NRLDPCDecoderHDL");
if alpha ~=1

set param('NRLDPCDecoderHDL/HDL Algorithm/NR LDPC Decoder', 'Algorithm', 'Normalized min-sum')
else

set param('NRLDPCDecoderHDL/HDL Algorithm/NR LDPC Decoder', 'Algorithm', 'Min-sum');
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end
decOut = sim('NRLDPCDecoderHDL");
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Verify Decoder Results

Convert the streaming data output of the block to frames and then compare them with the output of
the nrLDPCDecode function.

startldx = find(decOut.ctrlOut.start.Data);
endIdx = find(decOut.ctrlOut.end.Data);
for ii = l:numFrames

decHDL{ii} = ldpc dataExtraction(decOut.sampleOQut.Data,liftingSize(ii),startIdx(ii),endIdx(ii
decRef = nrLDPCDecode(double(rxLLR{ii}),bgn(ii)+1,numIter, 'Algorithm', 'Normalized min-sum', "
'"Termination', 'max');
error = sum(abs(double(decRef) - decHDL{ii}));
fprintf ([ 'Decoded Frame %d: Behavioral and '
'"HDL simulation differ by %d bits\n'],ii,error);
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end

Decoded Frame 1: Behavioral and HDL simulation differ by 0 bits
Decoded Frame 2: Behavioral and HDL simulation differ by 0 bits
Decoded Frame 3: Behavioral and HDL simulation differ by 0 bits
Decoded Frame 4: Behavioral and HDL simulation differ by 0 bits
See Also

Blocks

NR LDPC Decoder | NR LDPC Encoder

Functions

nrLDPCDecode | nrLDPCEncode
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Estimate Channel Using Input Data and Reference Subcarriers

This example shows how to use the OFDM Channel Estimator block to estimate a channel using input
data and reference subcarriers. In this example model, the averaging and interpolation features are
enabled. The HDL Algorithm subsystem in this example model supports HDL code generation.

Set Input Data Parameters

Set up these workspace variables for the model to use. You can modify these values according to your
requirement.

rng('default');
numOFDMSym = 980;
numOFDMSymToBeAvg = 14;
interpolFac = 3;
maxNumScPerSym = 72;
numOFDMSymPerFrame = 140;
numScPerSym = 72;

Generate Sinusoidal Input Data Subcarriers

Use the numScPerSym and numOFDMSym variables to generate complex sinusoidal input data
subcarriers with their real and imaginary parts generated separately.

dataInGrid = zeros(numScPerSym, numOFDMSym) ;
for numScPerSymCount = 0:numScPerSym - 1
for numOFDMSymCount = 0:numOFDMSym - 1
realXgain = 1 + .2*sin(2*pi*numScPerSymCount/numScPerSym);
realYgain = 1 + .5*sin(2*pi*numOFDMSymCount/numOFDMSymPerFrame) ;
imagXgain = 1 + .3*sin(2*pi*numScPerSymCount/numScPerSym);
imagYgain = 1 + .4*sin(2*pi*numOFDMSymCount/numOFDMSymPerFrame) ;
dataInGrid(numScPerSymCount+1,numOFDMSymCount+1l) = realXgain*realYgain + 1li*(imagXgain*il
end
end
validIn = true(l,length(dataInGrid(:)));

figure(l);

surf(real(dataInGrid))

xLlabel('OFDM Symbols"')
ylabel('Subcarriers")
zlabel('Magnitude"')

title('Input Data Grid (Real Part)')

figure(2);

surf(imag(dataInGrid))

xLlabel('OFDM Symbols"')
ylabel('Subcarriers")

zlabel('Magnitude"')

title('Input Data Grid (Imaginary Part)')
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Input Data Grid (Imaginary Part)

=
n

Magnitude

Subcarriers 0 o OFDM Symbols

Generate Reference Data Subcarriers

Generate reference data subcarriers.

refDataln = randsrc(size(dataInGrid(:),1),size(dataInGrid(:),2),[1 11);

refValidIn = boolean(zeros(1l,numOFDMSym*numScPerSym));

startRefValidIndex = randi(interpolFac,1,1);

for numOFDMSymCount = 1:numOFDMSym
refValidIn(startRefValidIndex+(numOFDMSymCount-1)*numScPerSym:interpolFac:numScPerSym*numOFDI

end

Generate Signal with Number of Subcarriers per Symbol

Generate a signal with the number of subcarriers per symbol.

numScPerSymIn = numScPerSym*true(1l,length(dataInGrid(:)));
resetSig = false(1l,length(dataInGrid(:)));

Run Simulink® Model

Run the model. Running the model imports the input signal variables from the MATLAB workspace to
the OFDM Channel Estimator block in the model.

modelname = 'genhdlOFDMChannelEstimatorModel';

open_system(modelname);
out = sim(modelname);
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Export Stream of Channel Estimates from Simulink to MATLAB® Workspace

Export the output of the OFDM Channel Estimator block to the MATLAB workspace. Plot the real part
and imaginary part of the exported block output.

simOut = out.dataOut.Data(out.validOut.Data);

N = length(simOut) - mod(length(simQOut),numScPerSym);

temp = simOut(1l:N);

channelEstimateSimOut = reshape(temp,numScPerSym,length(temp)/numScPerSym);

figure(3);

surf(real(channelEstimateSimOut))
xLlabel('OFDM Symbols"')

ylabel('Subcarriers")

zlabel('Magnitude"')

title('Channel Estimator Output (Real Part)')

figure(4);

surf(imag(channelEstimateSimQut))

xlabel('OFDM Symbols"')

ylabel('Subcarriers")

zlabel('Magnitude")

title('Channel Estimator Output (Imaginary Part)"')
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Estimate Channel Using MATLAB Function

Estimate the channel by using the channelEstReference function with the sinusoidal input data
subcarriers.

dataOutl = channelEstReference(...
numOFDMSymToBeAvg, interpolFac, numScPerSym, numOFDMSym,
dataInGrid(:),validIn, refDataln,refValidIn,numScPerSymIn);

matlabOut = dataOutl(:);

matOut = zeros(numel(matlabOut)*numScPerSym,1);

for ii= 1l:numel(matlabOut)

loadArray = [matlabOut(ii).dataOut; zeros((numel(matlabOut)-1)*numScPerSym,1)];

shiftArray = circshift(loadArray, (ii-1)*numScPerSym);

matOut = matOut + shiftArray;

end

Compare Simulink Block Output with MATLAB Function Output

Compare the OFDM Channel Estimator block output with channelEstReference function output.
Plot the output comparison as a real part and an imaginary part using separate plots.

figure('units', 'normalized’, 'outerposition',[0 0 1 1])
subplot(2,1,1)

plot(real(matOut(:)));

hold on;

plot(real(simOut(:)));

grid on

legend('MATLAB reference output', 'Simulink block output')
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xlabel('Sample Index')
ylabel('Magnitude")
title('Comparison of Simulink Block and MATLAB Function (Real Part)')

subplot(2,1,2)

plot(imag(matOut(:)));

hold on;

plot(imag(simQut(:)));

grid on

legend('MATLAB reference output', 'Simulink block output')

xlabel('Sample Index')

ylabel('Magnitude")

title('Comparison of Simulink Block and MATLAB Function (Imaginary Part)')

sqnrRealdB
sqnrImagdB

10*1ogl0(double(var(real(simOut(:)))/abs(var(real(simOut(:)))-var(real(matOut(:))))
10*1ogl0(double(var(imag(simOut(:)))/abs(var(imag(simOut(:)))-var(imag(matOut(:))))

fprintf('\n OFDM Channel Estimator \n SQNR of real part: %.2f dB',sqnrRealdB);
fprintf('\n SQNR of imaginary part: %.2f dB\n',sqgnrImagdB);

OFDM Channel Estimator
SQNR of real part: 38.54 dB
SQNR of imaginary part: 37.77 dB
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Comparison of Simulink Block and MATLAB Func‘tlon (Real Part)
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Modulate and Demodulate OFDM Streaming Samples

This example model shows how to use OFDM Modulator and OFDM Demodulator blocks in Wireless
HDL Toolbox™. In this model, an OFDM Modulator and an OFDM Demodulator block are connected
back-to-back. The OFDM parameters source parameter in these blocks is set to Input port,
enabling you to dynamically change the input values of these blocks. You can change these values
using the script in this example. These blocks support scalar and vector inputs. To verify the
functionality of these blocks, the input provided to the OFDM Modulator block is compared with the
output of the OFDM Demodulator block. The 0FDMModDemod HDL subsystem in this example
supports HDL code generation.

Set Input Data Parameters

Set up these workspace variables for the Simulink® model to use. You can modify these values
according to your requirement. The model in this example uses these workspace variables fftLen,
maxFFTLen, cpLen, numLG, numRG, numSymb, and DCNul1l to configure the OFDM Modulator and
OFDM Demodulator blocks.

fftLen = 64; % FFT length
maxFFTLen = 128; % Maximum FFT length
cpLen = 16; % Cylic prefix length
numLG = 6; % Number of left guard carriers
numRG = 5; % Number of right guard carriers
numSymb = 2; % Number of right guard carriers
DCNull = 1; % 1 or O
vecLen = 4; % Vector length - 1, 2, 4, 8, 16, 32, or 64
if DCNull==

numActData = fftLen - (numLG+numRG+1);
else

numActData = fftLen - (numLG+numRG) ;
end

Generate Input Data Frames

Generate random frames of complex input data and a control signal that indicates the frame
boundaries.

rng default;
datalIn = complex(randn(numActData*numSymb, 1), randn(numActData*numSymb,1));
dataVec = []; % Store data arranged in vector form
presentSymbDataStartIndex = 0;
for ii = 1:numSymb
counter = 0;
for jj = l:ceil(numActData/vecLen)
if jj == ceil(numActData/vecLen)
numZerosTobeAppended = vecLen - (numActData-counter);
dataVec = [dataVec [dataln(presentSymbDataStartIndex+counter+(1l:vecLen-numZerosTobeA
else
dataVec = [dataVec dataln(presentSymbDataStartIndex+counter+(1l:veclLen))];
end
counter = counter + veclen;
end
presentSymbDataStartIndex = presentSymbDataStartIndex + numActData;
end

data = dataVec.';
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DoOdeal

valid = boolean(ones(size(data,l1l),1)); % Valid signal generation

sampling time = 1;
stoptime = maxFFTLen*6*numSymb;

Run Simulink Model

Run the model to import the input signal variables dataln, validIn, fftLen, maxFFTLen, cpLen,
numLG, numRG, numSymb, and DCNull from the workspace to the OFDM Modulator block. The OFDM
Modulator block returns OFDM-modulated output samples and a control signal. These OFDM-
modulated samples are fed to the OFDM Demodulator block, which returns OFDM demodulated
samples.

open_system('genhdlOFDMModDemodExample ")
sim('genhdlOFDMModDemodExample');

% Store valid data from Simulink model
dataOutl = dataOut.data;

simOut dataOutl(:,:,validOut);
simOut simOut(:);

=1 [

+

DoobEan

data

o

vamd

=fin16_En13 () [4x1] ol
dataln
4x1] boolean
) readyOuthiod

boalean )
= validin
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doubld ™ uint16
cplen CPLen boolaan .
validOut validOut
—daubld uint16
numLG manlLgSc

i

sfixZ3 Enid double (c) [4x1
- daubld ™ uint16 dataCut ~ double - dataOut
fitLen uint16 FFTLen [4x1] [#x1]

baoolean
readyCut

doubld™ uint16
umRG numRgSec

OFDMModDemod

Copyright 20190 - 2021 The MathWorks, Inc.

Compare OFDM Modulator Input with OFDM Demodulator Output

Compare the input data provided to the OFDM Modulator block with the output data generated from
the OFDM Demodulator block.

figure('units', 'normalized’, 'outerposition',[0 0 1 1])

subplot(2,1,1);

plot(real(dataIn(l:size(simOut))));

hold on

plot(squeeze(real(simOut)));

legend('Real part of reference data', 'Real part of demodulated data');
title('Comparison of OFDM Modulator Input with OFDM Demodulator Output - Real Part');
xlabel('OFDM Subcarriers');



Modulate and Demodulate OFDM Streaming Samples

ylabel('Real Part');

subplot(2,1,2)

plot(imag(dataIn(l:size(simOut))));
hold on

plot(squeeze(imag(simOut)))

legend('Imaginary part of reference data', 'Imaginary part of demodulated data');
title('Comparison of OFDM Modulator Input with OFDM Demodulator Output - Imaginary Part');
xlabel('OFDM Subcarriers');

ylabel('Imaginary Part');

Comparison of OFDM Meodulator Input with OFDM Demodulator Qutput - Real Part
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Polar Encode and Decode of Streaming Samples

This example shows how to simulate the NR Polar Encode and Decode blocks and compare the
hardware-optimized results with the results from 5G Toolbox™ functions.

Generate Input Data for Encoder

You must specify the link direction because the coding scheme is different for downlink and uplink
messages. Downlink messages are encoded with interleaving and use a CRC length of 24 bits. Uplink
messages do not use interleaving, and use a CRC length of 6 (18 < K < 25) or 11 bits (31 < K <
1023).

This example uses uplink mode with K values greater than 31, so each message must have 11 CRC
bits.

Choose a series of input values for K and E. These values must be valid pairs supported by the 5G NR
standard. Generate random frames of input data and add a CRC codeword.

Convert the message frames to streams of Boolean samples and control signals that indicate the
frame boundaries. Generate input vectors of K and E values over time. The example model imports
the workspace variables encSampleIn, encCtrlIn, encKfi, encEfi, sampleTime, and simTime.

For this example, the number of invalid cycles between frames is empirically chosen to accommodate
the latency of the NR Polar Encoder block for the specified K and E values. When the values of K and
E are larger than in this example, the number of invalid cycles between frames must be longer. Use
the nextFrame output signal of the block to determine when the block is ready to accept the start of
the next input frame.

K [132; 132; 132; 541;

E [256; 256; 256; 124];

numFrames = 4;

numCRCBits = 11;

idleCyclesBetweenSamples = 0;
idleCyclesBetweenFrames = 500;

samplesPerCycle = 1;

btwSamples = false(idleCyclesBetweenSamples,1);
btwFrames = false(idleCyclesBetweenFrames,1);

encKfi = [];
encefi = [];
dataIn = {numFrames};
for ii = 1l:numFrames

msg = randi([0@ 1],K(ii)-numCRCBits,1);
msg = nrCRCEncode(msg, '11'); % CRC polynomial is '6' for uplink when 18<K<25, '24C' for down
encKfi = [encKfi;repmat([fi(K(ii),0,10,0);btwSamples],length(msg),1);btwFrames];
encEfi = [encEfi;repmat([fi(E(ii),0,14,0);btwSamples],length(msg),1);btwFrames];
dataIn{l,ii} = logical(msg);

end

[encSampleIn,encCtrlIn] = whdlFramesToSamples(...
dataln,idleCyclesBetweenSamples,idleCyclesBetweenFrames, samplesPerCycle);

sampleTime = 1;
simTime = length(encCtrlIn) + K(numFrames)*2; %#0ok<NASGU>
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Run Encoder Model

The HDL Algorithm subsystem contains the NR Polar Encoder block. Running the model imports the
input signal variables from the workspace and returns a stream of polar-encoded output samples and
control signals that indicate the frame boundaries. The NR Polar Encoder block in the model has the
Link direction parameter set to Uplink, and accepts K and E values from input ports. The model
exports variables sampleOut and ctrl0ut to the MATLAB workspace.

open_system('NRPolarEncodeHDL");
encOut sim('NRPolarEncodeHDL");

ncSamplel

samplein

encCirlin
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end =

walid

Sample Control
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nextFrama

Convert the streaming data back to frames for comparison with the results of the 5G Toolbox™
nrPolarEncode function.

encHDL

whdlSamplesToFrames(encOut.sampleQut,encOut.ctrlOut);

for ii=1:numFrames

encRef = nrPolarEncode(double(dataIn{ii}),E(ii),10,false); % last two arguments needed for u
sum(abs(encRef - encHDL{ii}));

erro

r =

fprintf(['Encoded Frame %d: Behavioral and '
'"HDL simulation differ by %d bits\n'],ii,error);

end

Maximum frame size computed to be 256 samples.

Encoded Frame 1: Behavioral and HDL simulation differ by 0 bits
Encoded Frame 2: Behavioral and HDL simulation differ by 0 bits
Encoded Frame 3: Behavioral and HDL simulation differ by 0 bits
Encoded Frame 4: Behavioral and HDL simulation differ by 0 bits

Generate Input Data for Decoder

Use the encoded data to generate input log-likelihood ratios (LLRs) for the NR Polar Decoder block.
Use channel, modulator, and demodulator System objects to add noise to the signal.

Again, create vectors of K and E values, and convert the frames of data to streaming samples with
control signals. The example model imports the workspace variables decSampleIn, decCtrlIn,
decKfi, decEfi, sampleTime, and simTime.

For this example, the number of invalid cycles between frames is empirically chosen to accommodate
the latency of the NR Polar Decoder block for the specified K and E values. When the values of K and
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E are larger than in this example, the number of invalid cycles between frames must be longer. Use
the nextFrame output signal of the block to determine when the block is ready to accept the start of
the next input frame.

nVar = 0.7;
chan = comm.AWGNChannel('NoiseMethod', 'Variance', 'Variance',nVar);
bpskMod = comm.BPSKModulator;
bpskDemod = comm.BPSKDemodulator('DecisionMethod’,
"Approximate log-likelihood ratio', 'Variance',nVar);
more idle cycles greater list lengths. max 5251 for list 4.
1st pkt LL=8 just over 5000, not sure what is max?
should i make this a more simulink-y example to show how to use the fifo
with the nextframe signal?
idleCyclesBetweenFrames = 6000;
btwFrames = false(idleCyclesBetweenFrames,1);
decKfi =
decEfi =
rxLLR = {numFrames};
rxLLRfi = {numFrames};
for ii=1:numFrames
mod = bpskMod(double(encHDL{ii}));
rsig = chan(mod);
rxLLR{1,ii} = bpskDemod(rSig);
rxLLRfi{1l,ii} = fi(rxLLR{1,ii},1,6,0);
decKfi = [decKfi;repmat([fi(K(ii),0,10,0);btwSamples],length(rSig),1);btwFrames];
decEfi = [decEfi;repmat([fi(E(ii),0,14,0);btwSamples],length(rSig),1);btwFrames];

o° o° o o°

[1;
[1;

end

[decSampleIn,decCtrlIn] = whdlFramesToSamples(. ..
rxLLRfi,idleCyclesBetweenSamples,idleCyclesBetweenFrames, samplesPerCycle);

simTime = length(decCtrlIn) + K(numFrames)*2;
Run Decoder Model

The HDL Algorithm subsystem contains the NR Polar Decoder block configured to use a list length of
eight. The block in the model also has the Link direction parameter set to Uplink, and accepts K
and E values from input ports. Running the model imports the input signal variables from the
workspace and returns a stream of decoded output samples and control signals that indicate the
frame boundaries. The model exports variables sampleOut, ctrlOut, and errOut to the MATLAB
workspace. Select the valid values of the errQut signal by using the ctr10ut.valid signal.

open_system('NRPolarDecodeHDL");
decOut = sim('NRPolarDecodeHDL");

- sfiwh P EEEETT T
ecSamplelr . ) bookzan  |sampleCut
boolaan samplaln
¥ start ¢
boolzan [1x3] dean Qo P samplacaontral samplacontral hoolzan (3)
» ongSemple Controd ket 2 3 brrme———— > L
*end B Creator O i | = e » > out.ctlOut
laan | n : P »
* valid ufie 0 X ’ beolaan N
- 3 3 »{out.errOut
ufixd boolaan
decEfi 4 4
E nextFrame —
HDL Algorithm
|l-"| Copyright 2019 The MathWorks. Inc.
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Verify Decoder Results

Convert the streaming samples returned from the Simulink model into frames for comparison with
the results of the 5G Toolbox™ nrPolarDecode function.

The nrPolarDecode function returns the decoded message, including 24 recalculated CRC bits. The
NR Polar Decoder block returns the decoded message without the CRC bits, and returns the CRC
status separately on the err port.

The block and function output bits can differ for frames that report a decoding error. The block can
return a decoding error in cases when the function successfully decodes the message. The overall
decoding performance of the block is very close to that of the function.

decHDL = whdlSamplesToFrames (decOut.sampleQut,decOut.ctrlOut);
errHDL = decOut.errOut(decOut.ctrlOut(:,2));
L = 8;

for ii = l:numFrames

decRef = nrPolarDecode(rxLLR{1,ii},K(ii),E(ii),L,10,false,numCRCBits); % last three argument
[decRef,errRef] = nrCRCDecode(decRef,'11"); % CRC polynomial is '6' for uplink when 18<K<25,
error = sum(abs(decRef - decHDL{1l,ii}));
fprintf(['Decoded Frame %d: Behavioral and '

'"HDL simulation differ by %d bits\n'],ii,error);
msg = dataIn{l,ii}(1l:(length(dataIn{ii})-numCRCBits));
loopErr = sum(abs(msg - decHDL{1,ii}));
fprintf(['The decoded output message from the HDL simulation',...

' differs from the input message by %d bits \n'],loopErr);
errRef = any(errRef);
if ~errHDL(ii) && ~errRef

fprintf('HDL and behavioral simulations successfully decoded the message. \n');
elseif errHDL(ii) && ~errRef

fprintf(['Behavioral simulation successfully decoded the message,',...

" but HDL sim reported a decode error\n']);

elseif ~errHDL(ii) && errRef

fprintf ([ 'HDL simulation successfully decoded the message,',...

" but behavioral simulation reported a decode error\n'l]);

else

fprintf('HDL and behavioral simulations both reported a decode error. \n');
end

end

Maximum frame size computed to be 121 samples.

Decoded Frame 1: Behavioral and HDL simulation differ by 0 bits

The decoded output message from the HDL simulation differs from the input message by 0 bits
HDL and behavioral simulations successfully decoded the message.

Decoded Frame 2: Behavioral and HDL simulation differ by 0 bits

The decoded output message from the HDL simulation differs from the input message by 0 bits
HDL and behavioral simulations successfully decoded the message.

Decoded Frame 3: Behavioral and HDL simulation differ by 0 bits

The decoded output message from the HDL simulation differs from the input message by 0 bits
HDL and behavioral simulations successfully decoded the message.

Decoded Frame 4: Behavioral and HDL simulation differ by 0 bits
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The decoded output message from the HDL simulation differs from the input message by 0 bits
HDL and behavioral simulations successfully decoded the message.

See Also
NR Polar Encoder | NR Polar Decoder | nrPolarEncode | nrPolarDecode
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NR CRC Encode and Decode Streaming Data

This example shows how to use the NR CRC Encoder and NR CRC Decoder Simulink® blocks and
compare the hardware-optimized results with the results from the 5G Toolbox™ functions
nrCRCEncode (5G Toolbox) and nrCRCDecode (5G Toolbox), respectively. These blocks support
scalar and vector inputs. The NR CRC Encoder and NR CRC Decoder blocks support hardware code
generation.

Generate Input Data

Generate random frames of input data and a control signal that indicates the frame boundaries. The
frame gap accommodates the latency of the NR CRC Encoder block.

CRCType = 'CRC24A"';
numFrames = 4;
scalar = true;

o°

true for scalar inputs and false

parallel = false; true for parallel architecture at

serial architecture

o® o°

msg = {numFrames};
dataln = [];
encStartIn = [];
encéndIn = [];
encValidIn = [];
[poly,crcLen] = NRCRCEncodeAndDecoderHDLInitScript (CRCType);
if parallel
listN = divisors(crcLen);
dataWidth = randsrc(1,1,listN(2:end));
else
dataWidth = 1;

o°

Factors of length of CRC polynom

end
frameGap = 120; % Frame gap selected based on CRCT
for ii = l:numFrames

len = randsrc(1,1,1:1000);
frameLen = len*dataWidth;
msg{ii} = randi([0 1],1,framelLen);

% Generate data based on the selected dataWidth
if scalar

data = reshape(msg{ii},dataWidth,len);

encIn = zeros(1l,size(data,2));

for i = 1l:size(data,?2)

encIn(i) = bit2int(data(:,i).',length(data(:,1)))."; %#ok<*SAGROW>

end

dataIn = fi([dataIn encIn zeros(size(encIn,l),frameGap)],0,dataWidth,0);
else

encIn = reshape(msg{ii},dataWidth,len); %#ok<*UNRCH>

dataln = logical([dataIn encIn zeros(size(encIn,l),frameGap)]);
end
encStartIn = logical([encStartIn 1 zeros(1l,len-1) zeros(1l,frameGap)]);
encéEndIn = logical([encEndIn zeros(1l,len-1) 1 zeros(1l,frameGap)]);
encValidIn = logical([encValidIn ones(1,len) zeros(1l,frameGap)]);

end

encSampleln = timeseries(dataln');
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sampleTime = 1;
simTime = length(encValidIn);

Run the Model

The HDLNRCRCEncodeDecode subsystem contains HDL NR CRC Encoder and HDL NR CRC
Decoder subsystems that contain NR CRC Encoder and NR CRC Decoder blocks, respectively.
Running the model imports the input signal variables encSampleIn, encStartIn, encEndIn, and
encValidIn and exports variables encSampleOQut and encCtrlOut to the MATLAB® workspace.

open_system('NRCRCEncodeAndDecodeHDLModel");
set param('NRCRCEncodeAndDecodeHDLModel/HDLNRCRCEncodeDecode/HDL NR CRC Encoder/NR CRC Encoder',
set param('NRCRCEncodeAndDecodeHDLModel/HDLNRCRCEncodeDecode/HDL NR CRC Decoder/NR CRC Decoder',

modelOut sim('NRCRCEncodeAndDecodeHDLModel"');
uifize
datalut | . dec SampleOut
urfi 1
ancsarmpleln P dataln
dataln M .
- wohaan
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and end "5 Creator O ctrln cuin i
a0t p| out.decErrOut
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ancalidin B valic
walid HDLMRCRCEncode Decode
E Caopyright 2021 The MathWorks, Inc.

Verify Encoder Results

The HDL NR CRC Encoder subsystem contains the NR CRC Encoder block. Convert the streaming
data output of the NR CRC Encoder block to frames, and then compare the output frames with the
output of the nrCRCEncode 5G Toolbox function.

encOut = squeeze(modelOut.encSampleOut.Data);
startIdx = find(modelOut.encCtrlOut.start.Data);
endIdx = find(modelOut.encCtrlOut.end.Data);
encValidOut = squeeze(modelOut.encCtrlOut.valid.Data);
vector = ~scalar && parallel;

for ii = l:numFrames
refEncBits{ii} = nrCRCEncode(msg{ii}',poly);
% Extract actual encoded bits from output
idx = startIdx(ii):endIdx(ii);
if (vector) % For vector inputs
encBits encOut(:,idx);
encBits encBits(:,encValidOut (idx));
actEncBits{ii} = encBits(:);

of
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else
encBits = encOut(idx);
encBits = encBits(encValidOQut(idx));
encBits = dec2bin(encBits,dataWidth)-'0";

actEncBits{ii} = reshape(encBits',length(refEncBits{ii}),1);
end
error = sum(abs(refEncBits{ii}-double(actEncBits{ii})));
fprintf(['CRC-encoded frame %d: Behavioral and '
'"HDL simulation differ by %d bits\n'],ii,error);
end

CRC-encoded frame
CRC-encoded frame
CRC-encoded frame
CRC-encoded frame

Behavioral and HDL simulation differ by 0 bits
Behavioral and HDL simulation differ by 0 bits
Behavioral and HDL simulation differ by 0 bits
Behavioral and HDL simulation differ by 0 bits

AP WNRE

Verify Decoder Results

The HDL NR CRC Decoder subsystem contains the NR CRC Decoder block. The HDL NR CRC
Encoder subsystem outputs are provided as an input to the HDL NR CRC Decoder subsystem. The
HDL NR CRC Decoder subsystem exports a stream of decoded output samples decSampleOut and
decErrOut along with a control signal decCtrlOut to the MATLAB workspace. Compare them with the
output of the nrCRCDecode function.

dataOut = squeeze(modelOut.decSampleQut.Data);
errOut = squeeze(modelOut.decErrOut.Data);
startIdx = find(modelOut.decStartOut.Data);
endIdx = find(modelOut.decEndOut.Data);
validOut = squeeze(modelOut.decValidOut.Data);

for ii = l:numFrames
[refDecBits{ii}, refErr{ii}] = nrCRCDecode(double(actEncBits{ii}),poly);
% Extract actual decoded bits from output
idx = startIdx(ii):endIdx(ii);
if (vector) % For vector inputs
dataOutTmp = dataOut(:,idx);
validOutTmp = validOut(:,idx);
decBits = dataOutTmp(:,validOutTmp);
actDecBits{ii} = decBits(:);
else
dataOutTmp = dataOut(idx);
validOutTmp = validOut(idx);
decBits = dataOutTmp(validOutTmp);
decBits = dec2bin(decBits,datawWidth) - '0';
actDecBits{ii} = reshape(decBits',length(refDecBits{ii}),1);

end
actErr{ii} = errOut(endIdx(ii));
error _data = sum(abs(refDecBits{ii} - double(actDecBits{ii})));

error_err = double(refErr{ii}) - double(actErr{ii});
fprintf(['CRC-decoded frame %d: Behavioral and '
"HDL simulation differ by %d bits and %d errors\n'],ii,error data,error_err);
end

CRC-decoded frame 1: Behavioral and HDL simulation differ by 0 bits and 0 errors
CRC-decoded frame 2: Behavioral and HDL simulation differ by 0 bits and 0 errors
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CRC-decoded frame 3: Behavioral and HDL simulation differ by 0 bits and 0 errors
CRC-decoded frame 4: Behavioral and HDL simulation differ by 0 bits and 0 errors

See Also

Blocks
NR CRC Encoder | NR CRC Decoder

Functions
nrCRCEncode | nrCRCDecode
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Equalize OFDM Data Using Channel Estimates

This example shows how to use the OFDM Equalizer block to equalize data subcarriers using channel
estimates. In this example, the model uses the first frame to estimate the channel, stores the
estimates, and equalizes the remaining frames using the stored channel estimates. The HDL
Algorithm subsystem in this example supports HDL code generation.

Set Input Data Parameters

Set up workspace variables for the model to use. You can modify these values according to your
requirements.

rng('default');
numFrames = 6;
numOFDMSymPerFrame
maxLenChEstiPerSym
numSubCarPerSym = 72;

hEstLen = numSubCarPerSym * numOFDMSymPerFrame;
totNumOFDMSymbols = numFrames * numOFDMSymPerFrame;

Number of frames

Number of OFDM symbols per frame

Maximum length of channel estimates per syi
Number of subcarriers per OFDM symbol
Channel estimate length

Total number of OFDM symbols

140;
14400;

% of o° o o° o°

Generate Sinusoidal Input Data Subcarriers

Use the hEstLen and numOFDMSym variables to generate complex sinusoidal input data subcarriers
with their real and imaginary parts generated separately. Plot the input as a real part and an
imaginary part using separate plots.

dataInGrid = zeros(numSubCarPerSym, totNumOFDMSymbols) ;
for subCarCount = 0:numSubCarPerSym-1
for numOFDMSymCount = 0:totNumOFDMSymbols-1

realXgain = 1 + .2*sin(2*pi*subCarCount/numSubCarPerSym);
realYgain 1 + .5*sin(2*pi*numOFDMSymCount/numOFDMSymPerFrame);
imagXgain 1 + .3*sin(2*pi*subCarCount/numSubCarPerSym);

imagYgain = 1 + .4*sin(2*pi*numOFDMSymCount/numOFDMSymPerFrame) ;
dataInGrid(subCarCount+1, numOFDMSymCount+1) = realXgain*realYgain + 1li*(imagXgain*imagYg
end
end
validIn = true(l,length(dataInGrid(:)));

% Normalize data subcarriers to make signal power unity
datalInGrid = datalnGrid./sqrt(mean(abs(datalnGrid).”2,'all'));

figure(l);

surf(real(dataInGrid))

xLlabel('OFDM Symbols"')
ylabel('Subcarriers")
zlabel('Magnitude"')

title('Input Data Grid (Real Part)')

figure(2);

surf(imag(dataInGrid))

xLlabel('OFDM Symbols')
ylabel('Subcarriers")

zlabel('Magnitude')

title('Input Data Grid (Imaginary Part)')
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Input Data Grid (Real Part)

Magnitude

Subcarriers 0 o OFDM Symbols
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Input Data Grid (Imaginary Part)

Magnitude

Subcarriers 0 o OFDM Symbols

Generate Channel Estimates using MATLAB® Function

Generate the reference data subcarriers using the variables numOFDMSymToBeAvg, interpolFac,
and numScPerSym. Use the channelEstReferenceForEqualizer function to generate the
channel estimates hEstIn.

numOFDMSymToBeAvg = 1;

interpolFac = 1;

dataInForChannelEsti = dataInGrid(:,1:numOFDMSymPerFrame);
validInForChanEsti = validIn(1l:numSubCarPerSym*numOFDMSymPerFrame);

Number of OFDM symbols to be
Interpolation factor

%
%

numScPerSymIn = numSubCarPerSym*true(1l,length(dataInForChannelEsti(:)));

refDatalIn = randsrc(size(dataInForChannelEsti(:),1),size(dataInForChannelEsti(:),2),[1 11);

refValidIn = boolean(zeros(1l,numOFDMSymPerFrame*numSubCarPerSym));

startRefValidIndex = randi(interpolFac,1,1);

for numOFDMSymCount = 1:numOFDMSymPerFrame
refValidIn(startRefValidIndex+(numOFDMSymCount-1)*numSubCarPerSym:interpolFac:numSubCarPerSyi

end

dataOutl = channelEstReferenceForEqualizer(
numOFDMSymToBeAvg, interpolFac, numSubCarPerSym, numOFDMSymPerFrame,
dataInForChannelEsti(:),validInForChanEsti, refDataln,refValidIn,numScPerSymIn);

matlabOut = dataOutl(:);

hEstIn = zeros(numel(matlabOut)*numSubCarPerSym*numOFDMSymToBeAvg,1);

for ii= l:numel(matlabOut)
loadArray = [matlabOut(ii).dataOut; repmat(matlabOut(ii).dataOut, [numOFDMSymToBeAvg-1 1]); z
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shiftArray = circshift(loadArray, (ii-1)*numSubCarPerSym*numOFDMSymToBeAvqg) ;
hEstIn = hEstIn + shiftArray;
end

% Repeat hEstIn for dataln generation
hEstInForDataln = repmat(hEstIn,numFrames,1);

% Normalize channel estimates to make signal power unity
hEstIn = hEstIn./sqrt(mean(abs(hEstIn).”2,'all"));
hEstIn = [hEstIn; hEstIn(end)*ones((hEstLen*((totNumOFDMSymbols/numOFDMSymPerFrame)-1)),1)1];

% Generate noise samples
n = (1/sqrt(2))*(randn(length(dataInGrid(:)),1l)+1li*randn(length(dataInGrid(:)),1)); % white gaus:

SNR = 40;

% Calculate noise variance

nVar = (10”(-SNR/10));

noiseVarIn = (10"(-SNR/10))*ones(1l,length(dataInGrid(:)));

modelname = 'genhdlOFDMEqualizerModel"';
open_system(modelname) ;

EqMdUsed = get param('genhdlOFDMEqualizerModel/HDL Algorithm/OFDM Equalizer', 'EqualizationMethod
if strcmp(EqMdUsed, 'ZF')
% ZF equalization
datalIn = hEstInForDataln.*dataInGrid(:);
else
% MMSE equalization
dataln = hEstInForDataln.*dataInGrid(:) + (n.*(sqrt(nVar)))./(sqrt(var(n)));
end
% Generate signal with channel estimate length per symbol
hEstLenIn = hEstlLen*true(1l,length(dataInGrid(:)));
loadhEst logical([1 zeros(1l,length(dataInGrid(:))-1)]);
resetSig false(l,length(dataInGrid(:)));
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dataln B convert | dataln
hEstin 4 convert | HE st
dataCut | aiibdatalut
noiseVarln I convert | noielar
validln | boolean | validin
hEsiLanln I convert | HEstLen
validOut P outvalidOu
loadhEst | boolean | LoadhEst
resetSig hoolean - razet

HDL Algorithm

Caopyright 2021 The Math\Works, Inc.

Run Simulink® Model

Running the model imports the input signal variables from the MATLAB workspace to the OFDM
Equalizer block in the model.

out = sim(modelname);
Export Stream of Equalized Data from Simulink to MATLAB Workspace

Export the output of the OFDM Equalizer block to the MATLAB workspace. Plot the real part and
imaginary part of the exported block output.

simOut = out.dataOut.Data(out.validOut.Data);

N = length(simOut)-mod(length(simOut),numSubCarPerSym);

temp = simOut(1l:N);

EqualizerSimOut = reshape(temp,numSubCarPerSym,length(temp)/numSubCarPerSym);

figure(3);

surf(real(EqualizerSimQut))

xLlabel('OFDM Symbols"')
ylabel('Subcarriers")

zlabel('Magnitude')

title('OFDM Equalizer OQutput (Real Part)')
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figure(4);
surf(imag(EqualizerSimQut))

xLlabel('OFDM Symbols"')

ylabel('Subcarriers")

zlabel('Magnitude')

title('OFDM Equalizer Output (Imaginary Part)')

OFDM Equalizer Output (Real Part)

Magnitude

Subcarmiers 0 o OFDM Symbols
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OFDM Equalizer Output (Imaginary Part)

Magnitude

Subcarriers 0 o OFDM Symbols

Perform Equalization Using MATLAB

Equalize the channel with equalization equations by using MATLAB.

if strcmp(EgMdUsed, 'ZF')
% ZF equalization
matOut = dataln./hEstInForDataln;
else
% MMSE equalization
matOut = (1./(conj(hEstInForDataln).*hEstInForDataln+nVar)).*(conj(hEstInForDatalIn)).*dataln

end

Compare Simulink Block Output with MATLAB Output

Compare the OFDM Equalizer block output with the MATLAB output. Plot the output comparison as a
real part and an imaginary part using separate plots.

figure('units', 'normalized', 'outerposition', [0 ©@ 1 1])

subplot(2,1,1)

plot(real(matOut(:)));

hold on;

plot(real(simOut(:)));

grid on

legend('MATLAB reference output', 'Simulink block output')
xlabel('Sample Index')

ylabel('Magnitude")

title('Comparison of Simulink Block and MATLAB Function (Real Part)')
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subplot(2,1,2)

plot(imag(matOut(:)));

hold on;

plot(imag(simQut(:)));

grid on

legend('MATLAB reference output','Simulink block output')

xlabel('Sample Index')

ylabel('Magnitude")

title('Comparison of Simulink Block and MATLAB Function (Imaginary Part)')

sqnrRealdB
sqnrImagdB

10*1ogl0(double(var(real(simOut(:)))/abs(var(real(simOut(:)))-var(real(matOut(:)))

)
10*1ogl0(double(var(imag(simOut(:)))/abs(var(imag(simOut(:)))-var(imag(matOut(:))))

fprintf('\n OFDM Equalizer \n SQNR of real part: %.2f dB',sgnrRealdB);
fprintf('\n SQNR of imaginary part: %.2f dB\n',sqgnrImagdB);

OFDM Equalizer
SQNR of real part: 36.56 dB
SQNR of imaginary part: 42.16 dB
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Comparison of Simulink Block and MATLAB Function (Real Part)
14 T T T T T
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MATLAB reference output
Simulink block output

Magnitude
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Comparison of Simulink Block and MATLAB Function (Imaginary Part)
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MATLAB reference output
Simulink block output
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Magnitude
o
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@
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02

Sample Index «104

See Also

Blocks
OFDM Channel Estimator

Functions
nrEqualizeMMSE | lteEqualizeMMSE | LteEqualizeZF
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LDPC Decode 5G NR Streaming Data for Multiple Code Rates
with Early Termination

This example shows how to use multiple code rates and early termination criteria features in the NR
LDPC Decoder Simulink® block. The input to the block is generated using the nrLDPCEncode (5G
Toolbox) MATLAB® function and the output of the block is compared with the input of the function.
In this example, you can select either the min-sum or normalized min-sum algorithm for the decoding
operation.

Generate Input Data

Choose a series of input values for the base graph number (bgn) and liftingSize according to the 5G
new radio (NR) standard and generate the corresponding input vectors for those values. Use the
encoded data from the nrLDPCEncode function to generate input log-likelihood ratio (LLR) values for
the NR LDPC Decoder block. Use channel, modulator, and demodulator System objects to add noise
to the signal. Again, create vectors of bgn and 1iftingSize, and then convert the frames of data to
LLRs with a control signal that indicates the frame boundaries. The decFrameGap accommodates the
latency of the NR LDPC Decoder block for base graph number, liftingSize, and number of iterations.
Use the nextFrame output signal to determine when the block is ready to accept the start of the next
input frame.

bgn = [1; 0; 0; 1];

liftingSize = [4; 384; 144; 208];

numRows = [6; 38; 24; 10];

numFrames = 4;

serial = false; % true for serial inputs and false for parallel inputs

msg = {numFrames};
K=11;
N=1[1;
for ii = l:numFrames
if bgn(ii) ==
K(ii) = 22;
else
K(ii) = 10;
end
N(ii) = numRows(ii) + K(ii)-2;
frameLen = liftingSize(ii)*K(ii);
msg{ii} = randi([0® 1], framelLen,l);
encTmp = nrLDPCEncode(msg{ii},bgn(ii)+1);
encOut{ii} = encTmp(1l:N(ii)*1iftingSize(ii));
end
nVar = 0.5;
chan = comm.AWGNChannel('NoiseMethod', 'Variance', 'Variance',nVar);

bpskMod = comm.BPSKModulator;
bpskDemod = comm.BPSKDemodulator('DecisionMethod’,
"Approximate log-likelihood ratio', 'Variance',nVar);

algo = 'Min-sum'; % 'Min-sum' or 'Normalized min-sum'
if strcmpi(algo, 'Min-sum')

alpha = 1;
else

alpha = 0.75;
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end

numIter = 8;
decbgnIn = [];
decliftingSizeIn = [];
rxLLR = {numFrames};
decSamplelIn = [];
decStartIn =
decEndIn = []
decValidIn =
decnumRows =

for ii=1:numFrames
mod = bpskMod(double(encOut{ii}));
rSig = chan(mod);
rxLLR{ii} = fi(bpskDemod(rSig),1,4,0);

if serial
len = N(ii)*1iftingSize(ii); %#ok<*UNRCH>
decFrameGap = numIter*7000 + liftingSize(ii)*K(ii);
else
len = N(ii)*ceil(liftingSize(ii)/64);
decFrameGap = numIter*1200;
end

decIn = ldpc_dataFormation(rxLLR{ii}',liftingSize(ii),N(ii),serial);

decSampleIn = [decSampleln decIn zeros(size(decIn,l),decFrameGap)]; %#ok<*AGROW>
decStartIn = logical([decStartIn 1 zeros(1l,len-1) zeros(1l,decFrameGap)]);
decEndIn = logical([decEndIn zeros(1l,len-1) 1 zeros(1l,decFrameGap)l]);
decValidIn = logical([decValidIn ones(1l,len) zeros(1l,decFrameGap)]);
decbgnIn = logical([decbgnIn repmat(bgn(ii),1,len) zeros(1l,decFrameGap)]);
decliftingSizeIn = uintl6([decliftingSizeIn repmat(liftingSize(ii),1,len) zeros(1l,decFrameGa
decnumRows = fi([decnumRows repmat(numRows(ii),1,len) zeros(1l,decFrameGap)],0,6,0);
end

decSampleIn = timeseries(fi(decSampleln',1,4,0));
sampleTime = 1;

simTime = length(decValidIn);
Run Simulink Model

The HDL Algorithm subsystem contains the NR LDPC Decoder block. Running the model imports
the input signal variables decSampleln, decStartIn, decEndIn, decValidIn, decbgnlIn,
decliftingSizelIn, numIter, sampleTime, and simTime and exports a stream of decoded output
samples sampleQut along with a control signal ctrl0ut to the MATLAB workspace.

open_system('NRLDPCDecoderCodeRateHDL");
if alpha ~=1

set _param('NRLDPCDecoderCodeRateHDL/HDL Algorithm/NR LDPC Decoder', 'Algorithm', 'Normalized m.
else

set param('NRLDPCDecoderCodeRateHDL/HDL Algorithm/NR LDPC Decoder', ‘Algorithm', 'Min-sum');
end
decOut = sim('NRLDPCDecoderCodeRateHDL");
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Compare Simulink Block Output with MATLAB Function Input

Convert the streaming data output of the NR LDPC Decoder block to frames and then compare the
frames with the input of the nrLDPCEncode function.

startIdx = find(decOut.ctrlOut.start.Data);
endIdx = find(decOut.ctrlOut.end.Data);

for ii = l:numFrames
decHDL{ii} = ldpc_dataExtraction(decOut.sampleQut.Data,liftingSize(ii),startIdx(ii),endIdx(ii
error = sum(abs(double(msg{ii})-decHDL{ii}));
fprintf ([ 'Decoded frame %d: Output data differs by %d bits\n'],ii,error);
iter tmp = squeeze(decOut.actIter.Data);
actIter{ii} = iter_tmp(startIdx(ii));
fprintf(['Actual iterations taken to decode the frame: %d \n'],actIter{ii});
end

Decoded frame 1: Output data differs by 0 bits
Actual iterations taken to decode the frame: 2
Decoded frame 2: Output data differs by 0 bits
Actual iterations taken to decode the frame: 2
Decoded frame 3: Output data differs by 0 bits
Actual iterations taken to decode the frame: 2
Decoded frame 4: Output data differs by 0 bits
Actual iterations taken to decode the frame: 3

See Also

Blocks
NR LDPC Decoder

Functions
nrLDPCEncode
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Decode and Recover Message from RS Codeword Using CCSDS
Standard

This example shows how to use the CCSDS RS Decoder block to decode and recover a message from
a Reed-Solomon (RS) codeword according to the Consultative Committee for Space Data Systems
(CCSDS) standard. Generate and encode a set of random inputs and then provide them as input to
the ccsdsRSDecode (Satellite Communications Toolbox) function and the CCSDS RS Decoder block
by adding errors. Compare the output of the CCSDS RS Decoder block with the output of the
ccsdsRSDecode function. The example model supports HDL code generation for the HDL CCSDS RS
Decoder subsystem.

Set Up Input Data Parameters

Set up workspace variables for the model to use. You can modify these variable values according to
your requirements. The block supports a fixed codeword length of 255.

k = 239; % Message length 223 or 239

s = k; % Shortened message length ranges from 1 to k

i=4; % Interleaving depth 1, 2, 3, 4, 5, or 8

numFrames = 3; % Number of input frames

numErrors = 16; % Maximum number of correctable errors allowed in the input frame is (255-k)*i/2

Generate Random Input Samples

Generate random samples using the specified message length, shortened message length, and
interleaving depth. Encode the random samples using the ccsdsRSEncode function, and then insert
numErrors number of errors at random locations in the encoded samples.

% Generate random message samples
msg = randi([0@ 255],s*i,1);

% Encode message samples
encoderOut = ccsdsRSEncode(msg,k,i,s);

% Insert errors in encoded output

errorLoc = randi([1 (255-k+s)*i],numErrors,1);
errorVal = randi([1 255],numErrors,1);

chOut = encoderOut;

chOut(errorLoc) = errorVal;

Decode Encoded Data Using MATLAB® Function

Decode the encoded data containing errors using the ccsdsRSDecode function.

[refOutput,refNErr] = ccsdsRSDecode(chOut,k,i,s);
refOutput = repmat(refOutput,numFrames,1);
refNErr = repmat(refNErr,numFrames,1);

Decode Encoded Data Using Simulink® Block

Decode the encoded data containing errors using the CCSDS RS Decoder block. Running the model
imports the input signal variables from the MATLAB workspace to the CCSDS RS Decoder block in
the model.

% Set frame gap between input frames
if(k ==223 & (i =1 || 1 == 2))
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frameGap
else

frameGap
end

0;

602- (255*1);

% Assign inputs to model

dataln = repmat([chOut; zeros((k-s)*i,1l); zeros(frameGap,1l)],numFrames,1);

startIn = repmat([true; false(255*i -1,1); false(frameGap,l)],numFrames,1);
endIn = repmat([false((255-k+s)*i -1,1); true; false((k-s)*i,1);
false(frameGap,1)],numFrames,1);

validIn = repmat([true((255-k+s)*i,1); false((k-s)*i,1);

false(frameGap,1)],numFrames,1);

numQutputSamples
stopTime = (3065 + numOutputSamples)*numFrames;

k*i;

% Run the Simulink model

model name = 'HDLCCSDSRSDecoder';

open_system(model name);

set param([model name '/HDL CCSDS RS Decoder/CCSDS RS Decoder'],
'MessagelLength',num2str(k), 'InterleavingDepth',num2str(i));

sim(model name);

[ud

Compare Simulink Block Output with MATLAB Function Output
Compare the CCSDS RS Decoder block output with the ccsdsRSDecode function output.
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endOut = squeeze(endOut);

numCorrErrOut = squeeze(numCorrErr);

simOutput = dataOut(validOut);

fprintf('\nHDL CCSDS RS Decoder\n');

difference = double(simOutput) - double(refOutput);

fprintf(['\nTotal number of samples that differ between Simulink block output '
"and MATLAB function output is: %d \n'],sum(difference));

HDL CCSDS RS Decoder

Total number of samples that differ between Simulink block output and MATLAB function output is:

See Also

Blocks
CCSDS RS Decoder

Functions
ccsdsRSDecode
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Decode CCSDS Reed-Solomon and Convolutional Concatenated

Code

3-102

This example shows how to use the CCSDS RS Decoder block with the Viterbi Decoder block to
decode a Reed-Solomon (RS) and convolutional concatenated code according to the Consultative
Committee for Space Data Systems (CCSDS) standard. The synchronization and channel coding
sublayer of the CCSDS TM standard includes concatenated coding scheme with Reed-Solomon code
as the outer code and convolutional code as the inner code. The example supports HDL code
generation for the HDL CCSDS Concatenated Decoder subsystem.

Set Up Concatenated Code Parameters

Specify input variables. You can change only k and i variable values in this section based on your
requirements.

o°

Reed-Solomon code parameters
255; % Codeword length
223; % Message length
1; % Interleaving depth

xS
oo

% Convolutional code parameters

convRate = '1/2'; % Convolutional code rate
K=17,; Constraint length
codePoly = [171 133]; Code generator polynomial
trBackDepth = 32; Traceback depth

0° 0° 0P of

Generate Transmitter Waveform

Generate transmitter waveform using the ccsdsTMWaveformGenerator (Satellite Communications
Toolbox) System object™ in Satellite Communications Toolbox. The System object performs RS
encoding, convolutional encoding, and QPSK modulation on the input data and generates a
transmitter waveform.

% Generate random input data
dataBits = randi([0,1],k*i*8,1);

% Configure |ccsdsTMWaveformGenerator| System object

obj = ccsdsTMWaveformGenerator('WaveformSource', 'synchronization and channel coding', ...

'ChannelCoding', 'concatenated’, ...
'"ConvolutionalCodeRate', convRate,...
'RSInterleavingDepth’',i,...
'RSMessagelLength',223, ...
'HasRandomizer', false, ...

'HasASM', false, ...
'PulseShapingFilter', 'none', ...
'Modulation', 'QPSK"');

% Call System object to generate RS and convolutional encoded and QPSK
% modulated transmitter waveform
tmWaveform = obj(dataBits);

Add AWGN Channel

Add white Gaussian noise to the transmitter waveform.

snrdB = 5; % SNR of noise in dB
snr = 10™(snrdB/10);
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noiseVar = 1/snr;

% Generate noise with unit power
awgnUnitPow = (1/sqrt(2))*(randn(length(tmWaveform),1)
+li*randn(length(tmWaveform),1));

% Add noise to the transmitter waveform
chOut = tmWaveform + sqrt(noiseVar)*awgnUnitPow;

Demodulate Receiver Waveform

Demodulate the received AWGN channel output waveform using the comm.PSKDemodulator System
object and prepare input for the Simulink® model.

% Configure the |comm.PSKDemodulator| System object for QPSK demodulation
gpskDemod = comm.PSKDemodulator('ModulationOrder',4,...
'PhaseOffset',pi/4, ...
'SymbolMapping', 'Custom', ...
'CustomSymbolMapping',[0 2 3 1],... % Mapping as per the CCSDS standard
'BitOutput',true,...
'DecisionMethod’', 'Approximate log-likelihood ratio',...
'Variance',noiseVar);

% Call the System object to demodulate the received waveform and output the
% LLR values
demodQut = gpskDemod(chOut);

Invert every alternate LLR value (starting from second LLR) to remove
symbol inversion, according to the CCSDS standard
demodOut(2:2:end) = -demodOut(2:2:end);

)
©
)

©

% Normalize all LLR values with required soft wordlength
1lrWL = 4;

maxDemodOut = max(abs(demodOut));

vitInput = fi(-demodOut*(2~(1lrWL-1))/maxDemodOut,1,11lrWL,0);

Decode Demodulated Waveform Using Simulink Model

To decode the demodulated waveform, simulate the CCSDSConcatenateDecoder.s1x model. The
model contains Viterbi Decoder and CCSDS RS Decoder blocks.

% Input signals for the Simulink model
dataln = vitInput;

startIn = true;

endIn = [false(length(dataIn)/2 -1,1); true];
validIn = true(length(datalIn)/2,1);

% Set mask parameters of CCSDS RS Decoder block

modelName "CCSDSConcatenateDecoder';

subsystem "HDL CCSDS Concatenated Decoder';

open_system(modelName) ;

set param([modelName '/' subsystem '/CCSDS RS Decoder'],
'Messagelength',num2str(k),
'InterleavingDepth',num2str(i));

% Stop time
vitLatency = 148;
upsampleFac = 8;
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rsLatency = 3065; % Maximum latency of the CCSDS RS Decoder block
rsOQutLen = k*i;

pipelineDelay = 17;

stopTime = vitlLatency + (rsLatency+rsOutlLen)*upsampleFac + pipelineDelay;

% Simulate the model

endln

walidin

sim(modelName) ;
hookeang:
i [2¢1] D1 S— b
dataln —Je data decodedBits | dataOut
[2«1]
Caollect outputs
. boohzan 01
e chil validOut
boolzan D1 i
startin o
boodzan 01 Bl start
gl oy SEmple Control aarrple ontrol D1
Mend “5, e Creator Gt
boolzan 01
B valid

3-104

Copyright 2021 The MathWorks, Inc.

Compare Simulink Block Output with MATLAB System Object Input

Compare the output of the CCSDS RS Decoder block with the input of the
ccsdsTMWaveformGenerator System object.

fprintf('\nHDL CCSDS RS Decoder\n');

fprintf('Number of bits mismatched between decoded block output and System object input:

HDL CCSDS RS Decoder

Number of bits mismatched between decoded block output and System object input: 0

See Also

Blocks
CCSDS RS Decoder | Viterbi Decoder

Functions
ccsdsRSDecode | ccsdsTMWaveformGenerator
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Encode Message into RS Codeword Using CCSDS Standard

This example shows how to use the CCSDS RS Encoder block to encode a message into a Reed-
Solomon (RS) codeword according to the Consultative Committee for Space Data Systems (CCSDS)
standard. Generate a set of random input message symbols and provide them as input to the
ccsdsRSEncode (Satellite Communications Toolbox) function and the CCSDS RS Encoder block.
Compare the output of the CCSDS RS Encoder block with the output of the ccsdsRSEncode
function. The Simulink® model in this example supports HDL code generation for the HDL CCSDS RS
Encoder subsystem.

Set Up Input Data Parameters

Set up workspace variables for the model to use. You can modify these variable values according to
your requirements. The block supports a fixed codeword length of 255.

k = 239; Message length 223 or 239
s = k; Shortened message length ranges from 1 to k
i=4; Interleaving depth 1, 2, 3, 4, 5, or 8

numFrames = 3;
frameGap = (255-Kk)*i;

Number of input frames

Minimum gap required between input frames

If a new input frame is given without this frame
gap, the block discards the previous frame and
processes the new frame.

d® o° o° o° o° o o° o°

Generate Random Input Samples and Encode Using MATLAB® Function

Generate random samples using the specified message length and interleaving depth. Encode the
random samples using the ccsdsRSEncode function.

% Generate random message symbols
msg = randi([0@ 255],s*i,1);

% Encode message samples
encOut = ccsdsRSEncode(msg,k,1i,s);

Encode Input Samples Using Simulink Block

Encode the random samples using the CCSDS RS Encoder block. Running the model imports the
input signal variables from the MATLAB workspace to the CCSDS RS Encoder block in the model.

% Assign inputs to model
data = repmat(msg,numFrames,1);

start = repmat([true; false(s*i-1,1); false((k-s)*i,1); false(frameGap,1l)],numFrames,1l);
endIn = repmat([false(s*i-1,1); true; false((k-s)*i,1l); false(frameGap,1l)],numFrames,1l);
valid = repmat([true(s*i,1l); false((k-s)*i,1); false(frameGap,1l)],numFrames,1);

% Run Simulink model

model = 'HDLCCSDSRSEncoder';

open_system(model);

set param([model '/HDL CCSDS RS Encoder/CCSDS RS Encoder'], '"MessageLength',num2str(k), 'Interleav
latency = 3; % fixed block latency

stopTime = latency + ((s*i) + frameGap)*numFrames;

sim(model);
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Compare Simulink Block Output with MATLAB Function Output

Compare the CCSDS RS Encoder block output with the ccsdsRSEncode function output.

simOutput = datalOut;

refOutput = repmat(encOut,numFrames,1);

fprintf('\nHDL CCSDS RS Encoder\n');

difference = double(simOutput) - double(refOutput);

fprintf(['\nTotal number of samples that differ between Simulink block output '
"and MATLAB function output is: %d \n'],sum(difference));

HDL CCSDS RS Encoder

Total number of samples that differ between Simulink block output and MATLAB function output

See Also

Blocks
CCSDS RS Encoder

Functions
ccsdsRSEncode
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Encode and Decode Message with RS Code Using CCSDS
Standard

This example shows how to encode and decode a message with Reed-Solomon (RS) code according to
the Consultative Committee for Space Data Systems (CCSDS) standard.

The Simulink® model in this example contains CCSDS RS Encoder and CCSDS RS Decoder blocks
connected back-to-back and are combined under CCSDS RS Encode Decode subsystem. You can
generate HDL code only for this subsystem.

Set Up Input Data Parameters

Set up workspace variables for the model to use. You can modify the variable values according to
your requirement. The block supports a fixed codeword length of 255.

numFrames = 2; Number of input frames

k = 239; % Message length 223 or 239
s = k; % Shortened message length in the range 1 to k
i=25; % Interleaving depth 1, 2, 3, 4, 5, or 8

Generate Input Samples for Simulink® Model

Generate input samples for the CCSDS RS Encoder block. Generate error samples to be introduced
along with the encoder output, to provide as an input to the CCSDS RS Decoder block. Define the
input frame gaps required for the blocks.

The CCSDS RS Decoder block does not support back-to-back input frames for shortened lengths (s <
k) and when k = 223 andi=1 or 2.

decFrGap = 0;
if((s<k) || (k==223 && i<3))

decFrGap = 602-(k*1i); % Minimum gap required between input frames for CCSDS RS Decoder bl
end
encFrGap = (255-k)*i; % Minimum gap required between input frames for CCSDS RS Encoder bl
frameGap = encFrGap+decFrGap;

% Generate random input samples
data = uint8(randi([0,255],s*i*numFrames,1));

valid = repmat([true(s*i,1); false((k-s)*i,1); false(frameGap,l)],numFrames,1);
start = repmat([true; false(s*i-1,1); false((k-s)*i,1l); false(frameGap,l)],numFrames,1l);
endIn = repmat([false(s*i-1,1); true; false((k-s)*i,1); false(frameGap,1l)],numFrames,1);

% Generate errors based on the error correction capability of the CCSDS RS
% code

errSymPerFrame = (255-k)/2; % Maximum number of correctable errors per interleaving depth
noisel = uint8(zeros((255-k+s),i*numFrames));

loc = zeros(errSymPerFrame,i*numFrames) ;

values = zeros(errSymPerFrame,i*numFrames);

index = 0;
for ii = 1l:numFrames
for jj = 1:1i

index = index+1;

% Select the error locations such that there are |errSymPerFrame|

% number of errors per interleaving depth in the decoder input
loc(:,index) = 255*%i*(ii-1)+255*(jj-1)+randperm(255-k+s,errSymPerFrame);
% Generate random error values
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values(:,index) = randi([1 255],1,errSymPerFrame);

end
end
noisel(loc) = values;
noisel = reshape(noisel,[],i,numFrames);
noise = [];
for ii = 1l:numFrames

noise = [noise; reshape(noisel(:,:,ii)"',[]1,1)]; S#ok<AGROW>
end

Run Simulink Model

Running the model imports the input samples to the CCSDS RS Encoder block and encodes the
random input samples. It also introduces errors to the encoded output, provides them as input to the
CCSDS RS Decoder block, and decodes the erroneous samples.

model = 'ccsdsRSEncoderDecoder';

open_system(model);

set param([model '/CCSDS RS Encode Decode/CCSDS RS Encoder'], 'MessagelLength',num2str(k), 'Interle
set param([model '/CCSDS RS Encode Decode/CCSDS RS Decoder'], 'MessagelLength',num2str(k), 'Interle
enclLat 3;

decLat 3065; % Maximum latency of the CCSDS RS Decoder block

latency = encLat+declat;

stopTime = (latency + (s*i) + frameGap)*numFrames -1;

sim(model);
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Compare CCSDS RS Decoder Block Output with CCSDS RS Encoder Input

Compare the CCSDS RS Decoder block output with the CCSDS RS Encoder input.

decOutput squeeze(datalut);
encInput data;
fprintf('\n Compare CCSDS RS Decoder Output with CCSDS RS Encoder Input\n');
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difference = double(decOutput) - double(encInput);
fprintf(['\nTotal number of samples that differ between CCSDS RS Decoder output '
"and CCSDS RS Encoder input is: %d \n'],sum(difference));

Compare CCSDS RS Decoder Qutput with CCSDS RS Encoder Input

Total number of samples that differ between CCSDS RS Decoder output and CCSDS RS Encoder input i

See Also

Blocks
CCSDS RS Encoder | CCSDS RS Decoder

Functions
ccsdsRSEncode | ccsdsRSDecode
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Decode WLAN LDPC Streaming Data

3-110

This example shows how to simulate the WLAN LDPC Decoder block and compare the hardware-
optimized results with the results from the Communication Toolbox™ function.

Generate the input to the block using the Communication Toolbox function ldpcEncode. Provide the
generated data as the input to the WLAN LDPC Decoder block and the Communication Toolbox
function ldpcDecode. Compare the output of the block with the output of the ldpcDecode function.
This example contains two Simulink® models. One model is configured to support the WLAN
standards IEEE 802.11 n/ac/ax, and other model is configured to support the standard IEEE 802.11
ad. When you run the script, the respective model is selected based on the value that you specify for
the variable standard mentioned in the script.

Set Up Input Variables

Choose a series of input values for the block length and code rate according to the WLAN standard.
You can change the variable values in this section based on your requirements.

standard = 'IEEE 802.11 n/ac/ax';
codeRateIdx = [0; 1; 2; 31;
blkLenIdx = [0; 1; 2; 0];
numFrames = 4;

scalar = false;

IEEE 802.11 n/ac/ax or IEEE 802.11 ad
Code rate index
Block length index

o® o° o°

true for scalar inputs and false
for vector inputs

Min-sum or Normalized min-sum
Number of iterations

algorithm = 'Min-sum';
niter = 8;

o® o o o°

if strcmpi(algorithm, 'Min-sum')
alpha = 1;

else
alpha = 0.75; Scaling factor, which must be in

the range [0.5:0.0625:1]

o° o°

end
Generate Input Data

Generate inputs for the ldpcEncode function with the specified block length and code rate variables.
Use the encoded data from the ldpcEncode function, modulate the data using a modulator function,
add noise using a channel System object™, and generate log-likelihood ratio (LLR) values using a
symbol demodulator function. After that, provide these LLR values as an input to the ldpcDecode
function.

Create vectors of block length index and code rate index using the blockLenIdx and codeRateIdx
variables, respectively. Convert the frames of LLR values to samples with a control bus signal that
indicates the frame boundaries. Provide these vectors and control bus as an input to the WLAN LDPC
Decoder block.

The decFrameGap variable in the script accommodates the latency of the WLAN LDPC Decoder block
for the specified block length, code rate, and number of iterations. Use the nextFrame output signal
to determine when the block is ready to accept the start of the next input frame.

% Initialize inputs

msg = {numFrames}; % Input to |ldpcEncode| function
rxLLR = cell(1,numFrames); % Input to |ldpcDecode| function
refOut = cell(1l,numFrames); % Output of |ldpcDecode| function



Decode WLAN LDPC Streaming Data

decSamplelIn = [
decStartIn = []
decEndIn = [];
decValidIn = [];
decBlkLenIdxIn = []
decCodeRateldxIn =

1;

[1;
for ii = 1l:numFrames
if strcmpi(standard, 'IEEE 802.11 n/ac/ax")

blockLenSet = [648,1296,1944];
rateSet = {'1/2','2/3"','3/4"','5/6"'};

blkLen = blockLenSet(blkLenIdx(ii)+1);

codeRate = rateSet{codeRateldx(ii)+1};

modelName = 'HDLWLANLDPCDecoderStdllac';
else

rateSet = {'1/2','5/8"','3/4"','13/16'};

blkLen = 672;

codeRate = rateSet{codeRateldx(ii)+1};

modelName = 'HDLWLANLDPCDecoderStdllad';
end

[rxXLLR{ii}, refOut{ii},msg{ii}] = inputGenForWLANLDPCDec(blkLen,codeRate,niter,alpha);

if scalar
decFrameGap = niter*1000 + length(msg{ii}); S#ok
vecSize = 1;
len = length(rxLLR{ii});
else
len = length(rxLLR{ii})/8;
vecSize = 8;
decFrameGap = niter*1000 + ceil(length(msg{ii})/8);
end

decIn = reshape(rxLLR{ii},vecSize,[]);

decSampleIn = [decSampleln decIn zeros(size(decIn,l),decFrameGap)]; %#ok<*AGROW>

decStartIn = logical([decStartIn 1 zeros(1l,len-1) zeros(1l,decFrameGap)]);

decEndIn = logical([decEndIn zeros(1l,len-1) 1 zeros(1l,decFrameGap)l]);

decValidIn = logical([decValidIn ones(1l,len) zeros(1l,decFrameGap)]);

decBlkLenIdxIn = ([decBlkLenIdxIn repmat(blkLenIdx(ii),1,len) zeros(1l,decFrameGap)]);

decCodeRateldxIn = ([decCodeRateIdxIn repmat(codeRateIdx(ii),1,len) zeros(1l,decFrameGap)]);
end

dataln = timeseries(fi(decSampleln',1,4,0));
startIn = timeseries(decStartIn);

endIn = timeseries(decEndIn);

validIn = timeseries(decValidIn);

if strcmpi(standard, 'IEEE 802.11 n/ac/ax"')
blockLenIdx = timeseries(fi(decBlkLenIdxIn,0,2,0));
end
codeRateldx = timeseries(fi(decCodeRateldxIn,0,2,0)); % For the standard
% IEEE 802.11 ad

simTime = length(decValidIn);
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Run Simulink Model

The HDL WLAN LDPC Decoder subsystem contains the WLAN LDPC Decoder block. Running the
model imports the input signal variables dataIn, startIn, endIn, validIn, blockLenIdx,
codeRateldx, niter, and simTime to the block from the script and exports a stream of decoded
output samples dataOut and a control bus containing startOut, endOut, and validOut signals
from the block to the MATLAB workspace.

open_system(modelName) ;
if alpha ~=1
set param([modelName '/HDL WLAN LDPC Decoder/WLAN LDPC Decoder'],
"Algorithm', 'Normalized min-sum');
set param([modelName '/HDL WLAN LDPC Decoder/WLAN LDPC Decoder'],
'ScalingFactor',num2str(alpha));
else
set param([modelName '/HDL WLAN LDPC Decoder/WLAN LDPC Decoder'],
'"Algorithm', 'Min-sum');
end
sim(modelName);

afied (8) sfiocd [T |aied [Bxl]
_catain =) conver i Faanat] pooiean ]
= _— 1 4?] dataOut

boclaan
bookzan boolzan :samplecgniral

[ooaean | w|ong Sample Contral . [samelec:

&4 “Bus Creator O :

oot

fix2 fix2
blockLenldx [ convert o

Sample Contral
Bus Selector

e
=n nextFrameOut

fix2 fix2
codeRateldx [ convert f— 5

HOL WLAN LDPC Decoder

Copyright 2021 The MathWorks, Inc.

Compare Simulink Block Output with MATLAB Function Output

Convert the streaming data output of the WLAN LDPC Decoder block to frames. Compare the frames
with the output of the ldpcDecode function.

startIdx = find(squeeze(startOut));
endIdx = find(squeeze(endOut));
dec = squeeze(datalut);

decHDL = {numFrames};
for ii = l:numFrames
idx = startIdx(ii):endIdx(ii);
if scalar
decHDL{ii} = dec(idx);
else
decHDL{ii} = dec(:,idx);
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end
HDLOutput

decHDL{ii}(1:length(refOut{ii}));
error = sum(abs(double(refOut{ii})-HDLOutput(:)));

fprintf ([ 'Decoded frame %d: Output data differs by %d bits\n'],ii,error);

end

Decoded frame
Decoded frame
Decoded frame
Decoded frame

See Also

Blocks

APWN R

Output data
Output data
Output data
Output data

WLAN LDPC Decoder

Functions

ldpcDecode | LldpcEncode

differs
differs
differs
differs

by © bits
by © bits
by © bits
by © bits
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DVBS-2 Symbol Demodulation of Complex Data Symbols

This example shows how to use the DVB-S2 Symbol Demodulator block to demodulate complex data
symbols to log-likelihood ratio (LLR) values or data bits. Generate a set of complex random inputs and
provide them as an input to the block and the MATLAB® function refDVBS2SymDemod. Compare the
output of the block with the output of the refDVBS2SymDemod function. This reference function uses
the comm.PSKDemodulator object and the dvbsapskdemod function from Communications
Toolbox™. To work with scalar and vector output types separately, this example uses two Simulink
models. You can generate HDL code from the subsystems in these Simulink models.

Set Up Input Variables

Set up the input variables. You can change the variable values in this section based on your
requirements. The example runs the HDLDVBS2SymbolDemodulatorScalar. slx model when you
set outputType to 'Scalar' and runs the HDLDVBS2SymbolDemodulatorVector.slx model
when you set outputType to 'Vector'.

rng(0);
framesize = 8; framesize must be a multiple of 8 when you

set the 'Output type' variable to 'Vector'

framesize can be any integer greater than

0 when you set the 'Output type' variable

to 'Scalar'’

modIdx must contain 0, 1, 2, 3, and 4,

which correspond to the modulation schemes

QPSK, 8-PSK, 16-APSK, 32-APSK, and

pi/2-BPSK, respectively.

codeRatelIdx values can be 5, 6, 7, 8, 9, or 10, which
correspond to the code rates 2/3, 3/4,

4/5, 5/6, 8/9, and 9/10, respectively.

UnitAvgCheckBox = 'on'; on to enable and off to disable unit average power option
outputType = 'Scalar'; outputType can be 'Scalar' or 'Vector'

decisionType = 'Approximate log-likelihood ratio'; % decisionType can be 'Approximate log-likel.

modIdx = [1;3;0;2;4];

codeRateldx = [5;10;6;7;9;8];

0° 0% 0% 0% 0° A° O° O° O° O° O° AP O° o°

% Initialize variables

numframes = length(modIdx);
dataSymbols = cell(1l,numframes);
modSelTmp = cell(1l,numframes);
modOrder = cell(1l,numframes);
codeRateStr = cell(1l,numframes);
referenceQutput = cell(1l,numframes);
codeRateIndTmp = cell(1l,numframes);

Generate Frames of Random Samples

Generate frames of complex random samples using the MATLAB function randn.

for ii = l:numframes
dataSymbols{ii} = complex(randn(framesize,l),randn(framesize,1));
modSelTmp{ii} = fi(modIdx(ii)*ones(framesize,1),0,3,0);
codeRateIndTmp{ii} = fi(codeRateldx(ii)*ones(framesize,1),0,4,0);
end

if strcmp(UnitAvgCheckBox, 'on')

UnitAvgPower = true;
else
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UnitAvgPower = false;
end

Convert Frames to Stream of Random Samples

Convert frames of complex random samples to a stream of complex random samples to provide them
as an input to the block.

idlecyclesbetweensamples = 0;

idlecyclesbetweenframes = 0;

[dataIn, ctrl] = whdlFramesToSamples(dataSymbols,idlecyclesbetweensamples,
idlecyclesbetweenframes) ;

[modInd, ~] = whdlFramesToSamples(modSelTmp,idlecyclesbetweensamples,
idlecyclesbetweenframes) ;

[codeRateInd, ~] = whdlFramesToSamples(codeRateIndTmp,idlecyclesbetweensamples,
idlecyclesbetweenframes) ;

startIn = logical(ctrl(:,1)"');

endIn = logical(ctrl(:,2)"');

validIn = logical(ctrl(:,3)");

sampletime = 1;
samplesizeln = 1;
simTime = size(ctrl,1)*8;

Run Simulink® Model

The HDL DVBS2 Symbol Demodulator subsystem contains the DVB-S2 Symbol Demodulator block.
Running the model imports the input signal variables and control signals into the block from the
script and exports a stream of demodulated output samples and control signals from the block to the
MATLAB workspace.

if strcmp(outputType, 'Vector')
modelname = 'HDLDVBS2SymbolDemodulatorVector';
open_system(modelname) ;

set param([modelname '/DVBS2SymbolDemod/DVBS2 Symbol Demodulator'], 'UnitAveragePower',UnitAv
set param([modelname '/DVBS2SymbolDemod/DVBS2 Symbol Demodulator'], 'DecisionType',decisionTy

symDemodOut = sim(modelname);

startIdx = find(symDemodOut.startOut.Data);
endIdx = find(symDemodOut.endOut.Data);
actualData = cell(1l,numframes);

for ii = l:numframes
idx = startIdx(ii):endIdx(ii);
tmpDataOut = symDemodOut.dataOut.Data(:,idx);
dataOutSqueezed = squeeze(tmpDatalut);
tmpValidOut = symDemodOut.validOut.Data(:,idx);
demodOut = tmpDataOut(:,tmpValidOut);
actualData{ii} = double(demodOut(:));

end

else
modelname = 'HDLDVBS2SymbolDemodulatorScalar';
open_system(modelname);

set param([modelname '/DVBS2SymbolDemod/DVB-S2 Symbol Demodulator'], 'UnitAveragePower',UnitA
set param([modelname '/DVBS2SymbolDemod/DVB-S2 Symbol Demodulator'], 'DecisionType',decisionT)

symDemodOut = sim(modelname);
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Demodulate Stream Samples Using MATLAB Function

To demodulate the stream of random samples, provide them as an input to the refDVBS2SymDemod
function. You can use the output of this function as a reference to compare the output of the block.

for ii = l:numframes

inpParamFr.decisionType = decisionType;

inpParamFr.UnitAvgCheckBox = UnitAvgCheckBox;

inpParamFr.modIdx = modIdx(ii);

inpParamFr.codeRateldx = codeRateIdx(ii);

referenceQutput{ii} = refDVBS2SymDemod (dataSymbols{ii},inpParamFr);
end

Compare Simulink Block Output with MATLAB Function Output

Compare the output of the DVB-S2 Symbol Demodulator block with the output of the
refDVBS2SymDemod function.

referenceQutput = double(cell2mat(referenceOutput.'));
if strcmp(outputType, 'Vector')
actualData = double(cell2mat(actualbData.'));
else
actualData = double(squeeze(demodOut(:)));
end

figure(1)
stem(actualData, '-bo")
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hold on
stem(referenceQutput,'-r*")

grid on

legend('Reference Output', 'Block Output')

xlabel('Sample Index')

ylabel('Magnitude")

title('Comparison of Simulink Block and MATLAB Function')

fprintf('\nPlotting the comparison results of Simulink block and MATLAB function outputs\n');

Plotting the comparison results of Simulink block and MATLAB function outputs

Comparison of Simulink Block and MATLAB Function
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See Also

DVBS2 Symbol Demodulator | comm.PSKDemodulator | dvbsapskdemod
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Decode Convolutionally-Coded LLR Values Using APP Decoder

3-118

This example shows how to decode convolutionally-coded log-likelihood ratio (LLR) values using the
APP Decoder block. To verify the results, compare the output of the block with the output of the
Communication Toolbox™ System object™ comm.APPDecoder that is provided with same inputs as
the block. This example supports HDL code generation for the HDL APP Decoder subsystem.

Set Up Input Variables

Specify the input variables. You can change the variable values in this section based on your
requirements. In this example, you must specify the same value for the frame length (f rameLength)
and the window length (winLen). The block supports a maximum window length of 128.

numFrames = 3;
frameLength = 64;

codeGenerator = '[171 133]1"';
codeRate = length(str2num(codeGenerator));

winLen = 64;

CodeGenDecimal = oct2dec(str2num(codeGenerator));
K = length(dec2bin(CodeGenDecimal(2)));

TermMode = 'Truncated';

Algorithm = 'Max Log MAP (max)';

Generate Frames of Input Data

o® o o°

o® o o°

Code generator, specified as a row vector o
Decoding rate
Window length must be less than or equal to

Constraint length derived from code generat
Terminated or Truncated
Max Log MAP (max) or Log MAP (max*)

Generate frames of LLR-coded and LLR-uncoded input data with the specified variables. To generate
input data, create random binary bits, convolutionally-encode and symbol-demodulate the random
binary bits, add noise to the symbol-demodulated data, and demodulate the noise-added symbol-

demodulated data.

TrellisStructure = poly2trellis(K,str2num(codeGenerator));

if framelLength == winLen

FrameGap = 0;
else

FrameGap = winLen - rem(frameLength,winLen);

end

if strcmpi(TermMode, 'Terminated')

taillLen = K - 1;
else % 'Truncated'
taillLen = 0;

end

LLRCodedIn =
LLRUncodedIn
startIn = [];
endIn = [];

validIn = [];

[1;
= [1;

for fr=1:numFrames

% Create binary random inputs to convolution encoder
inpToConvEnc(:,fr) = [randn(frameLength-taillLen,1)>0; zeros(taillLen,1)];

% Convolutionaly-encode binary random inputs

encodedData = convenc(inpToConvEnc(:,fr), TrellisStructure);
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% Modulate convolutionally-encoded data
modData = nrSymbolModulate(encodedData, 'QPSK");

% Add AWGN noise to modulated data
snrdB = 8;

noiseVar = 10™-(snrdB/10);

rxSig = awgn(modData,snrdB, 'measured');

% Demodulate noise-added modulated data
demod(:,fr) = nrSymbolDemodulate(rxSig, 'QPSK"',noiseVar);

% Prepare LLR-coded (LLRc) and LLR-uncoded (LLRu) input values to model
LLRc = reshape(demod(:,fr),codeRate,[]).";
LLRu(:,fr) = LLRc(:,1);

LLRCodedIn = [LLRCodedIn; LLRc];
LLRUncodedIn = [LLRUncodedIn; LLRu(:,fr)];

startSig = [true; false(frameLength-1,1); false(FrameGap,1)];
endSig = [false(frameLength-1,1); true; false(FrameGap,1)];
validSig = [true(frameLength,l); false(FrameGap,1l)];

startIn = [startIn; startSigl;
endIn = [endIn; endSig];
validIn = [validIn; validSig];
end
stopTime = (numFrames+4)*frameLength;

Run Simulink Model

Run the model to import the input signal variables from the MATLAB® workspace to the APP
Decoder block in the model.

modelName = 'HDLAPPDecoder';

open_system(modelName) ;

set param([modelName '/HDL APP Decoder/APP Decoder'], 'Algorithm',Algorithm);

set param([modelName '/HDL APP Decoder/APP Decoder'], 'CodeGenerator', codeGenerator);
set param([modelName '/HDL APP Decoder/APP Decoder'], 'TermMode', TermMode);
sim(modelName);
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Decode Generated Data Using System Object

Create comm.APPDecoder System object and provide the same inputs as the block inputs.

hAPPDec = comm.APPDecoder;

if strcmpi(Algorithm, 'Max Log MAP (max)')
hAPPDec.Algorithm = 'Max';

else
hAPPDec.Algorithm = 'Max*';

end

hAPPDec.TrellisStructure = TrellisStructure;

hAPPDec.TerminationMethod = TermMode;

% Generate reference output

LLRu ref = [1;

LLRc ref = [1;

for fr=1:numFrames
[LLRu_MATLAB,LLRc_MATLAB] = hAPPDec(LLRu(:,fr),demod(:,fr));
LLRu ref = [LLRu_ ref; LLRu MATLAB];
LLRc ref = [LLRc_ref; LLRc_MATLAB];

end

Compare Simulink Block Output with System Object Output
Compare the APP Decoder block output with the comm.APPDecoder System object output.

LLRUncodedOut (validOut);
reshape(LLRCodedOut(:,validOut),[]1,1);

LLRu out sim
LLRc out sim

figure(1l);

plot(LLRu ref,'-bd");
hold on;
plot(LLRu out sim,'--r*")
grid on;




Decode Convolutionally-Coded LLR Values Using APP Decoder

legend('Reference output', 'Block output');

xlabel('Sample Index');

ylabel('Uncoded LLR Output');

title('Comparison of Block Output with System Object Output');

figure(2);

plot(LLRc ref,'-bd");
hold on;
plot(LLRc out sim,'--r*")
grid on;

legend('Reference output', 'Block output');

xlabel('Sample Index');

ylabel('Coded LLR Output');

title('Comparison of Block Output with System Object Output');

Comparison of Block Output with System Object Output
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Comparison of Block Output with System Object Output
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See Also
APP Decoder | comm.APPDecoder

3-122



Decode and Recover Message Using DVB-S2 Standard FEC Decoder

Decode and Recover Message Using DVB-S2 Standard FEC
Decoder

This example shows how to decode and recover a message from a codeword using a forward error
correction (FEC) decoder according to the Digital Video Broadcast Satellite Second Generation (DVB-
S2) standard.

The FEC decoder model in this example comprises a DVB-S2 LDPC Decoder block and a DVB-S2 BCH
Decoder block connected in sequence. To provide input to the model, an encoded data of DVB-S2
standard is generated using MATLAB® functions and Satellite Communications Toolbox helper
functions. After that, to verify the functionality of the blocks the output of the Simulink® model is
compared with the input of the functions. The blocks used in this model support HDL code
generation.

Set Up Input Variables

Set up workspace variables to generate inputs. These values are tunable and you can modify them
according to your requirement.

2 .

; Number of frames
[11];

Type of FEC frame. 0 for normal frame and 1 for short frame.

You must specify the same FEC frame type for all

the frames.

Code rate index must be in the range 0 to 10 for normal frame

and in the range 0 to 9 for short frame

Number of iterations in the range 1 to 63

To avoid bit errors, minimum EbNo must be 4 for code rate index values
less than 5 and 15 for code rate index values

greater than or equal to 5.

numFrames
frameType

codeRateldx = [3 6];

nlter = 10;
EbNo = 15;

0® 0% 0° o0° 0° o° oO° o o° o°

Download DVB-S2 LDPC Parity Matrices Data Set

To use Satellite Communications Toolbox helper functions, you need a MAT file predefined with DVB-
S2 LDPC parity matrices. If the MAT file is not available on the MATLAB path, use these commands to
download and unzip the MAT file.

if ~exist('dvbs2xLDPCParityMatrices.mat', 'file')
if ~exist('s2xLDPCParityMatrices.zip','file")
url = 'https://ssd.mathworks.com/supportfiles/spc/satcom/DVB/s2xLDPCParityMatrices.zip';
websave('s2xLDPCParityMatrices.zip',url);
unzip('s2xLDPCParityMatrices.zip');
end
addpath('s2xLDPCParityMatrices');
end

modelName = 'dvbs2LDPCBCHDecode';
open_system(modelName) ;
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Generate Input Data

Generate input data for the Simulink® model and the MATLAB functions used in this example.
Generating the input involves multiple stages as mentioned in this section.

% Initialize inputs

fecFrameSet = {'Normal', 'Short'};

codeRateSet = {'1/4"','1/3",'2/5","'1/2",'3/5",'2/3",'3/4",...
'4/5','5/6','8/9','9/10'};

fecFrameType = fecFrameSet(frameType+l);
codeRate = codeRateSet(codeRateldx+1);
msg = {numFrames};

encSamplelIn = [];
encValidIn = []; encStartIn = []; encEndIn =[];
nVarIn = [];

codeRateln [1;

for ii = l:numFrames
fFrame = fecFrameType{ii};
% Input and codeword length calculation
if strcmpi(fFrame, 'Normal')
cwLen = 64800;
R = str2num(codeRate{ii}); S%#ok<*ST2NM>
lenList = [16008 21408 25728 32208 38688 43040 48408 51648 53840 57472 58192];
ldpcDecLat = nIter*25000;
set param([modelName '/DVB-S2 LDPC BCH Decoder/DVB-S2 LDPC Decoder'], 'FECFrame', 'Normal’
set param([modelName '/DVB-S2 LDPC BCH Decoder/DVB-S2 BCH Decoder'], 'FECFrameType', 'Norm:
else
cwLen = 16200;
ReffList = [1/5 1/3 2/5 4/9 3/5 2/3 11/15 7/9 37/45 8/9];
RactList = [1/4 1/3 2/5 1/2 3/5 2/3 3/4 4/5 5/6 8/9];
Reff = ReffList(RactList == str2num(codeRate{ii}));
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R = Reff(1);
lenList = [3072 5232 6312 7032 9552 10632 11712 12432 13152 14232];
ldpcDecLat = nIter*6500;

set param([modelName '/DVB-S2 LDPC BCH Decoder/DVB-S2 LDPC Decoder'],'FECFrame', 'Short")
set param([modelName '/DVB-S2 LDPC BCH Decoder/DVB-S2 BCH Decoder'], 'FECFrameType', 'Shor
end
inpLen = lenList(codeRateldx(ii)+1);

if (codeRatelIdx(ii) < 5 || strcmpi(fFrame, 'Short'))
M= 4; % QPSK

else
M = 16; % 16-APSK

end

bps = log2(M);

% Input bits generation
msg{ii} = (randi([0® 1],inpLen,1)); % Input to |bchEncode| function

% BCH encoding
bchOut = satcom.internal.dvbs.bchEncode(int8(msg{ii}),inpLen,cwlLen);

% LDPC encoding
ldpcOut = satcom.internal.dvbs.ldpcEncode(int8(bchOut), codeRate{ii}, cwlLen);

% Symbol mapping
modOut = satcom.internal.dvbs.mapper(ldpcOut, M,
codeRate{ii}, cwlLen, true);

% Channel addition - AWGN channel

EsNo = EbNo + 10*1ogl0(bps);

snrdB = EsNo + 10*logl@(R); % in dB

noiseVar = 1./(10.”(snrdB/10));

chan = comm.AWGNChannel('NoiseMethod', 'Variance', 'Variance',noiseVar);
rxData = chan(modOut);

% Symbol demapping
demodOut = satcom.internal.dvbs.demapper(rxData, M,
codeRate{ii}, cwlLen, noiseVar);

% Latency calculation considering different frame types and code rate
% configurations

ldpcLen = length(demodOut);

encFrameGap = cwLen + ldpcDeclLat + 2000;

encSampleIn = [encSampleIn demodOut.' zeros(1l,encFrameGap)]; %#ok<*AGROW>
encStartIn = logical([encStartIn 1 zeros(1l,ldpcLen-1) zeros(1l,encFrameGap)]);
encEndIn = logical([encEndIn zeros(1,ldpcLen-1) 1 zeros(1l,encFrameGap)]);
encValidIn = logical([encValidIn ones(1,ldpcLen) zeros(1l,encFrameGap)]);
codeRateln [codeRateIn repmat(codeRateIdx(ii),1,ldpcLen) zeros(1l,encFrameGap)];

end

dataln = ((encSampleIn.'));
validIn = (encValidIn);
startIn = (encStartlIn);

endIn = (encEndIn);
codeRateIldxIn = (codeRateln);
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simTime = length(encValidIn) + encFrameGap;
Run Simulink Model

Running the model imports the input signal variables datalIn, startIn, endIn, validIn,
frameTypeln, codeRateIdxIn, and simTime to the model from the script and exports a stream of
decoded output samples dataOut and a control bus containing startOut, endOut, and validOut
signals from the model to the MATLAB workspace.

out = sim(modelName);

Compare Simulink Model Output with MATLAB Function Input

Compare the output of the dvbs2LDPCBCHDecode. s1x model with the input of the bchEncode
function.

startIdx = find(squeeze(out.startOut));
endIdx = find(squeeze(out.endOut));
validOut = (squeeze(out.validOut));
decData = squeeze(out.dataOut);
fprintf('Decoded data with the following configuration: \n');
for ii = l:numFrames
idx = startIdx(ii):endIdx(ii);
decHDL = decData(idx);
validHDL = validOut(idx);

HDLOutput = logical(decHDL(validHDL));
error = sum(abs(logical(msg{ii})-HDLOutput(:)));
fprintf('Frame: %d, FEC frame type: %s, and Code rate: %s. The Simulink model output and the

end

h = warning('off"', '"MATLAB:rmpath:DirNotFound');
rmpath('s2xLDPCParityMatrices');
warning(h);clear h;

Decoded data with the following configuration:
Frame: 1, FEC frame type: Short, and Code rate: 1/2. The Simulink model output and the MATLAB ful
Frame: 2, FEC frame type: Short, and Code rate: 3/4. The Simulink model output and the MATLAB fui

See Also

Blocks
DVB-S2 BCH Decoder | DVB-S2 LDPC Decoder
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Symbol Demodulation of Complex Data Symbols

This example shows how to demodulate complex data sysmbol using the Symbol Demodulator block.
Generate a set of complex random inputs and provide them as an input to the Symbol Demodulator
block and the reference functions gqamdemod and pskdemod from the Communications Toolbox®.
Then, compare the output of the block with the output of these functions based on type of modulation
you select. To work with scalar and vector output types separately, this example provides two
Simulink® models. You can generate HDL code for these models.

Set Up Input Variables

Set up input variables. You can change the variable values in this section according to your
requirement. The example runs the symbolDemodulatorScalar.slx model when you set the
outputType variable to 'Scalar' and the symbolDemodulatorVector.slx model when you set to

‘Vector'.

frameLength = 120; Frame length

numFrames = 8; Number of frames

frameGap = 0; Frame gap

modSel = [7 6 54 3 2 1 0]; Modulation type

maxModulation = '256-QAM'; {'BPSK', 'QPSK', '8-PSK', '16-PSK',

'16-QAM', '32-PSK', '64-QAM', '256-QAM'}
Phase offset

Decision type 'Approximate log-likelihood r:
Type of output 'Vector' or 'Scalar'

phaseOffset = 'pi/2';
decisionType = 'Approximate log-likelihood ratio';
outputType = 'Vector';

0 o° o° o o° o° o o° o°

Generate Complex Random Inputs

Generate complex random inputs and required control signals.

dataIn = []; validIn = []; startIn = []; endIn = []; modSelln = [];
for frameNo = 1:numFrames
inpData = complex(randn(1, frameLength),randn(1l, frameLength));
totalSize = framelLength;
data = zeros(1l,totalSize, 'like',inpData(l));
validCtrl = false(1l,totalSize);
modSelCtrl = zeros(1l,totalSize);

idx = 1l:totalSize;

data(:,idx) = inpData;
validCtrl(idx) = true;
modSelCtrl(idx) = modSel(frameNo);

validIdx = find(validCtrl);
startCtrl = zeros(size(validCtrl));
endCtrl = zeros(size(validCtrl));
startCtrl(validIdx(1)) 1;
endCtrl(validIdx(end)) 1;

dataln = [dataln,zeros(frameGap,1l)',data]; S%#ok

startIn = logical([startIn,zeros(frameGap,1)"',startCtrl]);

endIn = logical([endIn,zeros(frameGap,1)',endCtrl]);

validIn = logical([validIn,zeros(frameGap,1)',validCtrl]);

modSelIn = [modSelln,zeros(frameGap,1l)',modSelCtrl]; S#ok
end

if strcmpi(outputType, 'Vector')
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stopTime
else
stopTime

2*frameLength*numFrames;

8*frameLength*numFrames;
end

Run Simulink Model

Running the model imports the input variables and control signals to the block from the script and
exports a stream of demodulated output samples and control signals from the block to the MATLAB®
workspace.

if strcmpi(outputType, 'Vector')

modelname = 'symbolDemodulatorVector';
else

modelname = 'symbolDemodulatorScalar';
end

load_system(modelname);

set _param([modelname '/HDL Symbol Demod/Symbol Demodulator'], 'MaxModulation',maxModulation);
set param([modelname '/HDL Symbol Demod/Symbol Demodulator'],'PhaseOffset',phaseOffset);

set param([modelname '/HDL Symbol Demod/Symbol Demodulator'], 'DecisionType',decisionType);
sim(modelname);

Demodulate Stream Samples Using MATLAB Function

To demodulate the stream of random samples, provide them as input to the gamdemod and pskdemod
functions. You can use the output of this functions as a reference to compare the output of the block.
The 