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Sensitivity

* “Model System Noise Figure” on page 1-2
* “Designing a Receiver with an ADC” on page 1-8



1 Sensitivity

Model System Noise Figure

1-2

RF receivers amplify signals and shift them to lower frequencies. The receiver itself
introduces noise that degrades the received signal. The signal-to-noise ratio (SNR) at the
receiver output ultimately determines the usability of the receiver.

A

Output signal power
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Input signal powerT
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Input noise powerT i
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The preceding figure illustrates the effect of the receiver on the signal. The receiver
amplifies a low-power RF signal at the carrier fzr with a high SNR and downconverts the
signal to fir. The noise figure (NF) of the system determines the difference between the
SNR at the output and the SNR at the input:

SNRyyt = SNRjj — NFys
where the difference is calculated in decibels. Excessive noise figure in the system causes
the noise to overwhelm the signal, making the signal unrecoverable.
Create a Low-IF Receiver Model

The model ex_simrf_snr simulates a simplified IF receiver architecture. A Sinusoid
block and a Noise block model a two-tone input centered at fzr and low-level thermal
noise. The RF system amplifies the signal and mixes it with the local oscillator f;, down to
an intermediate frequency fir. A voltage sensor recovers the signal at the IF.



Model System Noise Figure

To open this model, at MATLAB® command line, enter:

addpath(fullfile(docroot, 'toolbox', 'simrf', 'examples'))
ex_simrf snr

Output Sensor
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The amplifier contributes 40 dB of gain and a 15-dB noise figure, and the mixer
contributes 0 dB of gain and a 20-dB noise figure, which are values characteristic of a
relatively noisy, high-gain receiver. The two-tone input has a specified level of .1 uV. A 1-V
level in the local oscillator ensures consistency with the formulation of the conversion
gain of the mixer.

To run the model:
1 Open the model by clicking the link or by typing the model name at the Command

Window prompt.
2 Select Simulation > Run.

Set Up the RF Blockset Environment

To maximize performance, the Fundamental tones and Harmonic order parameters
specify the simulation frequencies explicitly in the Configuration block:

* fio, the frequency of the LO in the first mixing stage, equals 1.9999 GHz. and appears
in the list of fundamental tones as carriers.LO.

* frr, the carrier of the desired signal, equals 2 GHz and appears in the list of
fundamental tones as carriers.RF.

* fir, the intermediate frequency, equals fzr - f;o. The frequency is a linear combination
of the first-order (fundamental) harmonics of f;, and fzr. Setting Harmonic order to 1
is sufficient to ensure this frequency appears in the simulation frequencies. This
minimal value for the harmonic order ensures a minimum of simulation frequencies.

1-3
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Solver conditions and noise settings are also specified for the Configuration block:

* The Solver type is set to auto. For more information on choosing solvers, see the
reference page for the Configuration block or see Choosing Simulink and Simscape
Solvers (Simscape).

* The Sample time parameter is set to 1/ (mod_freq*64). This setting ensures a
simulation bandwidth 64 times greater than the envelope signals in the system.

* The Simulate noise box is checked, so the environment includes noise parameters
during simulation.

View Simulation Output

The model uses subsystems with a MATLAB Coder™ implementation of a fast Fourier
transform (FFT) to generate two plots. The FFT uses 64 bins, so for a sampling frequency
of 64 Hz, the bandwidth of each bin is 1 Hz. Subsequently, the power levels shown in the
figures also represent the power spectral density (PSD) of the signals in dBm/Hz.

* The Input Display plot shows the power spectrum of the signal and noise at the input
of the receiver.

(4] ex_simrf_snr/Input Display/fft 2 EI@
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The measured power of each tone is consistent with the expected power level of a 0.1-
1V two-tone envelope:
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2

Pin = 10log10| o | + 30

—7\2
(1.107

= 10log10| 507

) +30 = —-142dBm

A factor of 1/2 is due to voltage division across source and load resistors, and another
factor of 1/2 is due to envelope scaling. See the featured example Two-Tone Envelope
Analysis Using Real Signals for more discussion on scaling envelope signals for power

calculation.

The measured noise floor at -177 dBm/Hz is reduced by 3 dB from the specified

-174 dBm/Hz noise floor. The difference is due to power transfer from the source to the
input of the amplifier. The amplifier also models a thermal noise floor, so although this
decrease is unrealistic, it does not affect accuracy at the output stage.

The Output Display plot shows the power spectrum of the signal and noise at the

output of the receiver.
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The measured PSD of -102 dBm/Hz for each tone is consistent with the 40-dB
combined gain of the amplifier and mixer. The noise PSD in the figure is shown to be
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approximately 50 dB higher at the output, due to the gain and noise figure of the
system.

If you have DSP System Toolbox™ software installed, you can replace the MATLAB Coder
subsystems with a Spectrum Analyzer block.

Simulating Thermal Noise Floor

Thermal noise power can be modeled according to the equation
Pnoise = 4kpTRsAf

where:

* kg is Boltzmann's constant, equal to 1.38065 x 1023 J/K.
* Tis the noise temperature, specified as 293.15 K in this example.

* R, is the noise source impedance, specified as 50 Q in this example to agree with the
resistance value of the Resistor block labeled R1.

* Af'is the noise bandwidth.
To model the noise floor on the RF signal at the resistor, the model includes a Noise block:

* The Noise Power Spectral Density (Watts/Hz) parameter is calculated as
Pnoise/ Af = 4kpTRs.

* The Carrier frequencies parameter, set to carriers.RF, places noise on the RF
carrier only.

Computing System Noise Figure

To model RF noise from component noise figures:

1 Select Simulate noise in the RF Blockset Parameters block dialog box, if it is not
already selected.

2 Specify a value for the Noise figure (dB) parameter of an Amplifier and Mixer
blocks.

The noise figures are not strictly additive. The amplifier contributes more noise to the
system than the mixer because it appears first in the cascade. To calculate the total noise
figure of the RF system with n stages, use the Friis equation:



Model System Noise Figure

Fy—1 F3-1 F,-1

Fsys=F1+ e + C1G; +"'+—G1G2...Gn_1

where F; and G; are the noise factor and gain of the ith stage, and NF; = 10log;,(F;).

In this example, the noise figure of the amplifier is 10 dB, and the noise figure of the
mixer is 15 dB, so the noise figure of the system is:

1015/10 _ ¢

10/10
1010g10 10 + W

=10.0dB

The Friis equation shows that although the mixer has a higher noise figure, the amplifier
contributes more noise to the system.
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Designing a Receiver with an ADC

Most RF receivers in modern communications or radar systems feed signals to an analog-
to-digital converter (ADC). Due to their finite resolution, ADCs introduce quantization
error into the system. The resolution of the ADC is determined by the number of bits and
the full-scale (FS) range of the ADC.

Full-scale STl i R Wt

Output signal power DR g
lShR y

Output noise power i
{}uan[iza“”n “[:”59 ﬂ[:]i:ll"-- -----------------------------------------

Input signal power T
SNE;,

Input noise power T ek

fir frr

The preceding figure illustrates an RF signal that falls within the dynamic range (DR) of
an ADC. The input signal and noise at the carrier fzr has high signal-to-noise ratio (SNR).
The received signal at f;z has reduced SNR due to system noise figure. However, if the
quantization error is near or above the receiver noise, system performance degrades.

To ensure that the ADC contributes no more than 0.1 dB of noise to the signal at f;z, the

quantization noise floor must be 16 dB lower than the receiver noise. This condition can
be met by:

* Reducing the full-scale (FS) range or increasing the resolution of the ADC, which
lowers the quantization noise floor.

* Increasing the gain of the RF receiver, which raises the receiver noise floor.

1-8



Designing a Receiver with an ADC

Overcome Quantization Error of an ADC

The model ex _simrf adc simulates a low-IF receiver with an ADC. This model is based
on the model ex_simrf snr described in the section “Create a Low-IF Receiver Model”
on page 1-2. At the output of the RF system, the ADC subsystem models an ADC with an
FS range of sqrt(100e-3) V and a resolution of 16 bits.

To open this model, at MATLAB command line, enter:

addpath(fullfile(docroot, 'toolbox', 'simrf', 'examples'))
ex_simrf _adc

Output Sensar

In Dﬂut In
Lo
Amplifier el Output Dieplay
Sinuscidsl e ~ ABE
Envelope WMber

f——tRF 5L inn R

Input Dis plsy

Input Sensor

[SimRF

RF Parameters

The power of a voltage signal at the full-scale range of the ADC is

10log10y100™2 + 30 = 0 dBm

To maximize performance, the model uses the same simulation settings as
ex _simrf snr. To run this model:

1 Open the model by clicking the link or by typing the model name at the Command
Window prompt.

2 Select Simulation > Run.

View Simulation Output

The model uses subsystems with a MATLAB Coder implementation of a fast Fourier
transform (FFT) to generate two plots. The FFT uses 64 bins, so for a sampling frequency

of 64 Hz, the bandwidth of each bin is 1 Hz. Subsequently, the power levels shown in the
figures also represent the power spectral density (PSD) of the signals in dBm/Hz.

1-9
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* The Input Display plot shows the power spectrum of the two-tone signal and noise at
the input of the receiver-ADC system.

4 ex_simif_ade/Input Display/fft_2 EI@
File Edit View Insert Tools Desktop Window Help £
ODEHe | kAN EL- 2| 0E | @
Input Display
o T T T
20t
40l
B0}
E -80}
@
=
g -100
[=]
£ -120f
-140}
-160
-180
-200
2.0000 2.0000 2.0000 2.0000 2 2.0000 2.0000 2.0000 2.0000
Frequency (Hz) %102

The measured power of each tone of -142 dBm is consistent with the expected power
level of a .1-uV signal. The power level of the noise is consistent with a -174 dBm/Hz
noise floor.

* The Output Display plot shows power spectrum of the output signal.
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|4 ex_simif_adc/Output Display/fft_2
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The quantization error exceeds the receiver noise.

If you have DSP System Toolbox software installed, you can replace the MATLAB Coder
subsystems with a Spectrum Analyzer block.

Measuring the Quantization Noise Floor

To calculate the quantization noise floor (QNF) of the ADC, subtract the dynamic range
from the full-scale power, which is 0 dBm. To calculate the dynamic range PSD for the

ADC, use the equation:

DRapc = 6.02 - Npiss + 10logyo(Af) + 1.76 = 116.1 dBm/Hz

where

* Ny is the resolution. The ADC in this example uses 16 bits.
* Afis the bandwidth of the FFT, which is 64 in this example. Oversampling in an ADC

yields lower quantization noise.

» The value 1.76 is a correction factor for a pure sinusoidal input.

Therefore, the quantization noise floor is -116 dBm/Hz, in agreement with the measured

output levels.
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Improving Receiver-ADC Performance

Increasing the gain in the mixer raises the receiver noise without increasing the noise
figure. Calculate the mixer gain required to achieve a 16-dB margin between the
quantization noise floor and the receiver noise:
Gmixer = (QNFapc + 16) = (= 174 + Ggys + NFgys)
=(—-116.1+16)-(-174+40+10.0)
= —100.1+124.0
=23.9dB

To simulate a receiver that clears the quantization noise floor:

1 Set the Available power gain parameter of the mixer to 23.9.
2 Select Simulation > Run.

"4 ex_simrf_adc/Output Display/fft_2 [E==(ECR (===
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The figure shows that the receiver noise is 16 dB above the quantization noise floor.
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* “Carrier to Interference Performance of Weaver Receiver” on page 2-2
* “Model LO Phase Noise” on page 2-10



2 Interference

Carrier to Interference Performance of Weaver Receiver

A classic superheterodyne architecture filters images prior to frequency conversion. In
contrast, image-reject receivers remove the images at the output without filtering but are
sensitive to phase offsets.

'
ff."l\ ‘ff."l fir
i fep fom Fiw =

The preceding figure illustrates two input signals at the carriers J#F and 741 that both
differ from the LO frequency, /o1, by an amount f1#1. Mixing translates both input

signals down to Jf7#1. Perfect image rejection in the final stage of the receiver removes the
image signal from the output entirely.

Create Model with RF Interference

The model ex _simrf_ ir performs image rejection with a Weaver architecture. The
receiver downconverts the signals S## and Jfi1ar to fi71 and J1F2 in two sequential stages.

open_system('ex simrf ir')

2-2
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Visualization
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Set Up RF Blockset Environment

To maximize performance, the Fundamental tones and Harmonic order parameters
are explicitly set in the Configuration block. To create the minimal set of simulation
frequencies, the following carrier frequencies are set or created within the model.

Jrr, the RF carrier, equals 100 MHz.
Jiu1, the image of the RF carrier relative to /201, equals 200 MHz.
fron, the frequency of the LO in the first mixing stage, equals 150 MHz.

fir1, the intermediate frequency of the signal after the first mixing stage equals:
fron = frF = fiar = fron = 50 MHz.

fLoz, the frequency of the LO second mixing stage equals 75 MHz.

JiFz, the intermediate frequency of the signal after the second mixing stage equals:
Sfree = fre = 25 MHz,

In this system, every carrier is a multiple of fi#2. The largest carrier, J11, is the 8th

harmonic of f7#2, so setting Fundamental tones to /772 and the Harmonic order to 8
ensures that every carrier is in the set of simulation frequencies.

2-3
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Solver conditions and noise settings are also specified for the Configuration block:

* The Solver type is set to auto. For more information on choosing solvers, see the
reference page for the Configuration block or see Choosing Simulink and Simscape
Solvers.

* The Step size parameter is set to 1/(mod _freq*64). This setting ensures a simulation
bandwidth 64 times greater than the envelope signals in the system.

* The Simulate noise box is checked, so the environment includes noise in the
simulation.

View Simulation Output

The model uses Spectrum Analyzer to generate four plots.

The RF spectrum scope shows the power spectrum of the carrier signal %, specified as
carriers.RF in the Carrier frequencies parameter of the Input Sensor Outport block.
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i

4. RF Spectrum - O >
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The modulation of the RF carrier is a constant envelope generated by a Continuous
Wave block which generates a single peak centered at the carrier.

The Image Spectrum scope shows the power spectrum of the image. The signal is

recovered from the carrier J1:1, specified as carriers.IMin the Carrier frequencies
parameter of the Input Sensor Outport block.
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4. Image Spectrum — O >
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The Image Sinusoidal Source block generates a two-tone signal centered at Ji.

The IF1 spectrum scope plot shows a power spectrum centered at the first intermediate
frequency, measured between the first and second stages. The sensor outputs the

modulation from the carrier f1F1, specified as carriers.IF1 in the Carrier
frequencies parameter.
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4. IF1 Spectrum — O *

File Tools View Simulation Help k.

B
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Ready RBW=62.5 Hz |Sample rate=54 kHz | T=0.100

The Output spectrum scope shows the complete effects of the RF system. The sensor

outputs the modulation from the carrier f1¥2, specified as carriers.IF2 in the Carrier
frequencies parameter.
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4. Output Spectrum — O et

File Tools View Simulation Help b
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Ready RBW=62.5 Hz Sample rate=54 kHz |T=0.100

Model RF and Blocker Sources

To model more robust input signals, you can use a RF Blockset Inport block to specify a
circuit envelope signal generated using blocks from other Simulink™ libraries. For

example, see the featured example Impact of an RF Receiver on Communication
System Performance. This example uses Communications System Toolbox™ to model a
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Carrier to Interference Performance of Weaver Receiver

QPSK-modulated waveform of random bits with RF Blockset Inport that brings the signal
into the RF Blockset environment.

Simulating LO Phase Offset

The phase shifters have specified Phase shift parameters of 90. Deviation from this value
results in a phase offset and causes imperfect image rejection. The featured example
Measuring Image Rejection Ratio in Receivers analyzes the IRR of the Weaver
and Hartley architectures several times, calculating the image rejection ratio (IRR) for
several different phase offsets.
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Model LO Phase Noise

A mixer transfers local oscillator (LO) phase noise directly to its output.

fir

il ! -
e fep fran fiw

The preceding figure shows the transfer of phase noise from JLo1 to Jrr1

Create Model with Phase Noise

The model ex simrf phase noise introduces phase noise into the model from the
section Create a Model with RF Interference. The first mixing stage

downconverts the RF and image to J/¥. To open the model:

open_system('ex simrf phase noise')
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Visualization

[r—— | [ |
—{RF sL| i pecum —RF SLHe{inl Outt W’l I RF SLEw || I

Noise
S'"P“‘ . SLD1 Canvert @ 1:56Hz e S'F‘ IF1
Ensor EnNsor ta phase SpEC‘mm ENsSor SpEC‘mm

Image Spectrum

B - a 4

Output Output
Sensor

Spectrum

Weaver Receiver

:x: Out J :x: Out
RF Blockset - -

L0 Lo

Parameters RF -
=
=
=

=

| 4 Gi .|||_;,

o — L
n
LO1 with y= Loz y= > outp
o RF Phase Noise [In2
fite| Jata]
= =

S <) A
=
=

L L 7

Lo Lo
Image -x- |®|
\ ) Out j Out

View Simulation Output

The model uses Spectrum Analyzer to generate 5 plots.
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4. Phase Moise Spectrumn

File  Tools  View  Simulation  Help

B- Q@ - 4qa-/0 8@ L

Phase Moise Level Vs. Frequency offset

1
Frequency (kHz)
RBW=31.24 Hz |Sample rate=64 kHz | T=0.100

Ready

The Phase Noise spectrum scope shows a single-sided power density spectrum measuring
the phase noise level at the LO1 source versus frequency offset shown in logarithmic

scale.

The IF1 spectrum scope shows a power spectrum centered at the first intermediate
frequency, measured between the first and second stages.
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4 IF1 Spectrum — O >

File  Tools  View  Simulation  Help N

B- Q@ - 4qa-/0 8@ L

Frequency (MHZz)

Ready RBW=62.5 Hz | Sample rate=84 kHz |T=0.100

The scope shows that the LO phase noise has been transferred to the image. The RF

signal on the carrier J1#1 is not visible in the figure because its power level is below the
phase noise power of the downconverted image signal.

The Output spectrum scope shows the downconverted RF with the images removed.
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4. Phase Moise Spectrumn

File  Tools  View  Simulation  Help
B-OP®| - a- Q& KWL

Phase Moise Level Vs. Frequency offset

RBW=31.24 Hz |Sample rate=64 kHz | T=0.100

Ready

The LO phase noise has been transferred to the receiver output.

Shaping LO Noise Skirt

As seen in the phase noise scope, the added phase noise is pink (1/f) and is specified
within the CW source LO1. Specifically, the Add phase noise checkbox is checked in the

blocks parameters dialog:
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Model LO Phase Noise

Block Parameters: LO1 with Phase Moise

CW Source

Model a continuous wave source.

Parameters

Source type: Ideal voltage
Constant in-phase value: | 1

Constant quadrature value: | 0

Carrier frequencies: | carriers.LO1

Add phase noise

Phase noise frequency offset (Hz): |PthrDI’fset5

Phase noise level (dBc/Hz): |F’hNoLeveIs

Ground and hide negative terminal

cancl

Automatically estimate impulse response duration

Help

1'1" -

'||I|" -

Hz -
Apply

The phase noise frequency offset and phase noise level variables PhNoOffsets and
PhNoLevels are defined in the models PreLoadFcn callback, accessible through File >

Model Properties > Model Properties:
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Model Properties: ex_simrf_phase_noise x

Main  Callbacks  History  Description Data

Model callbacks Model pre-load function:
PreLoadFcn® sample_time = 1/(64*1e3);
PostLoadFcn
InitFcn YnSpecify environment carriers
StartFcn carriers.IF1 = 5Se?;
ContinusFen carriers.IM = 2e8;

carriers.LO1 = 1.5e8;
StopFon '
- ga . carriers.LO2 = 7.5¢7;
resavertn carriers.RF = 1e8;
PostSaveFcn
CloseFcn*® %%uPut all carriers in one vector for convenience

car_env = unique(structfun{@deal carriers));
%% Specify LO phase noise offsets and levels

YaUpper limit of frequency (governed by sample time):
ULFreq = 1/({2*sample_time);

% Lower limit of frequency (govermned by impulse duration):
Duration = sample_time*128;
LLFreq = 1/Duration;

% Generate 1/f phase noise with -60dBc/Hz level @ 1kHz:
PhMoOffsets = [LLFreq 1e3 ULFreq];

PhMoLevels = -60-10*log10(PhNoOffsets/1e3);

% To extend frequency resolution down to lower frequencies,
% increase duration as well as the impulse response duration
% in the LO1 block mask

Cancel Help Apply

The upper limit of the offset frequency is governed by the sample time and is limited to
the envelope bandwidth of the simulation. The lower limit of the offset frequency is
governed by the duration of the impulse response generating the phase noise frequency
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profile. Increasing the duration length in time steps from 128 to 256 will double the
frequency resolution and allow simulation of the 1/f profile down to 250Hz (as opposed to
the current lower limit of 500Hz).
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Intermodulation Distortion

* “Model a Direct Conversion Receiver” on page 3-2
* “Intermodulation Distortion in Amplifiers and Mixers” on page 3-8
* “Noise in RF Systems” on page 3-9



3 Intermodulation Distortion

Model a Direct Conversion Receiver

In this section...

“Create a Direct Conversion Receiver Model” on page 3-2
“Modeling IMD in System-Level Components” on page 3-6

“Examining DC Impairments” on page 3-7

Direct-conversion receivers are sensitive to second-order intermodulation products
because they transfer the RF signal directly to baseband.

Create a Direct Conversion Receiver Model

The model ex_simrf dc models a direct-conversion receiver within the RF Blockset
environment. The RF system consists of a low-noise amplification (LNA) stage, a direct-
conversion stage, and a final amplification stage.

To open this model, at MATLAB command line, enter:

addpath(fullfile(docroot, 'toolbox', 'simrf', "examples'))
ex_simrf _dc

Mcer_| Amplifiert InFhese
Sersar
In-Phase Cutput
Ll ®nu¢_\n Dc SL'—D
Blocker Display 0 LL
ES
: losd | =
Lo
In DDM -- ] et
Phase Gnd
shin| A
]
=

VIV

(u]
R oo [0 D_.
Quacraturs Output

Quedrature
Mixes_Q Ampifier2 Sensor

To run the model:

1 Open the model by clicking the link or by typing the model name at the command
prompt.
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Model a Direct Conversion Receiver

2

Select Simulation > Run.

Set Up the RF Blockset Environment

The model runs according to the following environment settings:

In the Configuration dialog box, the Fundamental tones parameter specifies the
carriers in the RF Blockset environment:

* frr = f10, the carrier of the RF and the local oscillator.
* fpr, the blocker carrier

The RF Blockset environment always simulates the 0- Hz carrier, regardless of
whether the RF Blockset Parameters block specifies it.

In the Solver Configuration dialog box, the Use local solver box is selected. This
setting causes the RF Blockset environment to simulate with a local solver with the
following settings:

* Solver type is Trapezoidal rule.
+ Sample time is sample time, defined as 1.25e-4 in the model initialization
function.

Since the model uses a local solver, the global solver settings do not affect the
simulation within the RF Blockset environment. For more information on global and
local solvers, see Choosing Simulink and Simscape Solvers (Simscape).

To maximize performance, the Fundamental tones and Harmonic order parameters
specify the simulation frequencies explicitly in the Configuration block:

frr = fLo, the carrier of the RF and the local oscillator, appears as a fundamental tone.
f51, the blocker carrier, appears as a fundamental tone.

A carrier of 0 Hz, representing the passband signal, is included in the set of first-order
harmonics of both fundamental tones. Therefore, setting Harmonic order to 1 is
sufficient to ensure that this frequency appears in the simulation frequencies. This
minimal value for the harmonic order ensures a minimum of simulation frequencies.

Solver conditions and noise settings are also specified for the Configuration block:

The Solver type is set to auto. For more information on choosing solvers, see the
reference page for the Configuration block or see Choosing Simulink and Simscape
Solvers (Simscape).
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3 Intermodulation Distortion

* The Sample time parameter is set to sample time, which is equal to 1/
(mod freq*64). This setting ensures a simulation bandwidth 64 times greater than
the envelope signals in the system.

* The Simulate noise box is checked, so the environment includes noise parameters
during simulation.

View Simulation Output

The model uses subsystems with a MATLAB Coder implementation of a fast Fourier
transform (FFT) to generate four plots:

* The RF Display plot shows the power level of the RF signal.

"4 ex_sitnif_dc/RF Display/Fft_2 =N Bl
File Edit View Insert Tools Desktop Window Help ~
Ddde| k| AK0DEL- S0 =D
RF Display
1] T T T
=20+
40}
B0l
‘E -BO}
5}
=
§ -100F
o
£ 120t
-140|
-160
-180
200 " L L " L " .
2.4500 24500 24500 24500 245 24500 24500 2.4500 2.4500
Frequency (Hz) x10%

The power level of the RF is about 100 dBm.
* The Blocker Display plot shows the power spectrum centered at the carrier f;.
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"4 ex_simif_dc/Blocker Display/fit_2 ==
File Edit View Insert Tools Desktop Window Help ~
Dddse | AT 9EL- 20 D

Blocker Display
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60} 4

20t g

Power (dBm)
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160} g

180} g
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Frequency (Hz) «10?

The power level of the blocker is about 90 dB higher than the signal power of the RF.

The In-Phase Output plot shows the power spectrum of the in-phase signal at

baseband.

T ex_simrf_dc/In-Phase Output/fft_2

(=8 Ho =

File Edit View Tnsert Tools Desktop Window Help =
Dddse | | AKO0EL- 2|08 O

In-Phase Output
20 T T T T
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-20f ]
-0 | |
60 ]
-80 [ B ""n""r"""",.n""" onate, 11T enan o """,.,."""""""n"" B

100} i i R

Power (dBm)

20} g

140} R

180+ g
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-200
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In the figure, DC power is a direct result of the blocker and the IP2 in the mixers.
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* The Quadrature Output plot shows the power spectrum of the quadrature signal at

baseband.
"4 ex_simrf_dc/Quadrature Output/fft_2 EI@
File Edit View Insert Tools Desktop Window Help El

Ddde |k AKNTDEL- 2|0 DO

Quadrature Output
20 T T

ol

20}k

-aol
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80}

-100

Power {dBm)

=120+

140}

-160

-180

-200
-40 -30 -20 -10 1] 10 20 30 40

Frequency (Hz)

If you have DSP System Toolbox software installed, you can replace the MATLAB Coder
subsystems with a Spectrum Analyzer block.

Modeling IMD in System-Level Components

The IP2 and IP3 parameters specify the second- and third-order intercept points of
Amplifier and Mixer blocks:

* The amplifiers have infinite IP2 and IP3, so the amplifiers are linear.

* [IP2 of the mixer is 15 dB

Amplifier and Mixer components have specified gains and noise figures:

* The gain and noise figure in the LNA stage are 25 dB and 6 dB, respectively.

* The gain and noise figure in the mixing stage are 10 dB and 10 dB. The Input
impedance (ohms) parameters of the two mixers are both 100, which sum in parallel
to a resistance of 50 Q to match the output impedance of the LNA.

* The gain and noise figure in the final amplification stage are 20 dB and 15 dB,
respectively.



Model a Direct Conversion Receiver

To calculate RF system noise figure, use the Friis equation:

F2—1+F3—1+ N F,-1
Gq G1Gy 7 G1Gy...Gp -1

Fsys =F| +
where F; and G; are the noise factor and gain of the ith stage.

Examining DC Impairments

In addition to intermodulation distortion from IP2, direct-conversion receivers are subject
to additional DC impairments. For example, coupling between mixer input and local
oscillator (LO) ports causes self-mixing of the LO. For more information, see the featured
example “Executable Specification of a Direct Conversion Receiver”



3 Intermodulation Distortion

Intermodulation Distortion in Amplifiers and Mixers
Intermodulation distortion or IMD is a measure of linearity of amplifiers, mixers, gain
blocks, and other RF components. IMD is the result of two or more signals interacting in

a non-linear device such as an amplifier or a mixer to produce additional unwanted
signals.

Intermodulation Distortion in Amplifiers

Intermodulation distortion or IMD is an undesirable quality in power amplifiers.
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Noise in RF Systems

In this section...

“White and Colored Noise” on page 3-9
“Thermal Noise” on page 3-9

“Phase Noise” on page 3-10

“Noise Figure” on page 3-10

Noise in an RF system is generated internally by active components in the system or
introduced externally like channel interference or antenna.

White and Colored Noise

White noise: Noise with a flat frequency spectrum is called white noise. White noise
has equal power across all frequencies of the system band width.

Colored noise: Noise with power that varies according to frequencies in an RF system
bandwidth is called colored noise.

To simulate white or colored noise in RF Blockset, use the Noise block.

Thermal Noise

Thermal noise is the most common noise introduced in an RF system. This noise is
generated internally by active components in the system or externally due to channel
interference or antenna. Thermal noise is also known as Johnson or Nyquist noise. The
equation for thermal noise is:

PN = kBTB

* kg is Boltzmann's constant, equal to 1.38065 x 1023 J/K.
* Tis the noise temperature, specified as 293.15 K in this example.

* R, is the noise source impedance, specified as 50 Q in this example to agree with the
resistance value of the Resistor block labeled R1.

* B s the bandwidth.

At room temperature, the thermal noise generated by system with a band width of 1 Hz is
-174 dBm.
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3-10

To generate thermal noise in a RF Blockset system use Resistor and Configuration block.
You can also generate thermal noise using the S-Parameters block if the S-parameter is
passive.

Thermal noise floor in RF Blockset is defined by the equation:
Pnoise = 4kpTRsAf
where:

* kg is Boltzmann's constant, equal to 1.38065 x 1023 J/K.
* T is the noise temperature, specified as 293.15 K in this example.

* R, is the noise source impedance, specified as 50 Q in this example to agree with the
resistance value of the Resistor block labeled R1.

* Afis the noise bandwidth.

Phase Noise

Phase noise is a short-term fluctuation in the phase of an oscillator signal. This noise
introduces uncertainty in the detection of digitally modulated signals. Phase noise is
defined as the ratio of power ins one-phase modulation sideband to the total signal power
per unit bandwidth. It is expressed in decibels relative to the carrier power per hertz of
bandwidth (dBc/Hz). To know how to model LO phase noise in an oscillator see, “Model
LO Phase Noise” on page 2-10.

Noise Figure

Noise figure value determines the degradation of signal to noise ratio of a signal as it
goes through the network. Noise figure is defined by the equation:

Signal
Nf — Noise

Signal
Noise &t the output

at the input

Excessive noise figure in the system causes the noise to overwhelm the signal, making the
signal unrecoverable. Noise figure is a function of frequency but it is independent of the
bandwidth of the system. Noise figure is expressed in dB.



Noise in RF Systems

In RF Blockset, you can specify noise figure for an RF system using the Amplifier or Mixer
blocks.
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* “Use RF Measurement Testbench for RF-to-IQ Converter” on page 4-2
* “Using RF Measurement Testbench for 1Q-to-RF Converter” on page 4-12



4 Testbenches

Use RF Measurement Testbench for RF-to-IQ Converter

In this section...

“Device Under Test” on page 4-3
“RF Measurement Unit” on page 4-4
“RF Measurement Unit Parameters” on page 4-6

Use the RF Measurement Testbench to measure various quantities of an RF-to-1Q
converter. Measurable quantities include cumulative gain, noise figure, and nonlinearity
(IP3) values. To open the testbench and measure the quantities, use the RF Budget
Analyzer app to create an RF-to-IQ converter and then click Export > Measurement

testbench.

The testbench has

4-2

untitled1
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& RF Measurement Testbench
E Cipan tha Block Paramiters dialog of the RF Maasunmsment Unit
= block for measuremant-specific paramaters and instructions.
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altered to 100 M2,
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Use RF Measurement Testbench for RF-to-IQ Converter

* RF Measurement Unit
* Device Under Test

The testbench display shows the measured output values of the gain, NF (noise figure),
IP3 (third-order intercept), and other quantities etc.

Device Under Test

Device
In Under Out
Test

The Device Under Test subsystem contains the RF system exported from the app.
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r*i untitled 1/DUT_Subsystem * - Simulink prerelease use

File Edit View Display Diagram Simulation ‘Analysis Code Tools® Help

R = e v | g [ |V e » | L.

|

[Fajunttean ¥ [PafOUT_Subsystem bl

OB U B ® @"g'

vy @ B

Ready 100% FioedStepDiscrete

RF Measurement Unit

Gain (dB)t

Stimulus RF Measurement Unit Responsel

ResponseQ}

The RF Measurement Unit subsystem consists of a Simulink Controller and RF Blockset
Circuit Envelope interface. The RF Blockset interface is used as input and output from the
DUT.
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Simulink Controller
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RF Measurement Unit Parameters

-
Block Parameters: Testbench RF to IQ

RF Measurement Unit (mask) (link)
Measures RF properties of a system.
Simulate noise (both stimulus and DUT internal)

Measured quantity: [Gain

Response branch: [l

Parameters Instructions |

Input power amplitude (dBm):

;-I;ﬂi‘:- P
A j

-90.0 60.0
-30

Input frequency (Hz): 2.45e9
Output frequency (Hz): 100e6

Baseband bandwidth (Hz): 100e6

=

E Ok ” Cancel ][ Help

Apply




Use RF Measurement Testbench for RF-to-IQ Converter

Simulate noise (both stimulus and DUT) — Select this check box to enable noise
modeling in the stimulus signal entering the DUT and inside the DUT.

Measured quantity — Choose the quantity you want to measure:
* Gain - Measure the transducer gain of the converter, assuming a load of 50 ohm. If

you choose only I or only Q from Response branch, you see only half the value of
the measured gain.

* NF - Measure the noise figure value at the output of the converter.
* IP3 - Measure the output or input third-order intercept (IP3).
* IP2 - Measure the output or input second-order intercept (IP2).

* DC Offset - Measure the DC level interference centered on the desired signal
due to LO leakage mixing with input signal.

* Image Rejection Ratio - Measure the image rejection ratio required to cancel
the effect of images at the RF input signal.

By default, the testbench measures the Gain. The contents in the Instructions tab

changes according to the Measured quantity value.

IP Type — Choose the type of intercept points (IP) to measure: Qutput referred or
Input referred.

By default, the testbench measures Output referred. This option is available when
you set the Measured quantity to IP2 or IP3.

Injection Type - Choose the local oscillator (LO) injection for image rejection ratio:
Low-side or High-side.

By default, the testbench measures the Low-side. This option is available when you
set the Measured quantity to Image Rejection Ratio.

Response branch — Choose the output branch you want to measure from:

* I only(Q=0) - Output signal measured at the in-phase branch.
* Q only(I=0) - Output signal measured at the quadrature branch.

This option is not available when you set the Measured quantity to Image
Rejection Ratio.

Parameters Tab

Input power amplitude (dBm) - Available input power to the DUT. You can change
the input power by manually specifying a value or by turning the knob. When
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measuring DC Offset, this input field is Input RMS voltage (dBmV), because the
Offset is measured in voltage units. The specified voltage represents the voltage falling
on the input ports of the DUT.

Input frequency (Hz) - Carrier frequency fed at the RF input of the DUT.

Output frequency (Hz) - Output frequency to measure the I and Q outputs of the
DUT. By default, this frequency is one bandwidth above DC, to allow meaningful
measurement.

Baseband bandwidth (Hz) - Bandwidth of the input signal.

Ratio of test tone frequency to baseband bandwidth - Position of the test tones
used for IP3 measurements. By default, the value is 1/8.



Use RF Measurement Testbench for RF-to-IQ Converter

Instructions Tab

o B’
Block Parameters: Testbench RF to IQ ﬁ

RF Measurement Unit (mask) (link)

Measures RF properties of a system.
Simulate noise (both stimulus and DUT internal)

Measured quantity: [Gain - ]

Response branch: [l - ]

| Parameters Instructions

1. For accurate gain measurement, please uncheck the 'Simulate noise' checkbox.

2. For high input power, the measured gain may be affected by nonlinearities of
the Device Under Test (DUT) and differ from the gain calculated in the RF budget
app. In this case, use the knob to reduce the input power amplitude value until the
resulting gain value settles down.

3. Other discrepancies between the measured gain and that calculated in the RF
budget app may originate from the more realistic account of the DUT performance
obtained using the SimRF simulation. In this case, verify that the DUT performance
is evaluated correctly using RF budget calculations. For more details, see the RF
budget app documentation.

[ OK H Cancel H Help H Apply ]
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Instructions for Gain Measurement

Clear Simulate noise (both stimulus and DUT) for accurate gain measurement.
Select the check box to account for the noise.

Change the Input power amplitude (dBm) or turn the knob to reduce the input
power amplitude. For high input power, nonlinearities in the DUT can affect the gain
measurements.

Instructions for NF Measurement

The testbench measures the spot NF calculated. This calculation assumes a frequency-
independent system within a given bandwidth. To simulate a frequency-independent
system and calculate the correct NF value, reduce the baseband bandwidth until this
condition is fulfilled. In common RF systems, the bandwidth is reduced below 1 kHz
for NF testing.

Change Input power amplitude (dBm) or turn the knob to reduce or increase the
input power amplitude. For high input power, nonlinearities in the DUT can affect the
NF measurements. For low input power, the signal is too close or below the noise floor
of the system. As a result, the NF fails to converge.

Instructions for IP3 and IP2 Measurement

Clear Simulate noise (both stimulus and DUT) for accurate IP3 and IP2
measurement.

Change Input power amplitude (dBm) or turn the knob to reduce the input power
amplitude. For high input power, higher-order nonlinearities in the DUT can affect the
OIP3 and IIP3 measurements.

Instructions for DC Offset Measurement

Clear Simulate noise (both stimulus and DUT) for accurate DC offset
measurement.

Correct calculation of the DC offset assumes a frequency-independent system in the
frequencies surrounding the test tones. Reduce the frequency separation between the
test tones or reduce the baseband bandwidth until this condition is fulfilled. In
common RF systems, the bandwidth is reduced below 1 KHz for DC offset testing.

. Change Input RMS voltage amplitude (dBmV) or turn the knob to reduce the
input RMS voltage amplitude. For high input RMS voltage, higher-order nonlinearities
in the DUT can affect the DC offset measurements



See Also

Instructions for Image Rejection Ratio

¢ C(Clear Simulate noise (both stimulus and DUT) for accurate OIP3 and IIP3
measurement.

* Correct calculation of the image rejection ratio (IRR) assumes a frequency-
independent system in the frequencies surrounding the test tones. Reduce the
frequency separation between the test tones or reduce the baseband bandwidth until
this condition is fulfilled. In common RF systems, the bandwidth is reduced below 1
KHz for IRR testing.

* . Change Input power amplitude (dBm) or turn the knob to reduce the input power
amplitude. For high input power, higher-order nonlinearities in the DUT can affect the
image rejection ratio measurement.

For all measurements using the testbench, you cannot correct result discrepancies using
the RF Budget Analyzer app. The RF Blockset testbench provides true RF circuit
simulation that incorporates RF phenomena including saturation and interaction between
multiple tones and harmonics in nonlinear devices. These RF phenomena are not yet
incorporated in RF Budget Analyzer, leading to some differences in the values between
the testbench and the app.

See Also
RF Budget Analyzer
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Using RF Measurement Testhench for 1Q-to-RF Converter

In this section...

“Device Under Test” on page 4-13

“RF Measurement Unit” on page 4-14

“RF Measurement Unit Parameters” on page 4-16

Use the RF Measurement Testbench to measure various quantities of an 1Q-to-RF
converter system. Measurable quantities include cumulative gain, noise figure, and
nonlinearity (IP3) values. To open the testbench and measure the quantities, use the RF
Budget Analyzer app to create an RF system and then click Export > Measurement

testbench.
o
#5, untitled * - Simulink prerelease use |l
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RF Measurement Unit
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Using RF Measurement Testbench for 1Q-to-RF Converter

The testbench has two subsystems:

e RF Measurement Unit
* Device Under Test

The testbench display shows the measured output values of the gain, NF (noise figure),
IP3 (third-order intercept), and other quantities.

Device Under Test

Device
In  Under Out
Test

The Device Under Test subsystem contains the RF system exported from the app.
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[ untitied /DUT,_Subssystem * - Simulink prereleae use [E=gEER>=)
File Edit View Display Diogram Simulation Analysis Code Tools Help
B-o-Be ¢ B E- 24P = [« » @ ~| i -
e ! |
@ (Fajuntivear b 7] DUT_Subsystem vl
@
=
(3
[
Ol

vy @ B

Ready 100% FinedStepDiscrete

RF Measurement Unit

+Stimulusl Gain (dB)}
RF Measurement Unit
+StimulusQ Response}

The RF Measurement Unit subsystem consists of a Simulink Controller and RF Blockset
Circuit Envelope interface. The RF Blockset interface is used as input and output from the

DUT.
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Using RF Measurement Testbench for 1Q-to-RF Converter

Simulink Controller
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RF Measurement Unit Parameters

-
Block Parameters: Testbench IQ to RF

RF Measurement Unit (mask) (link)
Measures RF properties of a system.
Simulate noise (both stimulus and DUT internal)

Measured quantity: [Gain

Stimulus branch: [l and Q (Q=-1j*1I}

Parameters Instructions |

Input power amplitude (dBm):

__-l;/f.i‘:- P
" j

-00.0 60.0
-30

Input frequency (Hz): 100e6

Output frequency (Hz): 2.45e9

Baseband bandwidth (Hz): 100e6

=

[ OK H Cancel H Help

| [ Apply ]




Using RF Measurement Testbench for 1Q-to-RF Converter

Simulate noise (both stimulus and DUT) — Select this check box to enable noise
modeling in the stimulus signal entering the DUT and inside the DUT.

Measured quantity — Choose the quantity you want to measure:

* Gain - Measure the transducer gain of the converter. If you choose only I or only Q
from Stimulus branch, you only see half the value of the measured gain.

* Noise Floor - Measure the noise floor value of the converter.
* IP3 - Measure the output or input third-order intercept (IP3).
e IP2 - Measure the output or input second-order intercept (IP2).

* Carrier Feedthrough - Measure the leakage of carrier tone into the RF
spectrum due to imbalances in the in-phase and quadrature phase inputs.

* Sideband Suppression - Measure the sideband suppression required for the
ideal cancellation of image signals around the RF output signal.

By default, the testbench measures Gain. The contents in the Instructions tab
changes according to the Measured quantity value.

IP Type - Choose the type of intercept points (IP) to measure: Output referred or
Input referred,

By default, the testbench measures Output referred. This option is available when
you set the Measured quantity to IP2 or IP3.

Injection Type - Choose the local oscillator (LO) injection for sideband suppression:
Low-side or High-side,

By default, the testbench measures Low-side. This option is available when you set
the Measured quantity to Sideband Suppression.

Stimulus branch — Choose the branch you want to use as input stimulus for the
measurement:

* I and Q (Q=-j*I) — Signal measured is based on a combination of input
signals. Quadrature input is same as the in-phase input but is -90 degrees out of
phase.

* I and Q (Q=j*I) — Signal measured is based on a combination of input signals.
Quadrature input is same as the in-phase input but is 90 degrees out of phase.

* I only(Q=0) — Signal measured is only the output of the in-phase input signal.
Gain measured using this input is only one quarter of the total output signal gain.

* Q only(I=0) — Signal verified is only the output of the quadrature input signal.
Gain measured using this input is only one quarter of the total output signal gain.
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Parameters Tab

Input power amplitude (dBm) — Available input power to the DUT. You can change
the input power by manually specifying or by turning the knob. When measuring
Carrier Feedthrough, this input field is Input RMS voltage (dBmV), because the
feedthrough is measured in voltage units. The specified voltage represents the voltage
falling on the input ports of the DUT.

Input frequency (Hz) — Carrier frequency fed into the I and Q inputs of the DUT. By
default, this frequency is by default one bandwidth above DC.

Output frequency (Hz) — Output frequency to measure the DUT.
Baseband bandwidth (Hz) — Bandwidth of the input signal.

Ratio of test tone frequency to baseband bandwidth — Position of the test tones
used for IP3 measurements. By default, the value is 1/8.

This option is only available when you set Measured quantity to IP2, IP3, and
Carrier Feedthrough.



Using RF Measurement Testbench for 1Q-to-RF Converter

Instructions Tab

i '
Block Parameters: Testbench IQ to RF ﬁ
RF Measurement Unit (mask) (link)

Measures RF properties of a system.
Simulate noise (both stimulus and DUT internal)

Measured quantity: [Gain - ]

Stimulus branch: [l and Q (Q=-1j*1I} *]

| Parameters Instructions

1. For accurate gain measurement, please uncheck the "Simulate noise’
checkbox.

2. For high input power, the measured gain may be affected by
nonlinearities of the Device Under Test (DUT) and differ from the gain
calculated in the RF budget app. In this case, use the knob to reduce the
input power amplitude value until the resulting gain value settles down.

3. Other discrepancies between the measured gain and that calculated in
the RF budget app may originate from the more realistic account of the
DUT performance obtained using the SimRF simulation. In this case,
verify that the DUT performance is evaluated correctly using RF budget
calculations. For more details, see the RF budget app documentation.

E OK ” Cancel ][ Help Apply
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Instructions for Gain Measurement

Clear Simulate noise (both stimulus and DUT) for accurate gain measurement.
Select the check box for account for noise.

Change the Input power amplitude (dBm) or turn the knob to reduce the input
power amplitude. For high input power, nonlinearities in the DUT can affect the gain
measurements.

Instructions for Noise Floor Measurement

The testbench measures the spot noise floor calculated. This calculation assumes a
frequency-independent system within a given bandwidth. To simulate a frequency-
independent system and calculate the correct noise floor value, reduce the baseband
bandwidth until this condition is fulfilled. In common RF systems, the bandwidth is
reduced below 1 kHz for noise floor testing.

Change Input power amplitude (dBm) or turn the knob to reduce or increase the
input power amplitude. For high input power, nonlinearities in the DUT can affect the
noise floor measurements.

Instructions for IP3 and IP2 Measurement

Clear Simulate noise (both stimulus and DUT) for accurate IP3 and IP2
measurement.

Change Input power amplitude (dBm) or turn the knob to reduce the input power
amplitude. For high input power, higher-order nonlinearities in the DUT can affect the
IP3 and IP2 measurements.

Instructions for Carrier Feedthrough Measurement

Clear Simulate noise (both stimulus and DUT) for accurate IP3 and IP2
measurement.

Change Input RMS voltage amplitude (dBmV) or turn the knob to reduce the input
RMS voltage amplitude. For high input RMS voltage, higher-order nonlinearities in the
DUT can affect the carrier feedthrough measurements

Correct calculation of the carrier feedthrough assumes a frequency-independent
system in the frequencies surrounding the test tones. Reduce the frequency separation
between the test tones or reduce the baseband bandwidth until this condition is
fulfilled. In common RF systems, the bandwidth is reduced below 1 KHz for carrier
feedthrough testing.



See Also

Instructions for Sideband Suppression Measurement

¢ C(Clear Simulate noise (both stimulus and DUT) for accurate IP3 and IP2
measurement.

* Change Input power amplitude (dBm) or turn the knob to reduce the input power
amplitude. For high input power, higher-order nonlinearities in the DUT can affect the
sideband suppression measurement.

For all measurements using the testbench, you cannot correct result discrepancies using
the RF Budget Analyzer app. The RF Blockset testbench provides true RF circuit
simulation that incorporates RF phenomena including saturation and interaction between
multiple tones and harmonics in nonlinear devices. These RF phenomena are not
incorporated in RF Budget Analyzer, leading to some differences in the values between
the testbench and the app.

See Also
RF Budget Analyzer
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Analog Devices Transceiver Models

* “AD9361 Models” on page 5-2

* “AD9361 Testbenches” on page 5-6

* “AD9371 Models” on page 5-11
“AD9371 Testbenches” on page 5-20



5 Analog Devices Transceiver Models

AD9361 Models

In this section...

“AD9361 TX Analog Devices Transmitter” on page 5-3

“AD9361 RX Analog Devices Receiver” on page 5-4

You can use the AD9361 models to simulate Analog Devices® AD9361 RF transmitter or
receiver designs. These models also helps to see the impact of RF imperfections on your
transmitted or received signal.

Install Analog Devices RF Transceivers using, simrfSupportPackages. You can open
models using the Simulink Library Browser and opening RF Blockset Models for Analog
Devices RF Transceivers, or by typing the following in the MATLAB command prompt:

open ad9361 models

Choose the model you want from the library:

( "‘i Library: ad'3361_models - Simulink prerelease use l s(ilE) é
| File Edit View Display Disgram Analysis Help |
®-o-8 EE-0-
|| =49351_medels
| B ||"a) ac9361_models -
&
4
| AL
=1 ad9361_TX p ), ad9361_RX 4
|
=
= Copyright 2016-2017 The MathWorks, Inc.
el (4] |
Ready 184% N '
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AD9361 Models

Note You require these additional licenses to run this model:

¢ Communications Toolbox™
o Stateflow®

+ Fixed-Point Designer™

Complete documentation on how to use the models is available with the software
download.

open(ad93xx_getdoc)

AD9361 TX Analog Devices Transmitter

Model Description

DUC_Filters_TX Analog_Filters_TX RF_TX
Real ——————— P In_|I
o—P In QOut P In
Imaginary piin_Q Out
RF
P In 0 | Attenuation
VerifySampleTime Attenuation

The transmitter model consists of three stages:

» Digital up-conversion filters (DUC _Filters TX))
* Analog filters (Analog Filters TX)
* RF front end (RF TX)

You can use the transmitter model to simulate the following behaviors:
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5 Analog Devices Transceiver Models

e Tunable attenuation

* Oscillator phase noise

* Carrier-dependant noise floor

* Attenuation and carrier-dependant nonlinearities like output-referred third-order
intercept (OIP3)

* Attenuation dependant gain imbalance

* Attenuation dependant local oscillator (LO) carrier leak

AD9361 RX Analog Devices Receiver

Model Description

Attack
mode

-

Index
= 5 3
T 4
Gain g LMT
Table = el
3 § Detector
58887 <
A
ExternalLNA
GainLNA GainLPF »LPFGain
> G
ﬁi.fIDEmDU out Out
———{ GainTIA "
# GainLPF ou_Q
e
n RF_RX LEER

The receiver model consists of:

* RF receiver (RF_RX)
* Analog filters (Analog Filters RX)

8 &
4 I
ADC
Overload
Detector
E
[y
PowerSensor
In OQutf—+—»In
Out
ADC_RX DDC_Filters_RX

dBFS

Average Power Meter



AD9361 Models

* Analog to Digital Converter (ADC RX)

» Digital down-conversion filters (DDC)

* Receiver signal strength indicators

* Automatic gain control (AGC) state machine
* Gain table

You can use the receiver model to simulate the following behaviors:

* Tunable low-noise amplifier, mixer, and trans-impedance amplifier (LMT) gains
* Carrier-dependant noise floor

* Gain and carrier-frequency dependant nonlinearities like output-referred third-order
intercept (OIP3)

* Gain and carrier-frequency dependant nonlinearities like output-referred second-
order intercept (OIP2)

* Gain dependant gain imbalance
* Gain dependant local oscillator (LO) carrier leak
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AD9361 Testbenches

In this section...
“AD9361 TX Analog Devices Transmitter Testbench” on page 5-8
“AD9361 RX Analog Devices Receiver Testbench” on page 5-9

“AD9361 QPSK Analog Devices Testbench” on page 5-10

You can use the AD9361 testbench models to analyze the functioning and values of Analog
Devices AD9361 RF transmitter, receiver, or end-to-end designs.

Install Analog Devices RF Transceivers using simrfSupportPackages. You can open the
testbench models using the Simulink library browser and opening RF Blockset Models for
Analog Devices RF Transceivers, or by typing the following in the MATLAB command
prompt:

open ad9361 testbenches

Click to open the AD9361 testbench model from the library:



AD9361 Testbenches

(2 Libracy: 349361 _testbenches - Simulink prerelease use =8 8 |
Br-o-@les 2 BE-O-
]
B |[Palact9361_testhenches -
=|
17|
= Copyright 2016-2017 The MathWorks, Inc.
-
» @l
Ready 161%

Note You require these additional licenses to run this model:

¢ Communications Toolbox
¢ Stateflow
* Fixed-Point Designer

Complete documentation on how to use the models is available with the software
download.

open(ad93xx_getdoc)
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AD9361_TX Analog Devices Transmitter Testbench

—flL_

Spectrum TX

CW Source

Y

[dBm]
[\,
ad9361 TX Power L[|

Average Power
[dBm]

LTE Source —#—-o

Copyright 2016-2017 The MathWorks, Inc.

The transmitter testbench consists of:

* CW and LTE Signal sources

AD9361 transmitter which is the device under test

Spectrum analyzer and power meter for signal visualization



AD9361 Testbenches

AD9361_RX Analog Devices Receiver Testbench

L8

Spacirum Basaband

Y

[dBm]
: |
WEr ing
| nMater =2 :
Available Power
Spectrum RX
[dBm] [dBFS]
CW Source —
A\ P
> ad9361_RX SR
T
LTE Source —#—o RX Signal

Coovriaht 2016-2017 The MathWorks. Ine.
The receiver testbench consists of:

* CW and LTE Signal sources
* AD9361 receiver which is the device under test
* Spectrum analyzer and power meter for signal visualization
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AD9361_QPSK Analog Devices Testbench

Whatpath Rapaigh
F g Chusrnegd
QPSK Transmitler a—w ad9361_TX T adid61 RX . QPSK Receiver
vty s T
] Spesotrur Chan Scalng Spacinem Fx
Sossctrum T

eBFs]
Copyrght 2018-2017 The Masiarks, bnc

The QPSK testbench consists of:

* (QPSK signal generator

* AD9361 transmitter operating at 2 GHz, with default LTE 5-MHz filter configuration
* Multi-path Rayleigh fading channel

* Multi-path Rayleigh fading channel

* AD9361 receiver operating at 2 GHz, with default LTE 5-MHz filter configuration

* QPSK baseband signal demodulator decoder.
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AD9371 Models

In this section...

“AD9371 TX Analog Devices Transmitter” on page 5-13
“AD9371 RX Analog Devices Receiver” on page 5-14

“AD9371 ORX Analog Devices Observer Receiver” on page 5-16
“AD9371 SNF Analog Devices Sniffer Receiver” on page 5-18

You can use the AD9371 models to simulate Analog Devices AD9371 RF transmitter,
receiver, observer, and sniffer designs. These models also helps to see the impact of RF
imperfections on your transmitted or received signal.

Install Analog Devices RF Transceivers using simrfSupportPackages. You can open
models using the Simulink Library Browser and opening RF Blockset Models for Analog
Devices RF Transceivers, or by typing the following in the MATLAB command prompt:

open ad9371 models

Choose the model you want from the library:
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"i Library: ad9371_models - Simulink prerelease use

File Edit WView Display Diagram Analysis  Help
o< '.ii = 7
B~ - e -

& ||Pa|ad9371_models

&
¢ BB ad9371 JRF ad9371
i Transmitter RF B Receiver Out
m| JLo

ARF ad9371 ad9371

Observer RX  Out JRF Shiffer RX Out

a JLO
B
» |B Copyright 2016-2017 The MathWorks, Inc.
Ready View 4 warnings 159%

Note You require these additional licenses to run this model:

¢ Communications Toolbox
¢ Stateflow
* Fixed-Point Designer

Complete documentation on how to use the models is available with the software

download.

open(ad93xx_getdoc)

5-12



AD9371 Models

(I)_y In out —p In

EB

AD9371 TX Analog Devices Transmitter

Model Description

In_|

In_Q

>

|

Attenuation RF
Attenuation
DUC_Filters_TX LPF_TX LO
Lo RF_TX

The transmitter model consists of three stages:

+ Digital up-conversion filters (DUC _Filters TX))
* Analog filters (Analog Filters TX)
* RF front end (RF_TX)

You can use the transmitter model to simulate the following behaviors:

* Tunable attenuation
* Attenuation and carrier-frequency dependant noise floor

* Attenuation and carrier-frequency dependant output-referred third-order intercept
(OIP3) and output-referred second-order intercept (OIP2)

* Attenuation and carrier-frequency dependant gain imbalance (to model finite image
rejection)

* Attenuation and carrier-frequency dependant local oscillator (LO) carrier leakage
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AD9371_RX Analog Devices Receiver

Model Description

¢ ManuaGainindexyd 255
HBZ_H

s ‘paz_L ]
)

Indax
O— .
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r
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The receiver model consists of three stages:

* RF receiver (RF_RX)

* Analog filters (LPF _RX)

* Analog-to-Digital converter (ADC _RX)

» Digital down-conversion filters (DDC Filters RX)

* Receiver signal strength indicator (RSSI): two power meters to detect the strength of
the received signal at different section of the chain (Analog Peak Detector, and HB2
Overload Detector)

* Automatic gain control state machine (AGC)
* Programmable gain table (Gain Table)



AD9371 Models

You can use the receiver model simulate the following behaviors:

* Tunable internal attenuation
* Attenuation and carrier-frequency dependant noise figure

* Attenuation and carrier-frequency dependant output-referred third-order intercept
(OIP3) and output-referred second-order intercept (OIP2)

* Attenuation and carrier-frequency dependant gain imbalance (to model finite image
rejection)

» Attenuation and carrier-frequency dependant local oscillator (LO) carrier leakage
* Analog filters provide continuous time signal
* ADC models a high-sampling rate third order delta-sigma modulator.

» Digital down conversion digital filters converts the highly sampled signal at the output
of the ADC to a lower baseband rate.

* Received signal strength indicator measures power at two stages, at the RF receiver
output and after the first half-band filter

* AGC changes the index of the gain table according to the flags of threshold crossing
reported by the RSSI.

* Default gain table is read from the MATLAB file, DefaultGainTables. You can
customize this file.
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AD9371_ORX Analog Devices Observer Receiver

Model Description

? g |Gain
E z 7 |Table
w' o (-]
4 € £ o
i |—D Diigital_Att
ol RF A IF— In | Ot I i |
RF P Extormnal Al Out ol in
CO—fw
Qe In O Outl_Q o in_O
Lo DDC_Fillers_RX
LO
RF_RX LPF_RX ADC_RX

The observer receiver model consists of three stages:

* RF receiver (RF_RX)

* Analog filters (LPF_RX)

* Analog to Digital converter (ADC_RX)

» Digital down-conversion filters (DDC Filters RX)

Automatic gain control state machine (AGC) operating in manual control mode

* Programmable gain table (Gain Table)

You can use the observer receiver model to simulate the following behaviors:

* Tunable internal attenuation

5-16



AD9371 Models

Attenuation and carrier-frequency dependant noise figure

Attenuation and carrier-frequency dependant output-referred third-order intercept
(OIP3) and output-referred second-order intercept (OIP2)

Attenuation and carrier-frequency dependant gain imbalance (to model finite image
rejection)

Attenuation and carrier-frequency dependant local oscillator (LO) carrier leakage
Analog filters provide continuous time signal.
ADC models a high-sampling rate third-order delta-sigma modulator.

Digital down conversion digital filters converts the highly sampled signal at the output
of the ADC to a lower baseband rate.

Received signal strength indicator measures power at two stages, at the RF receiver
output and after the first half-band filter

Default gain table is read from the MATLAB file, DefaultGainTables. You can
customize this file.
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AD9371_SNF Analog Devices Sniffer Receiver

Model Description

255

Iricdin
0O =
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v
: * ¢ .
Gain § - Anadeg - HeZ | = z
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a ¥ in_Q Outl_Q in_Q
Lo
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S RF_RX LPF_RX ADC_RX

The sniffer receiver model consists of three stages:
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RF receiver (RF_RX)

Analog filters (LPF_RX)

Analog to Digital converter (ADC RX)

Digital down-conversion filters (DDC Filters RX)

Receiver signal strength indicator (RSSI): two power meters to detect the strength of
the received signal at different section of the chain (Analog Peak Detector, and HB2
Overload Detector)

Automatic gain control state machine (AGC) operating in manual control mode
Programmable gain table (Gain Table)



AD9371 Models

You can use the AD9371 sniffer receiver model to simulate the following behaviors:

* Tunable internal attenuation
* Carrier-frequency dependant noise figure

* Attenuation and carrier-frequency dependant output-referred third-order intercept
(OIP3) and output-referred second-order intercept (OIP2)

* Attenuation and carrier-frequency dependant gain imbalance (to model finite image
rejection)

» Attenuation and carrier-frequency dependant local oscillator (LO) carrier leakage
* Analog filters provide continuous time signal.
* ADC models a high-sampling rate third-order delta-sigma modulator.

» Digital down conversion digital filters converts the highly sampled signal at the output
of the ADC to a lower baseband rate.

* Received signal strength indicator measures power at two stages, at the RF receiver
output and after the first half-band filter

* AGC changes the index of the gain table according to the flags of threshold crossing
reported by the RSSI.

* Default gain table is read from the MATLAB file, DefaultGainTables. You can
customize this file.
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AD9371 Testbenches

5-20

In this section...

“AD9371 TX Analog Devices Transmitter Testbench” on page 5-22

“AD9371 RX Analog Devices Receiver Testbench” on page 5-23

“AD9371 ORX Analog Devices Observer Receiver Testbench” on page 5-24
“AD9371 SNF Analog Devices Sniffer Receiver Testbench” on page 5-25
“AD9371 TX ORX Analog Devices Transmitter-Observer Testbench” on page 5-26

You can use the AD9371 testbench models to analyze the functioning and values of Analog
Devices AD9371 RF transmitter, receiver, observer, sniffer, or end-to-end designs.

Install Analog Devices RF Transceivers using simrfSupportPackages. You can open the
testbench models using the Simulink library browser and opening RF Blockset Models for
Analog Devices RF Transceivers, or by typing the following in the MATLAB command
prompt:

open ad9371 testbenches

Click to open the AD9371 testbench model from the library:



AD9371 Testbenches

T =TT=Y )
| File Edt view Dsply Disgram Analysis Help
B-o-B¢» 4 SEEH-O-

DR BEBES e

Copyright 2016-2017 The MathWorks, Inc.

176%

Note You require these additional licenses to run this model:

¢ Communications Toolbox
¢ Stateflow
* Fixed-Point Designer

Complete documentation on how to use the models is available with the software
download.

open(ad93xx_getdoc)
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AD9371_TX Analog Devices Transmitter Testbench

=

: - Spectrum Baseband
CW Signal —» [dBFS]
—»dBm2dBFS e
Double f
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RF —» |
LO Signal »LO
Spectrum TX
[dBm]

Copyright 2016-2017 The MathWorks, Inc.

The transmitter testbench consists of:
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CW and LTE Signal sources

External local oscillator signal source

AD9371 transmitter which is the device under test
Spectrum analyzer and power meter for signal visualization
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AD9371_RX Analog Devices Receiver Testbench

Spectrum Baseband
[dBm]

| available power
' [dBm]

Power
> weter P

CW Signal —p—

Eoomiz >~ MRF ado371

LTE 20MHz
Receiver Outf—» |__
LO Signal »LO
Spectrum RX
[dBFS]

Copyright 2016-2017 The MathWorks, Inc.
The receiver testbench consists of:

* CW and LTE 20 MHz Signal sources
» External local oscillator signal source
* AD9371 receiver which is the device under test

* Spectrum analyzer and power meter for signal visualization
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AD9371_ORX Analog Devices Observer Receiver Testbench

Spectrum Baseband
[dBm]

available power
|_ —— [dBm]

Power
+—>1. Meter [P—

CW Signal —»—
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Doubl f
LTE 20MHA—" > RF ad9371
Observer RX  Outf—» |_
LO Signal »LO
Spectrum ORX
[dBFS)

Copyright 2016-2017 The MathWorks, Inc.

The observer receiver testbench consists of:

* CW and LTE 20 MHz Signal sources

» External local oscillator signal source

* AD9371 receiver which is the device under test

* Spectrum analyzer and power meter for signal visualization
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AD9371_SNF Analog Devices Sniffer Receiver Testbench

Spectrum Baseband
[dBm]

|k

CW Signal |—#-—

Single
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available power

[dBm]

Power
o fower L ]

ad9371
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.

Spectrum SNF

Copyright 2016-2017 The MathWorks, Inc.

The sniffer receiver testbench consists of:

* CW and LTE 20 MHz Signal sources

[dBFS]

AD9371 sniffer receiver which is the device under test

Spectrum analyzer and power meter for signal visualization
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AD9371_TX_ORX Analog Devices Transmitter-Observer

Testbench
> |‘_ RF  SLp— ||
RF Sgnal
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The transmitter-observer testbench consists of:

* CW and LTE 20 MHz Signal sources

» External local oscillator signal source driving both transmitter and observer
* AD9371 transmitter and observer connected via directional coupler

* Spectrum analyzer and power meter for signal visualization

Anbenna
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Model an RF System

* “Model RF Components” on page 6-2

* “Specify or Import Component Data” on page 6-6
» “Specify Operating Conditions” on page 6-21

* “Model Nonlinearity” on page 6-23

* “Model Noise” on page 6-26
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In this section...
“Add RF Blocks to a Model” on page 6-2
“Connect Model Blocks” on page 6-3

Add RF Blocks to a Model

You can include blocks from the RF Blockset Equivalent Baseband Physical and
Mathematical libraries in a Simulink model. For more information on the libraries and the
available RF blocks, see “RF Blockset Equivalent Baseband Libraries”.

This section contains the following topics:

* “Input Signal Requirements” on page 6-2
* “How to Add RF Blocks to a Model” on page 6-2

Input Signal Requirements

Most RF Blockset Equivalent Baseband blocks only support complex single-channel
signals. The signals can be either sample-based or frame-based. The following blocks have
this requirement:

* All Physical blocks
* Mathematical Amplifier and Mixer blocks
You can model the effect of these components on a multichannel signal as follows:

1 Use a Simulink Demux block to split the multichannel signal into single-channel
signals.

2 Create duplicate RF models, with one model for each channel, and pass each single-
channel signal into a separate model.

3  Use a Simulink Mux block multiplex the signals at the output of the RF models.
How to Add RF Blocks to a Model

To add RF blocks to a Simulink model:
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1 Type rflib at the MATLAB prompt to open the RF Blockset Equivalent Baseband
library.
2 Navigate to the desired library or sublibrary.

Drag instances of RF Blockset Equivalent Baseband blocks into the model window
using the mouse.

Note You can also access RF Blockset Equivalent Baseband blocks and other Simulink
blocks from the Simulink Library Browser window. Open this window by typing simulink
at the MATLAB prompt. Add blocks to the model by dragging them from this window and
dropping them into the model window.

Connect Model Blocks

You follow the same procedure for connecting RF Blockset Equivalent Baseband blocks as
for connecting Simulink blocks: you click a port and drag the mouse to draw a line to
another port on a different block.

You can only connect blocks that use the same type of signal. Physical library blocks use
different types of signals than Mathematical library blocks, and are represented
graphically by a different port style. Therefore, you can freely connect pairs of
Mathematical modeling blocks. You can also freely connect pairs of Physical modeling
blocks. However, you cannot directly connect Physical blocks to Mathematical blocks.
Instead, you must use the Input Port and Output Port blocks to bridge them.

For more information on the Physical and Mathematical libraries, including how to open
the libraries and a description of the available blocks, see “Overview of RF Blockset
Equivalent Baseband Libraries”.

This section contains the following topics:

* “Connect Mathematical Blocks” on page 6-3
» “Connect Physical Blocks” on page 6-4
* “Bridge Physical and Mathematical Blocks” on page 6-4

Connect Mathematical Blocks

The Mathematical library blocks use the same input and output ports as standard
Simulink blocks. These ports show the direction of the signal at the port, as shown in the
following diagram.

6-3
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Mixers

Similar to standard Simulink blocks, you draw lines between the ports of the
Mathematical modeling blocks, called signal lines, to represent signals that are inputs to
and outputs from the mathematical functions represented by the blocks. Therefore, you
can connect Simulink, DSP System Toolbox, and RF Blockset Equivalent Baseband
mathematical blocks by drawing signal lines between their ports.

You can connect a port to multiple ports by branching the signal line, or you can leave a
port unconnected.

Connect Physical Blocks

The Physical library blocks have specialized connector ports. These ports only represent
physical connections; they do not imply signal direction.

Microstrip
Micros trip
Transmission Line

The lines you draw between the physical modeling blocks, called connection lines,
represent physical connections among the block components. Connection lines appear as
solid black when connected and as dashed red lines when either end is unconnected.

You can draw connection lines only between the connector ports of physical modeling
blocks. You cannot branch these connection lines. You cannot leave connector ports
unconnected.

Bridge Physical and Mathematical Blocks
The blockset provides the Input Port and Output Port blocks to connect the physical and

mathematical parts of the model. These blocks convert mathematical signals to and from
the physical modeling environment.
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The Input Port and Output Port blocks have one of each kind of connector port: a
standard Simulink style input port and a physical modeling port. These ports are shown in
the following figure:

Mathematical, or Simulink style, ports

— Input |0 Physical Modeling Ports o Cutput L
Port Pont

The Input Port and Output Port blocks must bound a physical subsystem to connect it to
the mathematical part of a model.

For example, a simple RF model of a coaxial transmission line might resemble the
following figure.

Input
Port

Micostrip o;;?_‘m bl IM
White Moise WMiciostrip I B-FFT

Input Portl Dutput Port

¥

Transmission Line

Center Freguency: 6500MHz

The Microstrip Transmission Line block uses an Input Port block to get its white noise
input from a Random Source block, and an Output Port block to pass its output to a
Spectrum Scope block. The Random Source and Spectrum Scope blocks are from DSP
System Toolbox library.

For information on how RF Blockset Equivalent Baseband software converts
mathematical signals to and from the physical modeling environment, see “Convert to and
from Simulink Signals” on page A-30.



6 Model an RF System

Specify or Import Component Data

6-6

In this section...

“Specify Parameter Values” on page 6-6

“Supported File Types for Importing Data” on page 6-6

“Import Data Files into RF Blocks” on page 6-7

“Example — Import a Touchstone Data File into an RF Model” on page 6-10
“Import Circuits from the MATLAB Workspace” on page 6-13

“Example — Import a Bandstop Filter into an RF Model” on page 6-14

Specify Parameter Values

There are two ways to set block parameter values:
* Using the GUI — Enter information in the block dialog boxes, which open when you
double-click a block in the Simulink window.

* Using commands — Use the Simulink set _param and get param commands to set
and get parameter values of the blocks, respectively. For more information on these
commands, see the set param and get param reference pages.

Supported File Types for Importing Data

The blockset also lets you import the following types of data files:

* Industry-standard file formats — Touchstone S2P, Y2P, Z2P, and H2P formats specify
the network parameters and noise information for measured and simulated data.

For more information on Touchstone files, see https://ibis.org/connector/
touchstone specll.pdf.

« Agilent® P2D file format — Specifies amplifier and mixer large-signal, power-
dependent network parameters, noise data, and intermodulation tables for several
operating conditions, such as temperature and bias values.

The P2D file format lets you import system-level verification models of amplifiers and
mixers.


https://ibis.org/connector/touchstone_spec11.pdf
https://ibis.org/connector/touchstone_spec11.pdf
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* Agilent S2D file format — Specifies amplifier and mixer network parameters with gain
compression, power-dependent S,; parameters, noise data, and intermodulation tables
for several operating conditions.

The S2D file format lets you import system-level verification models of amplifiers and
mixers.

» MathWorks amplifier (AMP) file format — Specifies amplifier network parameters,
power data, noise data, and third-order intercept point
For more information about .amp files, see "AMP File Data Sections” (RF Toolbox).

* MATLAB circuits — RF Toolbox™ circuit objects in the MATLAB workspace specify
network parameters, noise data, and third-order intercept point information of circuits
with different topologies.

For more information about RF circuit objects, see “RF Circuit Objects” (RF Toolbox).

Import Data Files into RF Blocks

The blockset lets you import industry-standard data files, Agilent P2D and S2D files, and
MathWorks AMP files into specific blocks to simulate the behavior of measured
components in the Simulink modeling environment.

This section contains the following topics:

» “Blocks Used to Import Data” on page 6-7
* “How to Import Data Files” on page 6-7

Blocks Used to Import Data

Three blocks in the Physical library accept data from a file. The following table lists the
blocks and any corresponding data format that each supports.

Supported Format(s)

Block Description

General Amplifier

Generic amplifier

Touchstone, AMP, P2D, S2D

General Mixer

Generic mixer

Touchstone, AMP, P2D, S2D

General Passive Network

Generic passive component

Touchstone

How to Import Data Files

To import a data file:
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Choose the block that best represents your component from the list of blocks that
accept file data shown in “Blocks Used to Import Data” on page 6-7.

Open the Physical library, and navigate to the sublibrary that contains the block.
Click and drag the block into your Simulink model.

In the block dialog box, enter the name of your data file for the Data file parameter.
The file name must include the extension. If the file is not in your MATLAB path,
specify the full path to the file or use the Browse button to find the file.

Note The Data file parameter is only enabled when the Data source parameter is
set to Data file. This is the default setting and it means the block data comes from
a file.
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i Block Parameters: General Amplifier @
General Amplifier

RF amplifier described by a data source that consists of either an RFDATA object or data
from a file.

When there is no noise data in the data source, use the MNoise Data tab to specify amplifier
noise information. For a frequency-dependent noise, the Moise Data tab accepts a separate
M-element vector of the corresponding frequency values.

When there is no nonlinearity data in the data source, use the Nonlinearity Data tab to
specify amplifier nonlinearity information. For a frequency-dependent nonlinearity, the
Monlinearity Data tab accepts a separate N-element vector of the corresponding frequency

values.

When the data source contains operating condition information, use the Operating
Conditions tab to select operating condition settings for the simulation.

Data interpolation is used during simulation.

Main | Moise Data | Monlinearity Data | Visualization | Operating Conditions |

Data source: [Data file *]
Data file: default.amp Browrse ...
RFDATA object: read(rfdata.data, 'default.amp")

Interpolation method: |Linear v]

oK H Cancel H Help H Apply

-

6-9
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The following section shows an example of this procedure.

Example — Import a Touchstone Data File into an RF Model

In this example, you model the frequency response of a passive component using data
from a Touchstone file, defaultbandpass.s2p.

You use a model from one of the RF Blockset Equivalent Baseband examples to perform
the following tasks:

* “Import Data into a General Passive Network Block” on page 6-10
* “Validate the Passive Component” on page 6-12

Import Data into a General Passive Network Block

In this part of the example, you inspect the defaultbandpass.s2p file and import data
into the RF model using the General Passive Network block.

1  Type the following at the MATLAB prompt to open the defaultbandpass.s2p file:
edit defaultbandpass.s2p

The following figure shows a portion of the . s2p file.



Specify or Import Component Data

| Editor - E7jobarchive\Bdocl4b\2014_06_18_h03m3101_job121944_pass\matlab\toolbax\furfnetparamfilesidefau... | = || = |[=25]
EDTOR 2 SN
|:|':',:| ™~ E [ Find Files =l Insert || fx g =
New Open Save |£_I('.0mpare - I:'|_>|]G|:|TDv Comment = = Breakpoints
- - * = Print = 4 Find = Indent - | | S -
FILE NAVIGATE EDIT BREAKPOINTS
| defaultbandpass.s2p T+
1 EoEz SRIRSO Iy
2 ! 5-Parameters data =
3 ! Freg reSll imS11 reS521  imS21  reS12  imS12  reS22  imS22
4 0.1000000000 -0.2998171875 0.0191204428 0.0
5 0.1004620421 ~0.2998154589 0.0192106258 0.0
§ 0.1009262191 -0.9998137136 0.0193012444 0.0
7 0.1013925408 -0.9998119515 0.0193923079 0.0
& 0.1018610170 -0.2998101724 0.0194838187 0.0
3 0.1023316578 -0.9938083761 0.0195757794 0.0
10 0.1028044732 -0.9998065624 0.0196681923 0.0
11  0.1032794732 -0.9998047312 0.0197610600 0.0
12 0.1037566879 -0.2992028823 0.0198543842 0.0
13 0.1042360674 ~0.9998010155 0.0199481696 0.0
14 0.1047176819 -0.9997391306 0.0200424165 0.0
15  0.1052015218 -0.9997972275 0.0201371283 0.0
16 0.1056875371 -0.2997953059 0.0202323075 0.0
17 0.1061759183 -0.9997933657 0.0203279567 0.0
12 0.1066664958 -0.9937914068 0.0204240785 0.0
19 0.1071593400 -0.9997894288 0.0205206756 0.0
20 0.1076544613 -0.9997874316 0.0206177504 0.0~
I < 1 | +
plain text file Ln 1 Col 1

The option line

# GHz S RI R 50

specifies the following information about the contents of the data file:

* GHz — Frequency units.

* S — Network parameters are S-parameters.

* RI — Network parameters are specified as the real and imaginary parts.

* R 50 — Reference impedance is 50 ohms.

For more information about the Touchstone specification, including the option line,
see https://ibis.org/connector/touchstone specll.pdf.

At the MATLAB prompt, type

sparam_filter

6-11
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This command opens the RF Blockset Equivalent Baseband example called
“Touchstone Data File for 2-Port Bandpass Filter,” as shown in the following figure.

¥ sparam filter BN Ech =3
File Edit View Display Diagram Simulation Analysis  Code  Tools  Help

]| = - ———— | ey
= -8 HE-E-edOP = N loma ¥) @ - @@
sparam_filter
® |l sparam_fiter ¥ -
®
E3 Touchstone Data File for 2-Port Passive Network
=
= N

Comput
B Transt *
L Function
5 Output -
g Fart v cies
Cutput Fort Transir Functor
RealPass band Center Frequency of 1 GHz
Cormresponds to 0Hz Complex Baseband-Equivalent
Selact View==>Model Explorer, S—

L] then bows to M odel Workspace to == he varisblz s=tings e TP )

Copyright2003-2012 The MathWodks, Inc.
P

Ready 94% FixedStepDiscrete

3 Double-click the General Passive Network block to display its parameters.

The Data source parameter is set to Data file, so the Data file parameter
specifies the data file to import. The Data file parameter is set to
defaultbandpass.s2p. The block uses this data with the other block parameters
during simulation.

Note When the imported file contains data that is measured at frequencies other
than the modeling frequencies, use the Interpolation method parameter to specify
how the block determines the data values at the modeling frequencies. For more
information, see “Determine Modeling Frequencies” on page A-3 and “Map
Network Parameters to Modeling Frequencies” on page A-5.

Validate the Passive Component

In this part of the example, you plot the network parameters of the General Passive
Network block to validate the data you imported in “Import Data into a General Passive
Network Block” on page 6-10.
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4

Open the General Passive Network block dialog box, and select the Visualization
tab.

Set the Source of frequency data parameter to User-specified.
Set the Frequency data (Hz) parameterto [0.5€9:0.1e6:1.5e9].
Click Plot.

These actions create a plot of the magnitude and phase of S,; as a function of frequency.

[4\] sparam_filter/General Passive Network [= =] =]
File Edit View Inset Tools Desktop Window Help k]
DEES | MALNNDEL- S| 0E DO
Z0=50
0 T T T T T T T 500
/ |
\'-.. dB(S,,)
\ Deg(S,, )
Y 2
N
/ AN
. — — [ \\\
) \ 1a
3 50| - AN 0 |
g // E
— ™~ ]
3 / ) :
S s p
= e T
= S N\ :
_‘I SD Il Il Il Il Il 1 Il Il Il _IECE
0.5 06 07 08 09 1 1.1 12 13 1.4 1.5
Freq [Hz] x10°

S,; versus Frequency for the Imported Data

Import Circuits from the MATLAB Workspace

You can only connect Physical library blocks in cascade. However, the blockset works with
RF Toolbox software to let you include additional circuit topologies in an RF model. To
model circuit topologies that contain other types of connections, you must define a circuit
in the MATLAB workspace and import it into an RF model.

6-13
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To import a circuit from the MATLAB workspace:
1 Define the circuit object in the MATLAB workspace using the RF Toolbox functions.

For more information about RF circuit objects, see the RF Toolbox documentation for
“RF Circuit Objects” (RF Toolbox).

2 Add a General Circuit Element block to your RF model from the Black Box Elements
sublibrary of the Physical library. For information on how to open this library, see
“Open RF Blockset Equivalent Baseband Libraries”.

3  Enter the circuit object name in the RFCKT object parameter in the General Circuit
Element block dialog box.

This procedure is illustrated by example in the following section.

Example — Import a Bandstop Filter into an RF Model

In this example, you simulate the frequency response of a filter that you model using
circuit objects from the MATLAB workspace.

The filter in this example is the 50-ohm bandstop filter shown in the following figure.

cki? kil
L3 ] L5 L]
50
0 A YV .
L2 L4
O =%
L i — L1 L1 R— L
kil chitd

Bandstop Filter Diagram

You represent the filter using four circuit objects that correspond to the four parts of the
filter, cktl, ckt2, ckt3, and ckt4 in the diagram. You use an input signal with random,
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complex input values that have a Gaussian distribution to stimulate the filter. The scope
block displays the output signal.

This example illustrates how to perform the following tasks:

* “Create Circuit Objects in the MATLAB Workspace” on page 6-15
* “Build the Model” on page 6-16

* “Specify and Import Component Data” on page 6-17

* “Run the Simulation and Plot the Results” on page 6-19

Create Circuit Objects in the MATLAB Workspace

In this part of the example, you define MATLAB variables to represent the physical
properties of the filter shown in the previous figure, “Bandstop Filter Diagram” on page 6-
14, and use functions from RF Toolbox software to create RF circuit objects that model
the filter components.

1 Type the following at the MATLAB prompt to define the filter's capacitance and
inductance values in the MATLAB workspace:

Cl = 1.734e-12;
C2 = 4.39%4e-12;
C3 = 7.079%-12;
C4 = 7.532e-12;
C5 = 1.734e-12;
C6 = 4.39%4e-12;
L1 = 25.70e-9;
L2 = 3.760e-9;
L3 = 17.97e-9;
L4 = 3.775e-9;
L5 = 17.63e-9;
L6 = 25.70e-9;

2 Type the following at the MATLAB prompt to create RF circuit objects that model the
components labeled cktl, ckt2, ckt3, and ckt4 in the circuit diagram:

cktl = ...
rfckt.series('Ckts',{rfckt.shuntrlc('C',C1l),...
rfckt.shuntrlc('L',L1,'C',C2)});

ckt2 = ...
rfckt.parallel('Ckts',{rfckt.seriesrlc('L',L2),...

6-15
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rfckt.
ckt3 = ...
rfckt.
rfckt.
ckt4 = ...
rfckt.
rfckt.

seriesrlc('L',L3,'C',C3)});

parallel('Ckts',{rfckt.seriesrlc('L',L4),...
seriesrlc('L',L5,'C',C4)});

series('Ckts',{rfckt.shuntrlc('C',C5),...
shuntrlc('L',L6,'C',C6)});

For more information about the RF Toolbox objects used in this example, see the
rfckt.series, rfckt.parallel, rfckt.shuntrlc, and rfckt.seriesrlc,
object reference pages in the RF Toolbox documentation.

Build the Model

In this portion of the example, you create a Simulink model. For more information about
adding and connecting components, see “Model RF Components” on page 6-2.

1 Create a new model.

2 Add to the model the blocks shown in the following table. The Library column of the
table specifies the hierarchical path to each block.

Block Library Quantity
Random Source DSP System Toolbox > Sources 1
Input Port RF Blockset > Equivalent Baseband |1
> Input/Output Ports
General Circuit RF Blockset > Equivalent Baseband |4
Element > Black Box Elements
Output Port RF Blockset > Equivalent Baseband |1
> Input/Output Ports
Spectrum Analyzer |DSP System Toolbox > Sinks 1

3 Connect the blocks as shown in the following figure.

Change the names of your General Circuit Element blocks to match those in the
figure by double-clicking the text below the block and typing a new name.

6-16
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¥ untitled (=N |HC =
File Edit View Display Diagram Simulation Analysis Code Tools Help
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Random
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Ready 100% oded5

Specify and Import Component Data

In this portion of the example, you specify block parameters. To open the parameter
dialog box for each block, double-click the block.

1 In the Random Source block dialog box:

* Set the Source type parameter to Gaussian.
* Set the Sample time parameter to 1/100e6.

* Set the Samples per frame parameter to 256.
* Set the Complexity parameter to Complex.

Selecting these settings creates an input signal with random, complex input values
that have a Gaussian distribution.

2 In the Input Port block dialog box:

* Set the Treat input Simulink signal as parameter to Incident power wave.

6-17
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Set the Finite impulse response filter length parameter to 256.
Set the Center frequency (Hz) parameter to 400e6.

Set the Sample time parameter to 1/100e6.

Clear the Add noise check box.

Selecting these settings defines the physical characteristics and modeling bandwidth
of the filter.

Set the parameters of the General Circuit Element blocks as follows:

In the General Circuit Element1 block dialog box, set the RFCKT object
parameter to cktl.

In the General Circuit Element2 block dialog box, set the RFCKT object
parameter to ckt2.

In the General Circuit Element3 block dialog box, set the RFCKT object
parameter to ckt3.

In the General Circuit Element4 block dialog box, set the RFCKT object
parameter to ckt4.

Selecting these settings imports the circuit objects that model the filter components
into the model.

In the Output Port block dialog box, set the Load impedance parameter to 50.

Set the Spectrum Analyzer block parameters as follows:

In the View tab, under Spectrum Settings , set the Averages under Trace
options to 100.

This parameter establishes the number of spectra that the scope averages to
produce the displayed signal. You use a value of 100 because the input signal is
random and you want to display the average filter response over a large number
of input values.

In the View tab, under Spectrum Settings , set the Units under Trace
options to dBm/Hertz.

In the View tab, under Configuration Properties, set the Minimum Y-limit
parameter to - 75 and the Maximum Y-limit parameter to -45.

These values set the range of x- and y-values on the display such that the entire
signal is visible when you run the simulation.
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* Set the Y-axis label parameter to dBm/Hertz.
Run the Simulation and Plot the Results

In this part of the example, you run the simulation and examine the frequency response of
the filter.

Select Simulation > Start in the model window to start the simulation.

The Spectrum Scope window appears automatically and displays the following plot, which
shows the frequency response of the filter.

4] Spectrum Analyzer

File Tools View Simulation Help
Be | &<~ & | HE0E &S EERE
O B

7 ¥ Spectrum Settings ax

Ready RBW=97 66 kHz |T=0.361

Frequency Response of Bandstop Filter

The Spectrum Scope block displays the frequency response at the shifted (baseband-
equivalent) frequencies, not at the selected passband frequencies. You can relabel the x-
axis of the Spectrum Scope window to display the passband signal by entering the Center
frequency parameter value of 400e6 (from the Input Port block) for the Frequency
display offset (Hz) parameter in the Axis Properties tab of the Spectrum Scope block.
For more information on complex-baseband modeling, see “Create Complex Baseband-
Equivalent Model” on page A-13.
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Specify Operating Conditions

Agilent P2D and S2D files contain simulation results at one or more operating conditions.
Operating conditions define the independent parameter settings that are used when
creating the file data. The specified conditions differ from file to file.

When you import component data from a . p2d or .s2d file into a General Amplifier or
General Mixer block, the block contains parameter values for several operating
conditions. The available conditions depend on the data in the file. By default, the
blockset defines the object behavior using the property values that correspond to the
operating conditions that appear first in the file. To use other property values, you must
select a different operating condition in the block dialog box.

If the block contains data at multiple operating conditions, the Operating Conditions
tab contains two columns. The Conditions column shows the available conditions, and
the Values column contains a drop-down list of the available values for the corresponding
condition.
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C1Block Parameters: General Amplifier x|

—General Amplifier

Nonlinear amplifier described by a data source that consists of either an RFDATA
object or data from a file. Data interpolation is used during simulation.

When there is no noise data in the data source, use the Noise Data tab to specify
amplifier noise information.

When there is no nonlinearity data in the data source, use the Nonlinearity D ata tab
to specify amplifier nonlinearity information.

When the data source contains operating condition information, use the Operating
Conditions tab to select operating condition settings for the simulation.

Main I Noise Data I Nonlinearity Data I Visualization

Conditions: Values:
Available BiasL 1.5 | Lists of available
conditions . I values for each
BiasU 53 =l condition

oK I Cancel I Help | Apply

Block Dialog Box Showing Operating Conditions
To specify the operating condition values for a simulation:

Double-click the block to open the block dialog box.
Select the Operating Conditions tab.

In the Conditions column, find the condition to specify. Select the corresponding
pull-down list in the Values column, and choose the desired operating condition

value.

Repeat the preceding step as needed to specify the desired operating condition values.
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Model Nonlinearity

In this section...

“Amplifier and Mixer Nonlinearity Specifications” on page 6-23
“Add Nonlinearity to Your System” on page 6-24

Amplifier and Mixer Nonlinearity Specifications

You define nonlinearity for the physical amplifier and mixer blocks at one or more
frequency points through one of the following specifications:

* Power data, consisting of output power as a function of input power, imported into the
block.

* Third-order intercept data, with or without power parameters, in the block dialog box.
The available power parameters are gain compression power (defined as the ratio of
output power to input power at small input power) and output saturation power.

The following table summarizes the nonlinearity specification options for each type of
physical amplifier and mixer block.

Block Nonlinearity Specification

General Amplifier You can choose either of the following
specifications: Power data (using a P2D,
S2D, or AMP data file) or Third-order
intercept data or one or more power
parameters, in the block dialog box.

S-Parameters Amplifier Third-order intercept data or one or more

power parameters, in the block dialog box.
Y-Parameters Amplifier

Z-Parameters Amplifier

General Mixer You can choose either of the following
specifications: Power data (using a P2D,
S2D, or AMP data file) or Third-order
intercept data or one or more power
parameters, in the block dialog box.
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Block

Nonlinearity Specification

S-Parameters Mixer
Y-Parameters Mixer

Z-Parameters Mixer

Third-order intercept data or one or more
power parameters, in the block dialog box.

Add Nonlinearity to Your System

To simulate the nonlinearity of an amplifier or mixer, you must specify or import
nonlinearity data at one or more frequency points into the block.

The method you use to add nonlinearity data to a block depends on whether you specify
the data manually or import the data into a block.

The following table provides instructions for adding nonlinearity data.

Nonlinearity Specification

Instructions

IP3

In the Nonlinearity Data tab of the block dialog
box:

* Set the IP3 type parameter to IIP3 or 0IP3.

* Enter input third-order intercept values at one or
more frequency points in the IP3 (dBm)
parameter.

* Enter corresponding frequency values in the
Frequency (Hz) parameter.
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Nonlinearity Specification Instructions

Power parameters Enter the gain compression power in the 1 dB gain
compression power (dBm) parameter or the
saturation power in the Output saturation power
(dBm) parameter.

If you choose a scalar value for the Frequency (Hz)
parameter, then you must also use scalar values for
the power parameters.

If you choose a vector value for the Frequency (Hz)
parameter, then you can use either scalar or vector
values for the power parameters.

Power data (from a file) Import file data that includes power information into
the Data file or RFCKT object parameter of the
General Amplifier or General Mixer block.

Note If you import file data with no power information into a General Amplifier or
General Mixer block, the Nonlinearity Data tab lets you add nonlinearity data manually
in the block dialog box.

For information on how the blockset simulates nonlinearity data of an amplifier or mixer,
see the block reference page.
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Model Noise

In this section...

“Amplifier and Mixer Noise Specifications” on page 6-26
“Add Noise to Your System” on page 6-27
“Plot Noise” on page 6-31

Amplifier and Mixer Noise Specifications

You only need to specify noise information for the physical amplifier and mixer blocks that
generate noise other than resistor noise. For the other blocks, the blockset calculates the
noise automatically based on the resistor values.

You define noise for the physical amplifier and mixer blocks through one of the following
specifications:

* Spot noise data in the data source.

* Spot noise data in the block dialog box.

* Spot noise data (rfdata.noise) object in the block dialog box.

* Frequency-independent noise figure, noise factor, or noise temperature value in the
block dialog box.

* Frequency-dependent noise figure data (rfdata.nf) object in the block dialog box.

The following table summarizes the noise specification options for each type of physical
amplifier and mixer block.

Block Noise Specification

General Amplifier Spot noise data (using a Touchstone, P2D,
S2D, or AMP data file)

OR

Spot noise data, noise figure value, noise
factor value, noise temperature value,
rfdata.noise, or rfdata.nf object in
the block dialog box
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Block Noise Specification

S-Parameters Amplifier Spot noise data, noise figure value, noise
' factor value, noise temperature value,

Y-Parameters Amplifier rfdata.noise, or rfdata.nf object in

. the block dialog box
Z-Parameters Amplifier

General Mixer Spot noise data (using a Touchstone, P2D,
S2D, or AMP data file)

OR

Spot noise data, noise figure value, noise
factor value, noise temperature value,
rfdata.noise, or rfdata.nf object in

the block dialog box
S-Parameters Mixer Spot noise data, noise figure value, noise
. factor value, noise temperature value,
Y-Parameters Mixer rfdata.noise, or rfdata.nf object in
the block dialog box

Z-Parameters Mixer

Add Noise to Your System
To simulate the noise of a physical subsystem, you perform the following tasks:

» “Specify or Import Noise Data” on page 6-27
* “Add Noise to the Simulation” on page 6-29

Specify or Import Noise Data

The method you use to add noise data to a block depends on whether you are specifying
noise data manually or importing spot-noise data.

The following table provides instructions for adding noise data.
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Noise Specification

Instructions

Frequency-independent noise figure

In the Noise Data tab of the block dialog
box, set the Noise type parameter to
Noise figure, and enter the noise figure
value in the Noise figure (dB) parameter.

Frequency-dependent noise figure

In the Noise Data tab of the block dialog
box, set the Noise type parameter to
Noise figure, and enter the name of the
rfdata.nf object in the Noise figure
(dB) parameter.

Noise factor

In the Noise Data tab of the block dialog
box, set the Noise type parameter to
Noise factor, and enter the noise factor
value in the Noise factor parameter.

Noise temperature

In the Noise Data tab of the block dialog
box, set the Noise type parameter to
Noise temperature, and enter the noise
temperature value in the Noise
temperature (K) parameter.

Spot noise data (in a block dialog box)

In the Noise Data tab of the block dialog
box, set the Noise type parameter to Spot
noise data. Enter the spot noise
information in the Minimum noise figure
(dB), Optimal reflection coefficient, and
Equivalent normalized noise resistance
parameters.

Spot noise data (from a data object)

In the Noise Data tab of the block dialog
box, set the Noise type parameter to
Noise figure and enter the name of the
rfdata.noise object in the Noise figure
(dB) parameter.

Spot noise data (from a file)

Import file data that includes noise
information into the Data file or RFCKT
object parameter of the General Amplifier
or General Mixer block.
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Note If you import file data with no noise information into a General Amplifier or General
Mixer block, the Noise Data tab lets you add noise data manually in the block dialog box.

Add Noise to the Simulation

To include noise in the simulation, you must select the Add neoise check box on the Input
Port block dialog box. This check box is selected by default.

6-29



6 Model an RF System

6-30

& Block Parameters: Input Port

Input Port
Connection block from Simulink to RF Blockset physical blocks.

The RF Blockset physical blocks use a baseband-equivalent modeling technigque.
This technique models a bandwidth of 1/{Sample time), centered at the specified
Center frequency parameter value. This frequency value corresponds to 0 Hz in the
baseband-equivalent model.

The block provides the option to interpret the Simulink signal as either the incident
power wave to the RF system or the source voltage of the RF system. The 'Incident
power wave' option is the most common RF modeling interpretation, while the
'Source voltage' option is provided for backwards compatibility. If the input Simulink
signal is the incident power wave, the output of the RF system is the transmitted
power wave. If the input is the source voltage, the output is the load voltage.

The block controls the modeling of RF Blockset physical blocks between this block
and the Output Port block using:

- FIR filters to model the frequency-dependent characteristics

- Look-up tables to model the nonlinear behaviors

Optional guard bands can be specified as a fraction of the modeling bandwidth. The
guards bands are implemented by applying a Tukey window to the frequency
response. Modeling delay may be added to improve the response of the FIR filters.

Farameters
Treat input Simulink signal as: Source voltage -
Source impedance (ohms): 50

Finite impulse response filter length: 128

Fractional bandwidth of guard bands: 0

Modeling delay (samples): 0

Center frequency (Hz): 2e9

Sample time (=): le-7

Input processing: Elements as channels (sample based) - |
4| Add noise

Initial seed: 67987
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For information on how the blockset simulates noise, see “Model Noise in an RF System”
on page A-7.

Plot Noise

RF Blockset Equivalent Baseband software models communications systems. The noise in
these systems has a very small amplitude, typically from le-6 to 1e-12 Watts. In contrast,
the default signal power of a Communications Toolbox modulator block is 1 Watt at a
nominal 1 ohm. Therefore, the signal-to-noise ratio in an RF system simulation is large,
making it difficult to view the noise that the RF system adds to your signal.

To display the noise on a plot, you might need to attenuate the signal amplitude to a value
within a couple orders of magnitude of the noise.

For example, suppose you have the following model that contains a multitone test signal
source.

E!noise_amplil:ude_ex =10l x|

File Edit ‘“iew Simulation Format Tools Help

Center freguency: 2. 1GHz
The bazeband-equivalent

two-tone frequencies:
-30hiHz and Z0hiHz

nﬂJ’W"‘I’W Input . Output M
R - -
Multitone _® Fort General Amplifier Fort hl FFT

L
Baseband-Equivalent &ain L] I Amplifi
ase a.n - qL!l\ra BN Input Fart eneral Amplifier Output Port Output- .
Multitene Signal Frequency Dromain
™ L
L Time
= FFT Complexto
Reallmag1 Real Part
Input - of Output -
Frequency Domain Time Damain
IEI
Time
Complexto

Real-lmag Real Fart
of Input -
Time Domain

Ready [100% |ode4s 4

6-31



6 Modelan RF System

When you simulate this model, Simulink brings up several windows showing the input and
output for the physical subsystem. The Input - Frequency Domain window shown in the
following figure displays the input signal in the frequency domain.

) noise_amplitude_ex/Input - Frequency Do = |EI|1|
k|

File Axes Channels Window Help

1}

-&0

Magnitude, dB

-100

-150

-015 -0 -0.08 4] 0.08 o 018
Frequency (GHz)

Input Signal Spectrum

The Real Part of Input - Time Domain window displays the real part of the complex-valued
input signal in the time domain.
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) noise_amplitude_ex/Real Part of Input - Tin - |EI|1|
File Axes Channels Window Help u

oA

0.0&

Amplitude

-0.05

-0.1

-0.15

4] o 02 0.3 0.4 05 0.8 07
Frame: 436 Time (us)

Real Part of Input Signal

In the model, the physical subsystem adds noise to the input signal. The Output -
Frequency Domain window shows the noisy output signal in the frequency domain.

-} noise_amplitude_ex/Output - Frequency Do - |EI|1|
File Axes Channels Window Help u

-20

~40

-G0

Magnitude, dB

-20

-100

-120

140

-015 -0 -0.08 4] 0.08 o 018
Frequency (GHz)

Output Signal Spectrum
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The amplitude of the signal is large compared to the amplitude of the noise, so the noise
is not visible in the Real Part of Output - Time Domain window that shows the real part of
the time-domain output signal. Therefore, you must attenuate the amplitude of the input
signal to display the noise of the time-domain output signal.

<) noise_amplitude_ex/Real Part of Dutput - |EI|1|
k|

File Axes Channels Window Help

0.6

0.4

0.2

1}

Amplitude

-0.2

-0.4

-0.6

4] o 02 0.3 0.4 05 0.8 07
Frame: 436 Time (us)

Real Part of Output Signal

Attenuate the amplitude of the input signal by setting the Gain parameter to 1e-3. This
is equivalent to attenuating the input signal by 60 dB. When you run the model again, the
two signal peaks are not as pronounced in the Output - Frequency Domain window.
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) noise_amplitude_ex,/Output - Freg 101 =l
File #Axes Channels Window Help N
0]
-20
|
= 40
o
E =60
S 20
= 400
-120
-140
015 01 005 0 005 01 015
Frequency (GHz)

Output Signal Spectrum for Attenuated Input

You can now view the noise that the RF system adds to your signal in the Real Part of
Output - Time Domain window.
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) noise_amplitude_ex/Real Part of Output - Time Domain = |EI|1|
File Axes Channels Window Help u
% 16°
i
0.5
@
=l
=
= 0
£
<
-0.5
-1
4] 01 0.2 0.3 0.4 0.5 0.6 0.7
Frame: 2626 Time (us)

Real Part of Output Signal Showing Noise
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* “Create Plots” on page 7-2
* “Update Plots” on page 7-25
* “Modify Plots” on page 7-26
“Create and Modify Subsystem Plots” on page 7-28
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Create Plots

7-2

In this section...

“Available Data for Plotting” on page 7-2

“Validate Individual Blocks and Subsystems” on page 7-2
“Types of Plots” on page 7-3

“Plot Formats” on page 7-4

“How to Create a Plot” on page 7-14

“Example — Plot Component Data on a Z Smith Chart” on page 7-20

Available Data for Plotting

RF Blockset Equivalent Baseband software lets you validate the behavior of individual RF
components and physical subsystems in your model by plotting the following data:
* Large- and small-signal S-parameters

* Noise figure, noise factor and noise temperature

* Output third-order intercept point

» Power data

* Phase noise

* Voltage standing-wave ratio

* Transfer function

* Group delay

* Reflection coefficients

Note When you plot information about a physical block, the blockset plots the actual
frequency response of the block, as specified in the block dialog box. The blockset does
not plot the frequency response of the complex-baseband model that it uses to simulate
the block, in which the frequency response is centered at zero.

Validate Individual Blocks and Subsystems

You can plot model data for an individual physical block or for a physical subsystem. A
subsystem is a collection of one or more physical blocks bracketed by an Input Port block
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and an Output Port block. To understand the behavior of specific subsystems, plot the
data of the corresponding Output Port block after you run a simulation.

To validate the behavior of individual RF components in the model, plot the data of the
corresponding physical blocks. You can plot data for individual blocks from each of these
components either before or after you run a simulation.

You create a plot by selecting options in the block dialog box, as shown in “Create and
Modify Subsystem Plots” on page 7-28. To learn about the available plots, see “Types of
Plots” on page 7-3. For more information about creating plots, see “How to Create a
Plot” on page 7-14.

Types of Plots

RF Blockset Equivalent Baseband software provides a variety of plots for analyzing the
behavior of RF components and subsystems. The following table summarizes the available
plots and charts and describes each one.

Plot Type Plot Contents
XY Plane (Rectangular) Parameters as a function of frequency, input power, or
Plot operating condition, such as

* S-parameters

* Noise figure (NF), Noise factor (NFactor), and Noise
Temperature (NTemp)

* Voltage standing-wave ratio (VSWR)
* Output third-order intercept point (OIP3)

* Input and output reflection coefficients (Gammaln and
GammaOut)
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Plot Type Plot Contents

Link Budget Plot (3-D) Parameters as a function of frequency for each component in
a physical subsystem

where

The curve for a given component represents the cumulative
contribution of each RF component up to and including the
parameter value of that component.

For more information, see “Link Budget” on page 7-10.

Polar Plane Plot Magnitude and phase of parameters as a function of
frequency or operating condition, such as
* S-parameters

* Input and output reflection coefficients (Gammaln and
GammaOut)

Smith® Chart Real and imaginary parts of S-parameters as a function of
frequency or operating condition, used for analyzing the
reflections caused by impedance mismatch.

Composite Plot Multiple plots and charts in one figure.

To learn how to create these plots, see “How to Create a Plot” on page 7-14.

Plot Formats

When you create a plot from a block dialog box, you must specify the format of the data
for both the x- and y-axes.
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Souice of fiequency data:  |Same as the spaameles lisouency =]
Frequency data (Hz]: |[I Sed1.0ek 2 2ed]
Reference impedance [chms]: |5
Plat e 7 plane = Plot format of first
'Y parameter]: 511 = flomal  [Magribude [deciels) =] dependent variable
't parameterd: »] Viomai2 | - —— m;t -E; I_:ir:ggnd
 parameter Fieq v| Hiomat  [Hz =] Plot format of
' scak Lirear | Hscale |Ll'll:‘.ll j independent variable
Plat

These plot options define how RF Blockset Equivalent Baseband software displays the
data on the plot.

The available formats vary with the data you select to plot. The data you can plot depends
on the plot type you select. The plot formats determine whether the blockset converts the
data to a new set of units, or performs a calculation on the data. For example, setting the

format to Real tells the blockset to compute and plot the real part of the parameter.

The following topics describe the available parameters and formats for each plot type:

* “Composite Data” on page 7-5

* “XY Plane” on page 7-7

* “Link Budget” on page 7-10

* “Polar Plane Plots and Smith Charts” on page 7-12

Composite Data

The composite data plot automatically generates four separate plots in one figure window,
showing the frequency dependence of several parameters. The following figure shows an
example of such a plot.
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-} sparam_amp,/Output Port = |EI|1|
File Edit Wiew Insert Tools Desktop Window Help N

ISR IEEIRE

______________________________

Magnitude (decibels)
(o]

1.8 2 22 2.4 26
Freg [GHz]

Angle (degrees)

s 2 22 24 2B
Freg [GHz]

Example — Composite Data Plot

Note For composite data plots, you do not need to specify the parameters or the formats
—they are set automatically.

The combination of plots differs based on the type of block and the specified block data.
The following table describes the contents of the composite data plot for each
specification. The Plot Contents column lists the types of plots as they appear on the
composite plot, counterclockwise and starting in the upper-left corner. The blockset plots
all data as a function of frequency.
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General Mixer

OR

Network parameters and noise

Block Specified Data Plot Contents
General Network parameters * XY plot, magnitude of S;, and Sy,
Amplifier or in decibels

XY plot, phase of S;, and S,; in
degrees

Z Smith Chart, real and imaginary
parts of S;; and S,,

Polar plot, magnitude and phase of
Sll and 822

Network parameters and power
OR

Network parameters, noise, and
power

XY plot, magnitude of S;, and Sy,
in decibels

XY plot, output power (P,,;) in dBm
(decibels referenced to one
milliwatt)

Z Smith Chart, real and imaginary
parts of S;; and S,,

Polar plot, magnitude and phase of
811 and Szz

Other Network parameters * XY plot, magnitude of S;, and Sy,
Physical block in decibels
Ol * X< plot, phase of S;, and S,; in
Network parameters and noise degrees
(S-, Y-, and Z-Parameters * Z Smith Chart, real and imaginary
Amplifiers and Mixers only) parts of S;; and S,,
* Polar plot, magnitude and phase of
Note Only the General Amplifier Su and Sy
and General Mixer blocks accept
power data.
XY Plane

You can plot any parameters that are relevant to your block on an X-Y plane plot. For this
type of plot, you specify data for both the x- and y-axes. If you specify two Y parameters,

and you specify different formats for the two Y parameters, the blockset plots the second
Y parameter on the right y-axis.
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The following table summarizes the available Y parameters and formats. The parameters

and formats are the same for both the left and right y-axes.

Note LS11, LS12, LS21, and LS22 are large-signal S-parameters. You can plot these
parameters as a function of input power or as a function of frequency.

Y Parameter

Y Format

S11, S12, 521, S22

LS11, LS12, LS21, LS22 (General Amplifier
and General Mixer blocks with multiple
operating conditions only)

Magnitude (decibels)
Magnitude (linear)
Angle (degrees)
Angle (radians)

Real

Imaginary

NF

Magnitude (decibels)

NFactor

None

This format tells the blockset to plot the
noise factor as it is specified to or
calculated by the block.

NTemp

Kelvin

0IP3

dBm
dBW
W
mw

VSWRIn, VSWROut

Magnitude (decibels)

None

This format tells the blockset to plot the
voltage standing-wave ratio as it is
specified to or calculated by the block.

Pout (General Amplifier and General Mixer
blocks with power data only)

dBm
dBwW
W
mwW

Phase (General Amplifier and General

Mixer blocks with power data only)

Angle (degrees)
Angle (radians)
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Y Parameter

Y Format

AM/AM (General Amplifier and General
Mixer blocks with power data only)

Magnitude (decibels)

None

This format tells the blockset to plot the
AM/AM conversion as it is specified to or
calculated by the block.

AM/PM (General Amplifier and General
Mixer blocks with power data only)

Angle (degrees)
Angle (radians)

PhaseNoise (Mixer blocks only) dBc/Hz
FMIN (Amplifier and Mixer blocks with spot |Magnitude (decibels)
noise data only) None

This format tells the blockset to plot the
minimum noise figure as it is specified to or
calculated by the block.

GammaIn, GammaOut(Output Port block
only)

Magnitude (decibels)
Magnitude (linear)
Angle (degrees)
Angle (radians)

Real

Imaginary

GAMMAOPT (Amplifier and Mixer blocks with
spot noise data only)

Magnitude (decibels)
Magnitude (linear)
Angle (degrees)
Angle (radians)

Real

Imaginary

RN (Amplifier and Mixer blocks with spot
noise data only)

None

This format tells the blockset to plot the
noise resistance as it is specified to or
calculated by the block.

The available X parameters depend on the Y parameters you select. The following table
summarizes the available X parameters for each of the Y parameters in the preceding

table.
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Y Parameter X Parameter
Pout, Phase, LS11, LS12, LS21, LS22 Pin
Freq

S11, S12, S21, S22, NF, OIP3, VSWRIn, Freq
VSWROut, GAMMAIn, GAMMAOut, FMIN,
GAMMAOPT, RN

AM/AM, AM/PM AM

The following table shows the X formats that are available for the X parameters listed in
the preceding table.

X Parameter X Format

Pin dBm
dBW
W
mwW

Freq THz

GHz

MHz

KHz

Hz

Auto (xformat is chosen to provide the
best scaling for the given xparameter
values.)

AM Magnitude (dB)

Magnitude (linear)

When you import block data from a . p2d or . s2d file, you can also plot Y parameters as a
function of any operating condition from the file that has numeric values, such as bias.
You can specify an operating condition as the X parameter only when validating individual
blocks, and the format is always None. This format tells the blockset to plot the operating
condition values as they are specified in the file.

Link Budget

You use the Link budget plot to understand the individual contribution of each block to
a plotted Y parameter value in a physical subsystem with multiple components between
the Input Port and the Output Port blocks.
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The link budget plot is a three-dimensional plot that shows one or more curves of
parameter values as a function of frequency, ordered by the subsystem circuit index.

The following figure shows how the circuit index is assigned to a component in a physical
subsystem based on its sequential position in the subsystem.

| | Component | | Component Component | |
Input Port (Index = 1) (Index = 2) **® | (index=n) Output Port

A curve on the link budget plot for each circuit index represents the contributions to the
parameter value of the RF components up to that index. The following figure shows an
example of a link budget plot.

) cascaded_system/Output Port3 =10 x|
~

File Edit VYiew Insert Tools Desktop Window Help

DsE&| | aams @ 0B sO

Contributions to S21
from components
1,2,and 3

Contributions to S21
from components
1and 2

S__,1 [Magnitude (decibels)]

Contributions to S21
from component 1

227 -
24

Freq [GHz] 25 Index of the circuit

Example — Link Budget Plot

The following table summarizes the Y parameters and formats that are available for a link
budget plot.
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Y Parameter Y Format

S11, 512, S21, S22 Magnitude (decibels)
Magnitude (linear)
Angle (degrees)

Real

Imaginary

0IP3 dBm
dBW
W
mwW

NF Magnitude (decibels)
Magnitude (linear)

NFactor None
This format tells the blockset to plot the
noise factor as it is specified to the block.

NTemp Kelvin

If you specify two Y parameters, the blockset puts both parameters in a single plot. The Y
parameters must have the same formats.

For a link budget plot, the X parameter is always Freq. The format of the X parameter
specifies the units of the x-axis.

Polar Plane Plots and Smith Charts

You can use RF Blockset Equivalent Baseband software to generate Polar plots and Smith
Charts. When you select these plot types, you do not need to specify the format of any Y
parameters—the formats are set automatically. If you specify two Y parameters, the
blockset puts both parameters in a single plot.

The following table describes the Polar plot and Smith Chart options. It also lists the
available Y parameters.
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Plot Type

Y Parameter

Polar plane

S11, S12,S21, S22

LS11, LS12, LS21, LS22 (General Amplifier
and General Mixer blocks with data from a
P2D file only)

GammaIn, GammaOut (Output Port block
only)

Z Smith chart

S11, S22

LS11, LS22 (General Amplifier and General
Mixer blocks with data from a P2D file only)

GammaIn, GammaOut (Output Port block
only)

Y Smith chart

S11, S22

LS11, LS22 (General Amplifier and General
Mixer blocks with data from a P2D file only)

GammaIn, GammaOut (Output Port block
only)

ZY Smith chart

S11, S22

LS11, LS22 (General Amplifier and General
Mixer blocks with data from a P2D file only)

GammaIn, GammaOut (Output Port block
only)

By default, the X parameter is Freq. The format of the X parameter specifies the units of
the x-axis. When you import block data from a .p2d or .s2d file, you can also plot Y
parameters as a function of any operating condition from the file that has numeric values,
such as bias. You can specify an operating condition as the X parameter only when
validating individual blocks, and the format is always None.
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How to Create a Plot

1 Double-click the block to open the block dialog box, and select the Visualization tab.
The following figure shows the contents of the tab.

Source of frequency data: |E:-:trac:teu:| from data source LI
Frequency data [Hz]: I['I 29:1ed: 2 9e5]
Source of input power data: |E:-:trac:teu:| from data source ;I

Input power data [dBm); |[EI:1 9]

Reference impedance [ohms]: |5EI
Plat type: |><-Y' plane LI
" parameter]; 51 | Y formatl: IMagnitude [decibels] LI

' parameters; I VI Y farmate: I LI
# parameter: IFreq vl » farmat: |H2 ;I
Y zcale: ILinear vl ¥ srcale: |Linear ;I

2 Select the Source of frequency data.

Select the source

Source of frequency data: |Extracted from data source Ll — of frequencies
Frequency data (Hz): Jl1e9:1e8:2.9e9] E}o\gﬂlgg tg) plot
Source of input power data: IEztracted from data source LI

Input power data [dBm]: I[D:1 9]

Reference impedance [ohms): ISD

Plot type: |X-Y plane Ll
Y parameterl: Im Y format1: IMagnitude [decibels) Ll
Y parameter2: I—LI Y format2: I ~|

X parameter: Freq v | Xformat: IHz Ll

Y scale: ILinear v I X scale: ILinear L]
Plot |

This value is the source of the frequency values at which to plot block data. The
following table summarizes the available types of sources for the various types of
blocks.
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Source of
frequency data

Description

Blocks

User-specified

Vector of frequencies that you enter.

When you select User-specified
in the Source of frequency data
list, the Frequency range (Hz)
field is displayed. Enter a vector
specifying the range of frequencies
you want to plot.

For example, to plot block data from
0.3 MHz to 5 GHz by 0.1 MHz,
enter [0.3e6:0.1e6:5€9].

Note When you select PhaseNoise
in the Parameter list and User-
specified in the Source of
frequency data list, the
Frequency range (Hz) field is
disabled. You use the Phase noise
frequency offset (Hz) block
parameter to specify the frequency
values at which to plot block data.

All physical blocks

Derived from

Modeling frequencies derived from

All physical blocks

Input Port the Input Port block parameters.

parameters For information on how the blockset

(Available after computes the modeling frequencies,

running a see “Determine Modeling

simulation or Frequencies” on page A-3.

clicking the

Update Diagram

button @)

Same as the S- |Frequency values specified in the S-Parameters Passive
parameters Frequency block parameter. Network, S-Parameters

Amplifier, S-
Parameters Mixer
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Source of
frequency data

Description

Blocks

Same as the Y-
parameters

Frequency values specified in the
Frequency block parameter.

Y-Parameters Passive
Network, Y-Parameters
Amplifier, Y-Parameters
Mixer

Same as the Z-
parameters

Frequency values specified in the
Frequency block parameter.

Z-Parameters Passive
Network, Z-Parameters
Amplifier, Z-
Parameters Mixer

Extracted from
data source

Frequency values imported into the
Data file or RFDATA object block
parameter.

General Passive
Network, General
Amplifier, and General
Mixer

Enter the Reference impedance.

Source of frequency data: |Extracted from data source Ll

Frequency data [Hz): l[1 e3:1e8:2.9e9)
Source of input power data: IE:«.tfacted from data source LI

Input power data (dBm):  [0:19)] Enter the
Reference impedance (ohms: |50 reference
Plot type: |><-Y plane LI impedance
Y parameterl: SN v | Y formatl: IMagnitude [decibels) LI
Y parameter2: I—LI Y format2: I LI
X parameter: Freq v | Xformat: IH z Ll
Y scale: Linear v | Kscale: ILineal Ll

Plot |

This value is the reference impedance to use when plotting small-signal parameters.

Select the Plot type.
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Source of frequency data: |Eahacted from data source LI
Frequency data (Hz): |[1 e9:1e8:2 9e9)

Source of input power data: IE:f.tracted from data source LI
Input power data [dBm): I[U:1 9]

Reference impedance (ohms): IEU

Plot type: |><-Y plane ;]

Y parameterl: S11 v | Y formatl: |Magnilude [decibels) LI

Y parameter2: Iﬁ Y format2: | ~|

X parameter: Freq v | X format: |Hz LI

Y scale: Linear v| Xscale: |Linear LI

Plot |

—— Select the
plot type

This value is the type of plot. For a description of the options, see “Types of Plots” on

page 7-3.
Select the following parameters:

* Y Parameterl — The first parameter for the Y-axis.

* Y Parameter2 — The second parameter for the Y-axis (optional).

* X Parameter — The parameter for the X-axis.

Source of frequency data:
Frequency data [Hz):
Source of input power data:

Input power data (dBm]:

Select the first Y-axis  Reference impedance (ohms): |50

plot parameter Plot type:
. Y parameterl:
Optionally, select

the second Y-axis—— ' parameter2:
plot parameter T

Select the X-axis | *c2&

plot parameter

|Extracted from data source LI
Jl1e9:1e8:2.9e9]

IExlraCled from data source LI
Ji0:19]

IX-Y plane LI

511 v| Yfomatl: |Magnitude (decibels) v |

Iﬁ Y format2: | ~|

Freq v| Xformat: |Hz ~|

Im X scale: |Linear LI
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These parameters specify the data to be plotted. The available choices vary with the
type of plot. For a description of the options for a particular plot type, see the topic
on that plot type in “Plot Formats” on page 7-4.

If you select a large-signal parameter for one or more y-axis parameters, select the

Source of power data.

Note Large-signal parameters are available only for General Amplifier or General

Mixer blocks that contain power data.

Source of frequency data: |Extracted from data source

Frequency data (Hz): Jl1e8:1e8:2.9e8]

Source of input power data: |Enlracled from data source

Input power data [dBm]: I[D:1 9]

Reference impedance [ohms): |50

Plot type: |><-Y plane

Y parameterl: Im Y formatl:
Y parameter2: I—LI Y format2:
X parameter: Pin v X format:

Y scale: ILinear v I X scale:

Select the source
Ll of input power
values at which
to plot block data
dBm v
I jv
dBm v

ILinear v I
Plot |

This value is the source of the input power values at which to plot block data. The
following table summarizes the available types of sources for the General Amplifier

and General Mixer blocks.

Source of frequency data

Description

Extracted from data source

Input power values imported into the
Data file or RFDATA object block
parameter.
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Source of frequency data Description

User-specified Vector of power values that you enter.

When you select User-specified in
the Source of power data list, the
Input power data (dBm) field is
displayed. Enter a vector specifying the
range of power values you want to plot.

For example, to plot block data from 1
dBm to 10 dBm by 2 dBm, enter
[1:2:10].

Select the following formats:

* Y Formatl — The format for the first Y parameter.
* Y Format2 — The format for the second Y parameter (optional).
* X Format — The format for the X parameter.

Source of frequency data: |Exkracted from data source LI

Frequency data [Hz): |[1 e3:1e8:2.9e9]
Source of input power data: IE:-:Uan:ted from data source LI

Input power data [dBm]: I[IJ:T 9] Select the format
Reference impedance (ohms: |50 for'Y parameter1
Plot type: |><-Y plane ;I
Y parameterl: S11 v | Y formatl: IMagnitude [decibels) LI

Optionally, select
the format for
Y parameter2

Y parameter2: I vI Y format2: I ~|

X parameter: Freq v | Xformat: IHz LI

Y scale: ILinear vl X scale: ILinear Ll

Select the format

Plot | for X parameter

These are the X and Y formats for plotting the selected parameter. The available
choices vary based on the selected parameter. For a description of the options for a
particular plot type, see the topic on that plot type in “Plot Formats” on page 7-4.

Select the X Scale and Y Scale.
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Source of frequency data: |Exlracted from data source LI
Frequency data (Hz): Jl1e9:1e8:2.9e9]
Source of input power data: lE:f.tracted from data source LI

Input power data [dBm]: I[D:1 9]

Reference impedance [ohms): ISD

Plot type: |X-Y plane LI
Y parameterl: SN v | Y formatl: IMagnitude [decibels) L]
Y parameter2: I w7 I Y format2: | |
X parameter: Freq v | Xformat: IHz LI
Select the —— Y scale: ILinear vI X scale: ILineal L]
Y-axis scale
Plot |
Select the
X-axis scale

These are the scales on which to plot the data. The available choices are Linear and
Log.
9 C(Click Plet.

Note By default, the blockset does not add a legend to some plots. To display the plot
legend, type legend show at the MATLAB prompt.

Example — Plot Component Data on a Z Smith Chart

In this example, you simulate the frequency response of an amplifier using data from the
default.s2d S2D file.

Using a RF Blockset Equivalent Baseband example model, you import the data file into a
General Amplifier block and validate the amplifier by plotting the S-parameters of the
block on a Z Smith Chart.

1 Type sparam_amp at the MATLAB prompt to open the “AMP Data File for Amplifier”
example.
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SI=
File Edit View Simulaton Format Tools Help
~ : L
D SE&| s> n |2z a0 | HEsbe RRE®
Data File for Amplifier
| Open default.s2p | | Open default.amp |
| Open default.s2d | | Open default.p2d |
Iniput
-
Input = " - Cutput Coutput Lt M
Toput Port ‘&——& | General Amplifier Fort BFET
White Moise - — — Baseband-Equivalent Spectrum
Input Part Eetera b litey Cutput Part
[ ®
L
Center Freguency: 2.1 GHz B-FFT
Pamsband Spactrum Info
Copyright 2003-2008 The MathWorks, Inc.
Ready [100% [ [ [FixedStepDiscrete v

2 Double-click the General Amplifier block to display its parameters.
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[Z)Block Parameters: General Amplifier x|

— General Amplifier

Monlinear amplifier described by a data source that consists of either an RFDATA object
or data from a file. D ata interpolation is uzed during simulation.

When there is no noize data in the data source, uge the Moize Data tab to specify
amplifier noise information.

When there is no nonlinearity data in the data source, uze the Monlinearity D ata tab to
specify amplifier nonlinearity information.

Wwhen the data source containg operating condition infarmation, use the Operating
Conditions tab to select operating condition settings for the: simulation.

air Moize Data I MNonlinearity D ata Wisualization I Operating Conditions I

Data source: IData file: LI

Diata file: Idefault.s2d Browse ... |

RFDATA object: Iread[rfdata.data, ‘default. amp’]
Interpolation methad: ILinear ;I

Ok I Cancel | Help | Apply |

As shown in the preceding figure, the Data source parameter is set to Data
fileand the Data file parameter is set to default.s2d. These values tell the
blockset to import data from the file default.s2d. The block uses this data, along

with the other block parameters, in simulation.

3  Select the Visualization tab and set the General Amplifier block parameters as

follows:

* In the Plot type list, select Z Smith chart.
* Inthe Y Parameterl list, select 522.
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4

] Block Parameters: General Amplifier

—General Amplifier

RF amplifier described by & data source that consists of either an RFDATA object or data
from a file,

When there is no noise data in the data source, use the Moise Data tab to specify amplifier
noise infarmation. For a frequency-dependent noise, the MNaoise Data tab accepts & separate
N-element vector of the corresponding frequency values.

When there is no nonlinearity data in the data source, use the Monlinearity Data tab to
specify amplifier nonlinearity information. For a frequency-dependent nonlinearity, the
Nonlinearity Data tab accepts a separate N-element vector of the corresponding frequency
values,

When the data source contains operating condition information, use the Operating
Conditions tab to select operating condition settings for the simulation.

Data interpolation is used during simulation.

Mair MNaize Data I Monlinearity Data Vizualization Operating Conditions I

Source of frequency data: IExt’acted from data source LI
Freguency data (Hz): I[l.DeQ:l.DeB:Z.QeQ]
Source of input power data: IExt’acted from data source LI

Input power data {dBm): ID

Reference impedance {ohms): I 50

Flot type: IZ Smith chart LI

Y parameter 1: 522 b ¥ format1: Im
' parameter2: Iﬁ ¥ format2: Iﬁ
X parameter: m ¥ format: Hz b

¥ scale: Im ¥ scale: Im

Plot |

QK I Cancel | Help | Apply

Click Plot.

This action creates a Z Smith Chart of the S,, parameters using the frequency data
from the default.s2d file.
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-} untitled/General Amplifier = |EI|1|
File Edit Wiew Insert Tools Desktop Window Help ]

Desda| kaans (@ 0B 8O

70 =50 +1.0

General Amplifier Frequency Response

Note To display data tips for a plotted line, select Tools > Data Cursor. Click the data
cursor on the plotted line to see the frequency and the parameter value at that point. See
the MATLAB documentation for more information.
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Update Plots

When you run a simulation, the blockset continues to display any open plots, but does not
update the plots to reflect new simulation results. You must update the subsystem plots
after the simulation to display the behavior of the revised subsystem.

When you make changes to the parameters of blocks that represent individual RF
components, you need to update any open plots, because the blockset does not
automatically redraw the plots.

To update an existing plot:

1  Double-click the block to open the block dialog box, and select the Visualization tab.

[T)Block Parameters: Dutput Port |

Output Port

Connection block from RF Blackzet phyzsical blocks ta Sirulink.

After running a simulation, various parameters of the RF system that is delirmited by an
Input Part block and this Output Part block can be visualized.

Main  Visualization |

Source of frequency data: IDerived from Input Port parameters LI
Frequency data [Hz): |199:‘I =838

Reference impedance [ohmsz]: ISD

Flat type: IComposite data ;I
' parameter]: m " farmat1: lm
Y parameters: Iﬁ ' formatz: Iﬁ
* parameter: m # format; HE -
¥ scale: m # scale: Linear e

Ok I Cancel | Help | Apply |

Example Block Dialog Box Showing Visualization Tab
2 C(Click Plot.
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Modify Plots

You can modify an existing plot by changing the plot options. The outcome depends on the

7-26

parameter you change.

The following table summarizes the results of changing the plot options.

Block Parameter

Plot Change

Source of frequency data
OR

Frequency data (Hz)

Redraws plot using the new frequency data.

Source of power data
OR

Input power data (dBm)

Redraws plot using the new power data.

Plot type

Draws plot in a new figure using the new plot type.

Note If the current plot options are valid for the new
plot type, they retain their values. Otherwise, they revert
to their default values.

Y Parameterl
OR

Y Parameter?2

If the new parameter has the same independent variable
and format as the one on the plot, the blockset adds the
new parameter to the existing plot. Otherwise, it redraws
the plot for the new parameter and independent variable.

Y Format1
OR

Y Format2

Redraws plot using the new format.

X Parameter

Redraws plot using the new independent variable.

X Format Redraws plot using the new format.
X Scale Redraws plot using the new scale.
Y Scale Redraws plot using the new scale.
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To modify a plot:

1

2
3

[T)Block Parameters: General Amplifier |

— General Amplifier

Monlinear amplifier described by a data zource that consists of either an RFDATA
object or data from a file. Data interpolation is uzed during simulation.

When there is no noize data in the data source, use the Moize Data tab to specify
arnplifier naize infarmatian.

‘when there is no nonlinearity data in the data source, use the Monlinearity Data tab to
zpecify amplifier nonlinearity information.

when the data source containg operating condition information, use the Dperating
Conditions tab to select operating condition settings for the simulation.

Mair | Moise Data I Nonlingarity Data  Wizualization | Operating Conditions

Source of frequency data: IExtracted from data source LI
Frequency data [Hz): |[1 e 1ef: 2 9e8)
Source of input power data: IExtracted from data source ;I

Input power data (dBm]: I[D:1 9]

Feference impedance [ohms]: |5EI
Flat type: IX-Y plane LI
Y parametert: 511 - Y format: IW
Y parameters: lﬁ ¥ format2: Iﬁ
* parameter; Freq - # format: Im
Y zcale: lm ¥ gcale: m

Plat |

QK I Cancel | Help | Apply |

Example Block Dialog Box Showing Plot Parameters
Change the plot options.
Click Plot.

Double-click the block to open the block dialog box, and select the Visualization tab.
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Create and Modify Subsystem Plots
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In this section...

“Plot the Network Parameters of a Subsystem” on page 7-28
“Add Data to an Existing Plot” on page 7-30

“Change Data on an Existing Plot” on page 7-32

Plot the Network Parameters of a Subsystem

In this part of the example, you open and run a RF Blockset Equivalent Baseband example
that uses file data to specify an amplifier in a physical subsystem. Then, you plot the
network parameters of the physical subsystem, which consists of the General Amplifier,
the Input Port, and the Output Port blocks.

1 Type sparam_amp at the MATLAB prompt to open the RF Blockset Equivalent
Baseband example called “AMP Data File for Amplifier”.

2 In the model window, select Simulation > Start to run the simulation. Once the
simulation has reached steady state, select Simulation > Stop to stop the
simulation.

3 Double-click the Output Port block to open the block dialog box.
Select the Visualization tab and set the Output Port block parameters as follows:
* In the Source of frequency data list, select Derived from Input Port
parameters.
* In the Plot type list, select X-Y plane.
* Inthe Y Parameterl list, select S21.
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5

] Block Parameters: Output Port

Output Port:

Connection block from RF Blockset physical blocks to Simulink.

After running a simulation, various parameters of the RF system that is delimited by an Input
Port block and this Output Port block can be visualized.

Main Visualization |

Source of frequency data:
Frequency data (Hz):

IDerived from Input Port parameters

|

| 125:108:3e9

Reference impedance {ohms): I 50

Flot type: IXY plane -

¥ parameter1: 521 - ¥ format1: IMagnitude (decibels) vl

Y parameter2: I vl ¥ format2: I vl

X parameter: IFreq vl ¥ format: IAuto Vl

' scale: ILinear vl ¥ scale: ILinear VI
Plot |

oK I Cancel | Help | Apply |
Click Plot.

This action plots the magnitude of S,; (in decibels) as a function of frequency on an X-

Y plot.
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LTE
;

File Edit View Insert Tools Desktop Window Help

Oc RS RATDEL - E0EaD

Z0=50
! ! ! ! ] ! ! !

Magnitude (decibels)

2 | | |
185 1.8 1.95 2 2.05 241 215 22 225 23 235
Freq [GHz]

S,; versus Frequency for a Physical Subsystem

Add Data to an Existing Plot

In this part of the example, you add data to the plot you created in “Plot the Network
Parameters of a Subsystem” on page 7-28.

1 Double-click the Output Port block to open the block dialog box.
2 Select the Visualization tab and change the value of Y Parameterl to S522.
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3

] Block Parameters: Output Port

Output Port:

Connection block from RF Blockset physical blocks to Simulink.

After running a simulation, various parameters of the RF system that is delimited by an Input
Port block and this Output Port block can be visualized.

Main Visualization |

Source of frequency data: IDerived from Input Port parameters ;I
Frequency data (Hz): I 1e9:183:3e9

Reference impedance {ohms): I 50

Flot type: IXY plane -

¥ parameter1: 522 - ¥ format1: IMagnitude (decibels) vl

Y parameter2: I vl ¥ format2: I vl

X parameter: IFreq vl ¥ format: IAuto Vl

Y scale: ILinear vl X scale: ILinear VI
Plot |

oK I Cancel | Help | Apply |
Click Plot.

This action adds S,, to the plot.
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LTE
;

File Edit View Insert Tools Desktop Window Help

OGS RO EL-G(0EaO

Z0=50
25

Magnitude (decibels)
o

5 | | |
185 1.8 1.95 2 2.05 241 215 22 225 23 235
Freq [GHz]

S,; and S,, versus Frequency for a Physical Subsystem

Change Data on an Existing Plot

In this part of the example, you change the data on the plot you created in the previous
steps of the example by modifying the Plot type.
Double-click the Output Port block to open the block dialog box.
2 Select the Visualization tab and change the value of Plot type to Polar plane, as
shown in the following figure.

As the figure shows, the value of Y Parameterl remains as S,,, the last parameter
selected for the previous plot.
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3

] Block Parameters: Output Port

Output Port:

Connection block from RF Blockset physical blocks to Simulink.

After running a simulation, various parameters of the RF system that is delimited by an Input
Port block and this Output Port block can be visualized.

Main Visualization |

Source of frequency data:
Frequency data (Hz):

IDerived from Input Port parameters

|

| 125:108:3e9

Reference impedance {ohms): I 50

Flot type: IPolar plane -

Y parameter1: 522 b ¥ format1: INone vl

Y parameter2: I vl ¥ format2: I vl

X parameter: IFreq vl ¥ format: IAuto Vl

' scale: ILinear vl ¥ scale: ILinear VI
Plot |

oK I Cancel | Help | Apply |
Click Plot.

This action creates a Polar plane plot of S,, as a function of frequency.
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) sparam_amp/Output Port =101
o

File Edit View Insert Tools Desktop Window Help

Ocds R8s ELanEam

Z0= 50

S,, versus Frequency for a Physical Subsystem

4 In the Output Port block dialog box, change the Plot type to Composite datato
generate four plots in one figure. The parameters for the plots are defined by the
block, so the Y Parameterl, Y Parameter2, and X Parameter fields becomes

invisible.
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5

[T)Block Parameters: Dutput Port |

Output Port

Connection block from RF Blackzet phyzsical blocks ta Sirulink.

After running a simulation, various parameters of the RF system that is delirmited by an
Input Part block and this Output Part block can be visualized.

Main  Visualization |

Source of frequency data:

Frequency data [Hz):

IDerived from Input Port parameters LI

[1e81e8 2e8

Reference impedance [ohmsz]: ISD

Flat type: IComposite data ;I
' parameter]: |S22 vI " farmat1: IMagnitude [decibels] vl
Y parameters: I vI ' formatz: I vl
* parameter: IFreq i I # format; HE -
¥ scale: ILinear 'I # scale: Linear e
Plat |
Ok I Cancel | Help | Apply |

Click Plot.

This action creates a composite plot.
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A Simulate an RF Model

Simulate an RF Model

When you simulate a model that contains physical blocks, RF Blockset Equivalent
Baseband software determines the modeling frequencies of the physical system using the
Input Port block parameters. The modeling frequencies are the frequencies at which the
blockset takes information from the blocks to construct the baseband-equivalent model.
Then, the software determines the block parameter values at those frequencies and uses
the information to create a baseband-equivalent model for Simulink time-domain
simulation.
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Determine Modeling Frequencies

When you simulate an RF model, the Output Port block uses Input Port block parameters
to determine the modeling frequencies f for the physical system that is bracketed
between the Input Port block and the Output Port block. fis an N-element vector, where N
is the finite impulse response filter length. The modeling frequencies are a function of the
center frequency f, and the sample time t,. The following figure shows the Input Port
block parameters that determine the modeling frequencies.

"k Block Parameters: Input Port @
Input Port
Connection block from Simulink to RF Blockset physical blocks.

The RF Blockset physical blocks use a baseband-equivalent modeling technique.
This technique models a bandwidth of 1/(Sample time), centered at the specified
Center frequency parameter value. This frequency value corresponds to 0 Hz in the
baseband-equivalent model.

The block provides the option to interpret the Simulink signal as either the incident
power wave to the RF system or the source voltage of the RF system. The 'Incident
power wave' option is the most common RF modeling interpretation, while the
'Source voltage' option is provided for backwards compatibility. If the input Simulink
signal is the incident power wave, the output of the RF system is the transmitted
power wave. If the input is the source voltage, the output is the load voltage.

The block controls the modeling of RF Blockset physical blocks between this block
and the Output Port block using:

- FIR filters to model the frequency-dependent characteristics

- Look-up tables to model the nonlinear behaviors

Optional guard bands can be specified as a fraction of the modeling bandwidth. The
guards bands are implemented by applying a Tukey window to the frequency
response. Modeling delay may be added to improve the response of the FIR filters.

Parameters
Treat input Simulink signal as: Source voltage ~
Source impedance (ochms): 50

Finite impulse response filter length: 128

Fractional bandwidth of guard bands: 0

Modeling delay (samples): 1}
Center frequency (Hz): 2e9
Sample time (s): le-7
Input processing: Elements as channels (sample based) v|
V| Add noise
Initial seed: 67987
[ ok ][ cancel |[ hHelp || apply

fn is the nth element of the vector of modeling frequencies, f, and is given by

n—1
fn:fmin-l-ts—N Tl=1,...,N

where
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1
fmin=fc_2_ts
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Map Network Parameters to Modeling Frequencies

In a physical system, each block provides network parameters at different frequencies.
These frequencies are not necessarily the modeling frequencies for the physical system in
which the block resides. To create a baseband-equivalent model, RF Blockset Equivalent
Baseband software must calculate the values of the S-parameters at the modeling
frequencies.

Individual physical blocks calculate the S-parameters at the modeling frequencies
determined by the Input Port block parameters. Each block interpolates its S-parameters
to determine the S-parameters at the modeling frequencies. If the block contains network
Y- or Z-parameters, it first converts them to S-parameters.

Specifically, the block orders the S-parameters in the ascending order of their
frequencies, f,. Then, it interpolates the S-parameters using the MATLAB interpl
function. For example, the curve in the following diagram illustrates the result of
interpolating the S;; parameters at original frequencies f; through f.

, 4/‘7 Original S, parameter values

Interpolated S, parameter values

f, f fy fs fy<—— Frequencies in ascending
order of magnitude
f

min) ( max)

The Interpolation method field in the individual block dialog boxes enables you to
specify the interpolation method as Cubic, Linear (default), or Spline. For more
information about these methods, see the interpl reference page in the MATLAB
documentation.

As shown in the previous diagram, each block uses the parameter values at f,,;, for all
modeling frequencies smaller than f,,;,. The block uses the parameter values at f,,, for all
modeling frequencies greater than f,,,. In both cases, the results may not be accurate, so
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you need to specify network parameter values over a range of frequencies that is wide
enough to account for the block behavior.
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Model Noise in an RF System

In this section...

“Output-Referred Noise in RF Models” on page A-7

“Calculate Noise Figure at Modeling Frequencies” on page A-10
“Calculate System Noise Figure” on page A-11

“Calculate Output Noise Power” on page A-12

The RF Blockset Equivalent Baseband Physical library blocks can model noise. The Input
Port block parameters specify whether to include noise in a simulation. When you include
noise information in your model, the blockset simulates the noise of the physical system
by combining the noise contributions from each individual block. This section explains
how the blockset simulates noise from user-specified information. For information on how
to add noise to an RF model, see “Model Noise” on page 6-26.

Output-Referred Noise in RF Models

In general, you can specify output-referred noise in one of three ways:

* Noise temperature — Specifies the noise in kelvin.
* Noise factor — Specifies the noise by the following equation:
Noise temperature

290

* Noise figure — Specifies the noise in decibels relative to the standard reference
noise temperature of 290 K. In terms of noise factor

Noise factor = 1 +

Noise figure = 10log(Noise factor)

These three specifications are equivalent, because you can compute each one from any of
the others.

The blockset lets you simulate the noise associated with any physical block in your RF
model.

The blockset automatically determines the noise properties of passive blocks from their
network parameters. The blockset gets these network parameters either explicitly from
the block dialog box or specified data files, or implicitly by calculating them from the
specified block parameters.
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For active devices such as amplifiers and mixers, the noise properties cannot be inferred
from network parameters. Therefore, for the amplifier and mixer blocks, you must specify
the noise information explicitly, either in the dialog block or the associated data file.

For physical amplifier and mixer blocks, you can specify active block noise in one of the
following ways:

* Spot noise data
* Frequency-independent noise figure, noise factor, or noise temperature values

* Frequency-dependent noise figure data (rfdata.nf) or spot noise data
(rfdata.noise) object

These noise specification options are described in “Amplifier and Mixer Noise
Specifications” on page 6-26.

When you run the simulation, the blockset first computes the noise figure values for each
individual block at the modeling frequencies. Then, it computes the noise figure of the
physical system from the individual noise figure values and uses the system noise figure
information to calculate the output noise power. This process is shown in the following
figure.



Model Noise in an RF System

Select this check box
to include noise data
in the simuliation ——— =

ﬁ amp_qgam16_model/RF Rer¢eiver

E} Block Parameters: RF In

X|

T leant Pa—m 0 e——— e

File Edit Yiew Simulation

ormat  Tools Help

Source impedance: |50
~ |v Add noise
Initial seed: 67987
oK Cancel | Help Apply |
1ol x|

DeE& yar|cs (o
¥

Input S-Parameters S-Parameters S-Parameters S-Parameters Qutput
Port [*°| amplifier Amplifier Mixer Amplifier || Port
RFIn Front End Low Noise Downconverter Final Stage BB Out
Filter Amplifier Amplifier
Ready |100% [ [ |FixedStepDiscrete Y
\ Y i y
Front-End Low-Noise Downconverter Final Stage
Filter Noise Amplifier Noise Noise Amplifier Noise
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Calculate Noise Figure at Modeling Frequencies

To include noise information in a simulation, the blockset must compute the noise figure
values of each individual block at the modeling frequencies.

If you specify the frequency-independent noise figure value directly, or if the blockset
computes the noise figure value from the block resistance, the blockset uses this value for
the noise figure value at each of the modeling frequencies.

If you specify the noise factor or noise temperature value, the blockset computes the
noise figure value from the specified value using the equations in the preceding section
and uses the computed value for the noise figure value at each of the modeling
frequencies.

If you specify frequency-dependent noise figure values using an rfdata.nf object, the
blockset interpolates the values using the Interpolation method specified in the block
dialog box to get the noise figure value at each of the modeling frequencies.

If you specify spot noise data, the blockset computes frequency-dependent noise figure
information from this data. It takes the minimum noise figure, NF,,;,, equivalent noise
resistance, R,, and optimal source admittance, Y,,, values in the file and interpolates to
find the values at the modeling frequencies. Then, the blockset uses the following
equation to calculate the noise correlation matrix, C,:

NFpin—1

Ry 5

- RnYopt*

Cy = 2kT
A NFpi — 1

2
2 - RnYopt Rnlyoptl
where k is Boltzmann's constant, and T is the noise temperature in Kelvin.

The blockset then calculates the noise factor, F, from the noise correlation matrix as
follows:

2tCyz
F =1+ TRe{Z5}
1
zZ = ZS*

In the two preceding equations, Zg is the nominal impedance, which is 50 ohms, and z* is
the Hermitian conjugation of z.
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The blockset obtains the noise figure, NF, from the noise factor:

NF = 10log(F)

Calculate System Noise Figure

The blockset uses a recursive process to calculate system noise figure. The noise
correlation matrices for the first two elements of the cascade are combined into a single
matrix, and the process is repeated.

The following figure shows a cascaded network consisting of two 2-port networks, each
represented by its ABCD-parameters.

N ) I =3
co . c" o

First, the blockset calculates noise correlation matrices C,' and C,” for the two networks.
Then, the blockset combines C," and C,” into a single correlation matrix C, using the
equation

A B

Ca=Cy+
A=At o

lod
A cCD

A B']
The ABCD-parameter matrices in the cascade combine according to matrix multiplication:

ool

A B
cCD

A" B’
C D

If there is another element in the cascade, the same calculations will be performed using
these ABCD-parameters as well as the ABCD-parameters corresponding to the following
element. The recursion will terminate with a noise correlation matrix pertaining to the
entire system. The blockset then calculates the system noise figure from this matrix.

For more information about these calculation techniques, see the following article:
Hillbrand, H. and P.H. Russer, “An Efficient Method for Computer Aided Noise Analysis of

Linear Amplifier Networks,” IEEE Transactions on Circuits and Systems, Vol. CAS-23,
Number 4, pp. 235-238, 1976.
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Calculate Output Noise Power

The blockset uses noise power to determine the amplitude of the noise that it adds to the
physical system using a Gaussian distributed pseudorandom number generator. It uses
both the noise temperature and the modeling bandwidth to calculate the noise power:

Noise power = kTB

where k is Boltzmann's constant, T is the noise temperature in Kelvin, and B is the
bandwidth in hertz.

The blockset computes noise temperature from the specified or calculated noise figure
values for the system, and it computes the modeling bandwidth from the model's sample
time and center frequency.



Create Complex Baseband-Equivalent Model

Create Complex Baseband-Equivalent Model

In this section...

“Baseband-Equivalent Modeling” on page A-13

“Simulation Efficiency of a Baseband-Equivalent Model” on page A-17

“Example — Select Parameter Values for a Baseband-Equivalent Model” on page A-18

Baseband-Equivalent Modeling

RF Blockset Equivalent Baseband software simulates the physical system in the time
domain using a complex baseband-equivalent model that it creates from the passband
frequency-domain parameters of the physical blocks. This type of modeling is also known
as lowpass equivalent (LPE), complex envelope, or envelope modeling.

To create a complex baseband-equivalent model in the time domain based on the network
parameters of the physical system, the blockset performs a mathematical transformation
that consists of the following three steps:

1  “Calculate the Passband Transfer Function” on page A-13

2 “Calculate the Baseband-Equivalent Transfer Function” on page A-15
3 “Calculate the Baseband-Equivalent Impulse Response” on page A-16

Calculate the Passband Transfer Function

The blockset calculates the passband transfer function from the physical block
parameters at the modeling frequencies by calculating the transfer function of the
physical subsystem and then applying the Tukey window to obtain the passband transfer
function.

Note To learn how the blockset uses the specified network parameters to compute the
network parameters at the modeling frequencies, see “Map Network Parameters to
Modeling Frequencies” on page A-5.

The transfer function of the physical subsystem is defined as:

A-13
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where Vs and V; are the source and load voltages shown in the following figure, and f
represents the modeling frequencies.

; Physical
Vs Vin | Subsystem

More specifically,

Sp1(1+I7)(1 = TI)

H(f) = 2(1 = 5221"1)((1 —_Finrs)
where
Iin =Sy + 812521ﬁ

and

Zs is the source impedance.
* Z; is the load impedance.

S;; are the S-parameters of a two-port network.

The blockset derives the transfer function of the physical subsystem from the Input Port
block parameters as shown in the following figure.

A-14
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Passband Spectrum of a Modulated RF Carrier

N is the number of sub-bands

Input Port Block Parameters TTTTTTTTTTTTTTTI T T TT T T T
——»| |e—— af = 1/t"N)

Finite impulse response filter length:  |N

Fractional bandwidth of guard bands: IF Magnitude
Modeling delay (samples): ID
Center frequency (Hz): I fc
Sample time (s): I ts
Source impedance (ohms): 50 ~_
fe
| |
| | Frequency
fmin fao fmax

. Bandwidth = 1/tS

»|
< >

The blockset then applies the Tukey window to obtain the passband transfer function:

where tukeywin is the Signal Processing Toolbox™ tukeywin function.
Calculate the Baseband-Equivalent Transfer Function

The blockset calculates the baseband transfer function, Hpgsepand(f), by translating the
passband transfer function to its equivalent baseband transfer function:

Hpaseband(f) = Hpassband(f +fe)
where f, is the specified center frequency.

The resulting baseband-equivalent spectrum is centered at zero, so the blockset can
simulate the system using a much larger time step than Simulink can use for the same

A-15



A Create Complex Baseband-Equivalent Model

system. For information on why this translation allows for a larger time step, see
“Simulation Efficiency of a Baseband-Equivalent Model” on page A-17.

The baseband transfer function is shown in the following figure.

Baseband-Equivalent Spectrum

Magnitude

T

Centered at zero

I/ Frequency

-1/ 0 ]/,Zts

< »
< '

] /|s

Calculate the Baseband-Equivalent Impulse Response

The blockset calculates the baseband-equivalent impulse response by performing the
following steps:

1 Calculate the inverse FFT of the baseband transfer function. For faster simulation,
the block calculates the IFFT using the next power of 2 greater than the specified
finite impulse response filter length. Then, it truncates the impulse response to a
length equal to the filter length specified. When the finite impulse response is
truncated to the length specified by the user, the effect of the truncation is similar to
windowing with a rectangular window.

2 Apply the delay specified by the Modeling delay (samples) parameter in the Input
Port block dialog box. Selecting an appropriate value for this delay ensures that the
baseband-equivalent model has a causal response by moving the time window such
that the model energy is concentrated at the center of the window, as shown in the
following figure:

A-16
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Without delay:
Magnitude
»
®
T o o o1
N-1
Sub-Band (Tap) Number
With a 4-sample delay:
Magnitude
e o ! T

Sub-Band (Tap) Number

Simulation Efficiency of a Baseband-Equivalent Model

The baseband-equivalent modeling technique improves simulation speed by allowing the
simulator to take larger time steps. To simulate a system in the time domain, Simulink

would require a step size of:

_ 1
Estep = 2fpax

A-17
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A-18

Using the baseband-equivalent model of the same system, whose spectrum has been
shifted down by f,, allows for a much larger time step of:

A 1 _ 1
step 2(fmax - fc) fmax - fmin

Example — Select Parameter Values for a Baseband-
Equivalent Model

* “Baseband-Equivalent Modeling Example Overview” on page A-18

* “Create the Model” on page A-18

* “Specify Model Parameters” on page A-21

* “Run the Simulation and Analyze the Results” on page A-26

* “Reducing Acausal Response in the Baseband-Equivalent Model” on page A-27
* “Introduce Delay into the Baseband-Equivalent Model” on page A-28

Baseband-Equivalent Modeling Example Overview

In this example, you model an RF transmission line stimulated by a pulse and plot the
baseband-equivalent model that the blockset uses to simulate the transmission line in the
time domain. You compare the effects of using different parameter values for the
baseband-equivalent model. This example helps you understand how to use these
parameters to best apply the baseband-equivalent modeling paradigm of performing time-
domain simulation using a limited band of frequency data.

Create the Model

In this part of the example, you perform the following tasks:

* “Select Blocks to Represent System Components” on page A-18
* “Build the Model” on page A-19
» “Specify Model Variables” on page A-20

Select Blocks to Represent System Components

In this part of the example, you select the blocks to represent:

* The input signal
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* The RF transmission line
* The baseband-equivalent model display

The following table lists the blocks that represent the system components and a
description of the role of each block.

Block Description
Discrete Impulse Generates a frame-based pulse input signal.

Real-Imag to Complex |Converts the real pulse signal into a complex pulse signal.

Input Port Establishes parameters that are common to all blocks in the
RF transmission line subsystem, including the source
impedance of the subsystem that is used to convert Simulink
signals to the physical modeling environment.

RLCG Transmission Models the signal attenuation caused by an RF transmission
Line line.
Output Port Establishes parameters that are common to all blocks in the

RF transmission line subsystem. These parameters include
the load impedance of the subsystem, which is used to
convert RF signals to Simulink signals.

Complex to Magnitude- |Converts the complex signal from the Output Port block into
Angle magnitude-angle format.

Build the Model

In this part of the example, you create a Simulink model, add blocks to the model, and
connect the blocks.

1 Create a model.

2 Add to the model the blocks shown in the following table. The Library Path column of
the table specifies the hierarchical path to each block.

Block Library Path Quantity

Discrete Impulse DSP System Toolbox > Sources 1

Real-Imag to Complex |Simulink > Math Operations 1

Input Port RF Blockset > Equivalent Baseband > Input/ |1
Output Ports

A-19



A Create Complex Baseband-Equivalent Model

Block Library Path Quantity

RLCG Transmission RF Blockset > Equivalent Baseband > 1

Line Transmission Lines

Output Port RF Blockset > Equivalent Baseband > Input/ |1
Output Ports

Complex to Magnitude- |Simulink > Math Operations 1

Angle

3 Connect the blocks as shown in the following figure.

'b'i untitled * EI@

File Edit View Display Diagram Simulation Analysis Code  Tools  Help
=8 EH-=E GO = ©- 0o > @~
untitied

[P untitled

@®

e e

.

. Input —_— Dutput
BL i H | Port Port » lul
Time

Digete Reskimag o Complex to

RLCG i Veckor
m Comple: I Port Output Port Magnitude-Angle
Impuke npt Transmissicn Line put Scope

b

Now you are ready to specify model variables.

Specify Model Variables

Type the following at the MATLAB prompt to set up workspace variables for the model:
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t s = 5e-10; % Sample time
f ¢ = 3e9; % Center frequency
taps = 64; % Filter length

Now you are ready to specify the block parameters.
Specify Model Parameters

In this part of the example, you specify the following parameters to represent the
behavior of the system components:

* “Input Signal Parameters” on page A-21
* “Transmission Line Subsystem Parameters” on page A-22
» “Signal Display Parameters” on page A-26

Input Signal Parameters
You generate the frame-based complex pulse source signal using two blocks:

* The Discrete Impulse block generates a real pulse signal.
» The Real-Imag to Complex block converts the real signal to a complex signal.

Note All signals in the RF model must be complex to match the signals in the physical
subsystem, so you create a complex input signal.

1 In the Discrete Impulse block parameters dialog box:

* Set Sample time to t_s.
* Set Samples per frame to 2*taps.
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A-22

-

Source Block Parameters: Discrete Impulse
Discrete Impulse (mask) (link)

=

Output a discrete unit impulse. The impulse will be offset by the number
of samples in the Delay parameter.

Main Data Types

Delay (samples):
]

Sample time:

t s

Samples per frame:

2%taps

‘} [ oK ][ Cancel ” Help H Apply l

2 Set the Real-Imag to Complex block Input parameter to Real. Changing this

parameter changes the number of block inputs from two to one, making the block
fully connected.

Block Parameters: Real-lmag to Complex X
Real-Imag To Complex
Construct a complex output from real and/or imaginary input.

Parameters

Input: Real and imag *

Cancel Help Apply
Transmission Line Subsystem Parameters

In this part of the example, you configure the blocks that model the RF filter subsystem—
the Input Port, Transmission Line, and Output Port blocks.

1 In the Input Port block parameters dialog box:

Set Treat input Simulink signal as to Incident power wave.
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This option tells the blockset to interpret the input signal as the incident power
wave to the RF subsystem, and not the source voltage of the RF subsystem.

Note If you use the default value for this parameter, the software interprets the
input Simulink signal as the source voltage. As a result, the source and the load
that model the Input Port and Output Port blocks, respectively, introduce 6 dB of
loss into the physical system at all frequencies. For more information on why this
loss occurs, see the note in “Convert to and from Simulink Signals” on page A-
30.

Set Finite impulse response filter length to taps.

Set Center frequency to f c.
Set Sample time (s) to t_s.

This sample time is equivalent to a modeling bandwidth of 1/t s seconds.
Set Input Processing to Columns as channels (frame based).
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A-24

-

Block Parameters: Input Port

Input Port
Connection block from Simulink to RF Blockset physical blocks.

The RF Blockset physical blocks use a baseband-equivalent modeling technique.
This technique models a bandwidth of 1/(Sample time), centered at the specified
Center frequency parameter value. This frequency value corresponds to 0 Hz in the
baseband-equivalent model.

The block provides the option to interpret the Simulink signal as either the incident
power wave to the RF system or the source voltage of the RF system. The 'Incident
power wave' option is the most common RF modeling interpretation, while the
'Source voltage' option is provided for backwards compatibility. If the input Simulink
signal is the incident power wave, the output of the RF system is the transmitted
power wave. If the input is the source voltage, the output is the load voltage.

The block controls the modeling of RF Blockset physical blocks between this block
and the Output Port block using:

- FIR filters to model the frequency-dependent characteristics

- Look-up tables to model the nonlinear behaviors

Optional guard bands can be specified as a fraction of the modeling bandwidth. The
guards bands are implemented by applying a Tukey window to the frequency
response. Modeling delay may be added to improve the response of the FIR filters.

FParameters
Treat input Simulink signal as: Incident power wave -
Source impedance (ohms): 50

Finite impulse response filter length: taps

Fractional bandwidth of guard bands: 0

o

Modeling delay (samples): 0
Center frequency (Hz): fc
Sample time (s): ts
Input processing: Columns as channels (frame based) V]
Add noise
Initial seed: 67987
OK l [ Cancel ] l Help ] [ Apply
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2 Inthe RLCG Transmission Line block parameters dialog box:

* Set Inductance per length (H/m) to 50.

* Set Capacitance per length (F/m) to .02.

* Set Frequency (Hz) to f_c.

* Set Transmission line length (m) to 0.5*t s.

Block Parameters: RLCG Transmission Line @
RLCG Transmission Line

Model an RLCG transmission line.

Main Visualization

Resistance per length (ohms/m): 0

Inductance per length (H/m): ]
Capacitance per length (F/m): ]

Conductance per length (S/m}): 0

Frequency (Hz): 1e9
Interpolation method: [Linear ']
Transmission line length (m): 0.01
Stub mode: [Not a stub ']
Termination of stub: Open

[ 0K ] l Cancel ] [ Help ] Apply

3  Accept the default parameters for the Output Port block to use a load impedance of
50 ohms.
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Block Parameters: OQutput Port @
Output Port
Connection block from RF Blockset physical blocks to Simulink.

After running a simulation, various parameters of the RF system that
is delimited by an Input Port block and this Output Port block can be
visualized.

Main Visualization

Load impedance (ohms): 50

[ DK H Cancel H Help Apply

Signal Display Parameters

In this part of the example, you specify the parameters that set up the baseband-
equivalent model display. You use the Complex to Magnitude-Angle block to convert the
RF subsystem output to magnitude format.

1 Set the Complex to Magnitude-Angle block Output parameter to Magnitude.
Changing this parameter changes the number of block outputs from two to one,
making the block fully connected.

Block Parameters: Complex to Magnitude-Angle *
Complex to Magnitude-Angle

Compute magnitude and/or radian phase angle of the input.
Parameters

Output: Magnitude and angle x

Cancel Help Apply
Run the Simulation and Analyze the Results
Before you run the simulation, set the stop time by selecting Simulation >

Configuration Parameters in the model window and entering 2*t s*(taps-1) for the
Stop time parameter.
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To run the simulation, select Simulation > Start in the model window.

This window appears automatically when you start the simulation. The following plot
shows the baseband-equivalent model, which contains a significant amount of acausal
energy because of the limited bandwidth of the model.

Acausal response

0.8
0.8

0.7

06

Amplitude

Baseband-Equivalent Model
The next part of the example shows you how to reduce this acausal response.
Reducing Acausal Response in the Baseband-Equivalent Model

In this part of the example, you adjust the Fractional bandwidth of guard bands
parameter. This parameter controls the shaping of the filter that the blockset applies to
create the baseband-equivalent model.

1  Set the Input Port Fractional bandwidth of guard bands parameter to 0. 2.
2 Rerun the simulation.

You can see that the acausal response is lower than it was for the previous simulation, but
there is still some energy wrapping around the end of the model because it is periodic.
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A-28

Reduced acausal responsa

Amplitude
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=
=

Frame: 2 Index

Baseband-Equivalent Model with Filter Shaping

Note You can further reduce the acausal response in the baseband-equivalent model by
increasing the value of the Fractional bandwidth of guard bands parameter above 0.2,
but if you use a high value, you compromise the fidelity of the gain of the transmission
line.

The next section shows you how to shift the response to avoid this wrapping.
Introduce Delay into the Baseband-Equivalent Model

In this part of the example, you adjust the Modeling delay (samples) parameter. This
parameter controls the delay the blockset applies to create the baseband-equivalent

model.

1 Set the Input Port Modeling delay (samples) parameter to 12.
2 Rerun the simulation.
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The response of the baseband-equivalent model is concentrated in a small time window.
This model provides the most accurate time-domain simulation of the specified band of
frequency data.

4
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Baseband-Equivalent Model with Filter Shaping and Delay
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Convert to and from Simulink Signals

Signal Conversion Specifications

When you simulate an RF model, the blockset must convert the mathematical Simulink
signals to and from the physical modeling environment. The following figure shows the
signals involved in the conversion.

p P && | General Amplifier [e-& S-Psrsn.n'eters && | General Amplifier |e-& g >
Port Amplifier Port
- N - - " -
Input Port General Amplifier S—Psrsrrl.eters General Amplifiert Output Port
Amplifier

\

/

Simulink
signal

Sin

A-30

V
Sy Is | + Sjmullink
RE Sust signa
ystem ZL Vi >
- Sout
|
Input Port Block Output Port Block
Where:

* Zgis the Source impedance (ohms) parameter of the Input Port block.
* Z; is the Load impedance (ohms) parameter of the Output Port block.

There are two options for interpreting the Simulink signal that enters the Input Port
block:
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* S, is the incident power wave. For more information about this option, see “Interpret

Simulink Signals as Incident Power Waves” on page A-31.

* S, is the source voltage. For more information about this option, see “Interpret

Simulink Signals as Source Voltages” on page A-33.

Interpret Simulink Signals as Incident Power Waves

The blockset provides the option to interpret the input Simulink signal, S;,, as the incident
power wave, a,;, at the first port of the RF system. The following figure shows the model

for this interpretation.

b iy &-& | General Amplifier [e-& S-Psrsrfw'eters Genersl Amplifier [&-& KN >
Port Amplifier Port
" A - n N -
Input Port Genersl Amplifier S~PsrsrT1.eters Genersl Amplifiert Output Port
Amplifier /
Upl ap2=0
— -
- Vs Is S
S]mulllnk + + Slmullmk
signa signa
: RF System v
Sin - Sout
<— —>

In the figure, b, is the transmitted power wave at the second port of the RF system. This
is the signal at the output of the Output Port block, S,,;.

For a 2-port RF system, the incident and transmitted power waves are defined as:
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A-32

ap] = Vs
pl =5 «/Ris
JRL
bp2 = Z_LVL
where:

* Zs, the Source impedance (ohms) parameter of the Input Port block, is defined as:

Zs = Rs + JXs
* Z;, the Load impedance (ohms) parameter of the Output Port block, is defined as:

ZL = RL + .]XL

Solving the power wave equations for S;, and S,,; gives the following relationships:

Sin= =28
n — 2\/1TS
R
Sout = Z£LVL

The implications of this interpretation are:

|Sin|2 is equal to the power available from the source, P,.

|Sout|2 is equal to the power delivered to the load, P,,;.

For a linear RF system, Py = GiP4ys Where G; is the transducer power gain. As a result,

the Simulink signals at the input and output of the RF system have the following
relationship:

|Soutl* = GtlSinl*

Note You can plot G; from the Output Port block's Visualization tab.
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Interpret Simulink Signals as Source Voltages

The blockset provides the option to interpret the input Simulink signal, S;,, as the source
voltage, Vs, of the RF system. The following figure shows the model for this

interpretation.
b Input && | General Amplifier |6-& S—Psrsrﬁ'eters General Amplifier |[e-& Output >
Port Amplifier Port
input Post General Amplifier S-Psrsrﬁ.eters General Amplifiert Output Port
Amplifier /
S.imullink L L I + Sjmullink
signa RF Sysiem ZL VL signa
Sin T - Sout

Input Port Block

Output Port Block

With this interpretation, the signal at the output of the Output Port block is the load
voltage, V.

The blockset interpretation of the input Simulink signal as the source voltage, Vs,
produces different results than the interpretation where the input Simulink signal is the
incident power wave. When the source and load impedances are the same and real, the
former interpretation produces 6 dB of loss compared to the latter.
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Specify Input Signal Conversions

To specify the way in which the blockset interprets the input Simulink signal, you change
the value of the Treat input Simulink signal as parameter in the Input Port dialog box.
The available parameter values are:

* Incident power wave — Interpret the input signal as the incident power wave.
* Source voltage — Interpret the input signal as the source voltage.
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[Coiock parameters: mputport
—Input Port
Connection block from Simulink to RF Blockset physical blocks.

The RF Blockset physical blocks use a baseband-equivalent modeling technique.
This technique models a bandwidth of 1/(Sample time), centered at the specified

Center frequency parameter value. This frequency value corresponds to 0 Hz in
the baseband-equivalent model.

The block provides the option to interpret the Simulink signal as either the incident
power wave to the RF system or the source voltage of the RF system. The
‘Incident power wave' option is the most common RF modeling interpretation,

while the 'Source voltage' option is provided for backwards compatibility. If the
input Simulink signal is the incident power wave, the output of the RF system is the
transmitted power wave, If the input is the source voltage, the output

is the load voltage.

The block controls the madeling of RF Blockset physical blocks between this block
and the Output Port block using:

- FIR filters to model the frequency-dependent characteristics

- Look-up tables to model the nonlinear behaviors

Optional guard bands can be specified as a fraction of the modeling bandwidth.
The guards bands are implemented by applying a Tukey window to the frequency
response. Modeling delay may be added to improve the response of the FIR filters,

—Parameters
Treat input Simulink signal as: 5 Ita - Change this parameter value
= = I — —l to change the way the blockset
Source impedance {ohms): |s0 interprets the input signal.

Finite impulse response filter length: | 128
Fractional bandwidth of guard bands: |0

Modeling delay (samples): fo
Center frequency (Hz): | 2e9
‘Sample time (s): | 127
IV Add noise
Initial seed: |67387
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2-Port Mixer Blocks

Typically, the block diagram of a mixer has three ports, as shown in the following
representation of a downconversion mixer.

RF IF

L0

The mathematical and physical mixer blocks model both a mixer and a local oscillator, so
they have only two ports.

RF IF
L0

hipoer

The following figure shows the icons of the mixer blocks. The icons of all the mixer blocks
show the internal local oscillator.



2-Port Mixer Blocks
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For the physical blocks, you can use the LO frequency (Hz) parameter to specify the
local oscillator's frequency.

For more information, see the individual block reference pages.
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Model a Mixer Chain

B-4

RF Blockset Equivalent Baseband software uses a baseband equivalent model to simulate
RF components in the time domain. The blockset only models a band of frequencies
around the carrier frequency of each component; the frequency band is determined by
the following parameters of the corresponding Input Port block:

* Reciprocal of the Sample time (s)

* Center frequency (Hz)

When a mixer is present in a physical subsystem, it shifts the carrier frequency of the
signal. This shift affects the frequencies that are used to create baseband equivalent
model.

To illustrate how the mixer works, consider a typical RF mixer chain that consists of the
following components:

* Direct Quadrature Upconverter

* High-Power Amplifier

* Channel

* Low-Noise Amplifier

* Downconverting Mixer

» [F Filter

* Direct Quadrature Downconverter

The following diagram shows these components and the band of frequencies that are
simulated for each component. The signals at the input and output of the cascade are
baseband complex. For the cascade, the diagram shows the real passband frequencies
that are used to create the baseband-equivalent model, which is centered at zero. For a
detailed explanation of how to use the blockset to model quadrature mixers, see
“Quadrature Mixers” on page B-6.
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Quadrature Mixers

B-6

In this section...

“Use RF Blockset Equivalent Baseband Software to Model Quadrature Mixers” on page
B-6

“Model Upconversion I/Q Mixers” on page B-6

“Model Downconversion I/Q Mixers” on page B-7

“Simulate I/Q Mixers” on page B-8

Use RF Blockset Equivalent Baseband Software to Model
Quadrature Mixers

RF Blockset software lets you model upconversion and downconversion quadrature
mixers using Physical blocks. These mixers convert a complex baseband signal up to and
down from the desired carrier frequency by mixing the real and imaginary parts of the
signal with a cosine and sine of the same frequency.

Model Upconversion I/Q Mixers

You use the Input Port block to model the upconversion of in-phase/quadrature baseband
signals to modulated signals at a finite real carrier frequency. The real component of the
block input represents the in-phase signal. The imaginary component of the block input
represents the quadrature signal.

To model a perfect quadrature upconversion mixer, use the Input Port block with the
Center frequency (Hz) parameter set to the carrier frequency.

To model an imperfect quadrature upconversion mixer, use the Input Port block with the
Center frequency (Hz) parameter set to the carrier frequency. Follow this block
immediately by a mixer block with the LO frequency (Hz) parameter set to 0. Specify
imperfections as follows:

* S-parameters — Use S-parameters to specify imperfections such as frequency
response. For a mixer, S,; describes the conversion gain, as explained in the Network
Parameters section of the reference page for each mixer block. Use purely real and
purely imaginary S,; parameters to represent multiplying the input signal by a pure
cosine and a pure sine, respectively. Use a complex S,; parameter to represent
multiplying the input signal by a combination of sine and cosine.




Quadrature Mixers

* Thermal noise — Use thermal noise to specify temperature-dependent random noise.

* Phase noise — Use the phase noise to specify noise to add to the angle component of
the input signal.

* Nonlinearity — Use nonlinearity (specified as output power and phase as a function of
input power and frequency in an AMP file or as third-order intercept point) to specify
nonlinear mixer behavior as a function of input power.

Note If you specify a nonzero value for the local oscillator frequency of the mixer and set
the Type parameter to Upconverter, the blockset converts the signal to a frequency
above the center frequency. The final IF value is the sum of the Input Port center
frequency and the mixer local oscillator frequency.

Model Downconversion 1/Q Mixers

You use the Output Port block to model the downconversion of in-phase/quadrature
modulated carrier signals to baseband signals. The real component of the block output
represents the in-phase signal. The imaginary component of the block output represents
the quadrature signal.

The finite real carrier frequency is set automatically as the sum of the center frequency of
the Input Port block and the LO frequencies in any mixer blocks in the cascade.

Note In the cascade, upconversion mixers increase the carrier frequency and
downconversion mixers decrease the carrier frequency.

The Output Port block models a perfect quadrature downconversion mixer. To model an
imperfect quadrature downconversion mixer, precede the Output Port block immediately
by a mixer block with the LO frequency (Hz) parameter set to 0. Specify imperfections
as follows:

* S-parameters — Use S-parameters to specify imperfections such as frequency
response. For a mixer, S,; describes the conversion gain, as explained in the Network
Parameters section of the reference page for each mixer block. Use purely real and
purely imaginary S,; parameters to represent multiplying the input signal by a pure
cosine and a pure sine, respectively. Use a complex S,; parameter to represent
multiplying the input signal by a combination of sine and cosine.
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* Thermal noise — Use thermal noise to specify temperature-dependent random noise.

* Phase noise — Use the phase noise to specify noise to add to the angle component of
the input signal.

* Nonlinearity — Use nonlinearity (specified as output power and phase as a function of
input power and frequency in an AMP file or as third-order intercept point) to specify
nonlinear mixer behavior as a function of input power.

Note The mixer output frequency must be positive. This means that if you choose a
downconverting mixer, the input carrier frequency f;, must be greater than the local
oscillator frequency fj,. Otherwise, an error appears.

Simulate I/Q Mixers

When you model an I/Q mixer in the blockset, the center frequency you specify in the
Input Port block dialog is only used to build a complex-baseband equivalent model of the
cascade that represents the mixer. The blockset simulates this model using a fixed time
step equal to the sample time that you specify in the Input Port block dialog box.

To examine the model in the Simulink window:

1 Select Simulation > Update Diagram to update the model diagram.
2 Right-click the Output Port block and select Look Under Mask.

For more information on baseband-equivalent modeling, see “Model RF Components” on
page 6-2.
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Vary Phase Of Signal During Simulation

Use the Variable Phase Shift block to shift the phase of a sine wave to 180 degrees.Use
Repeating Sequence Stair block as a Simulink control signal to control the phase of the
signal. To see the variation in phase to 180 degrees, first open and run the model. During
simulation, change the value of the Simulink control signal to 90 degrees and see a
change in phase in the Output Scope.
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Vary Phase Of Signal During Simulation
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Vary Attenuation of Signal During Simulation

Use the Variable Attenuator block to attenuate a 20 dB constant signal. Use the Repeating
Sequence Stair block as a Simulink control signal to vary the attenuation of the signal. In
this model,the signal attenuation varies between 5 and 10 dB during simulation. To see
the variation in attenuation, open and run the model.

l_l_

Simulink Contral Signal
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Out rRF stE—u 4 v [ 1
20 e P p—»s RF In fon
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Explicitly Simulate Resistor Thermal Noise

Explicitly Simulate Resistor Thermal Noise

Use the Noise block to calculate the classic thermal noise floor, kT, for a matched
resistor circuit. Model configuration is as follows:

* Time step of the model is 1e-6 and frequency is 2 GHz.

* The Resistor noise source is modelled explicitly to make it noiseless. The resistance
is 50 ohms. In the Resistor blocks, Simulate Noise is not selected.

* Noise current source parallel to the Resistor block models the noise. In the Noise
block, the Source type is set to Ideal current to make it a current source. The Noise
spectral density is defined as (4kT/R)(A2/Hz). The value of k is * The Masked block,
Calculate Noise Power, calculates the noise floor as a standard deviation of the output
signal.

open_system('model simrf noise sourcel')

RF  EL >

Calculate Moise Power noise floor in dBm

h 4

Moiseless Mathching
resistor noiseless

load

RF

— Gnd1

||I
o
a
|-

To run the model, select Simulation > Run. With the bandwidth included using the
Configuration block, noise power is in the range of -173.98 to 174.1 dBm
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Attenuate Signal Power

20

Use the Attenuator block to attenuate a constant signal of 20 dB by 3 dB.
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Demodulate Two-Tone RF Signal Using 1Q Demodulator

Demodulate Two-Tone RF Signal Using 1IQ Demodulator

Use the IQ Demodulator block to demodulate a two-tone RF signal to DC level. Observe
the impairments in the demodulated output signal such as images due to gain imbalance,
intermodulation distortion, and output third-order intercept (OIP3).

The two tones are at 10MHz and 15 MHz. The power of each tone is -30 dBm. The carrier
frequency is 2 GHz.

1Q Demodulator

The 1Q Demodulator parameters are:

Available power gain: 10 dB
Local oscillator frequency: 2 GHz
I/Q gain mismatch: 0.1 dB

LO to RF Isolation: 90 dB

Noise Figure: 6 dBm/Hz

Open the model.

open( 'model IQdemod")

¥
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Imput

12 Spectrum Analyzer

=

Run the model and observe the spectrum analyzers.
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Input Spectrum Analyzer

4 Input Spectrum Analyzer

File Toeak View Sioulsthon Help
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Ready REW=5T.68 kHz 'Sample Rate=100 MHz T=0.004

In the input spectrum analyzer, you see the input RF signal with the two tones at 10 MHz
and 15 MHz. The power level of each tone is -30 dBm. The carrier frequency is 2 GHz.
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Demodulate Two-Tone RF Signal Using 1Q Demodulator

1/Q Spectrum Analyzer

4 I3 Spectrum Analyzer

File Tools WView Simulation Help
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Ready

In the I/Q spectrum analyzer, you see the inphase part of the demodulated signal
including the DC signal level and the two tones. The following formula gives you the DC

power level of the signal:

DClevell /) = PowerLO — dBmlIsolation + Gain
Delevell /) = 20 * log(1/sqrt(50)) + 30 — 90 + 10 G7d B

The output power level of the two tones are -20 dBm. You also see the OIP3 value
(measured by the spectrum analyzer) at approximately 20 dBm.
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Complex Output Spectrum Analyzer

4 Complex Output Spectrum Analyzer
File Tools View Simulation Help

B-Or® - q- Qs mEER

< |
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O ntermodulation =

REW=10 kfz | Sample Rate=100 MHz | T=0.004

Ready
In the complex output spectrum analyzer, you see the whole demodulated signal including
the imaginary parts. The output power level of the two tones (10 MHz and 15 MHz) is -17
dBm.
Image Rejection Ratio
The images of the two tones are at -10 MHz and -15 MHz. The output power level of the
images are -61.78 dBm. Image rejection ratio is given by the formula:

IMRR = :.'Irl,-u.'r.'.f':.-.'-rju."r.':.'r'r'J-J t1— 2= (gainimbalance)| /|(gainimbalance P 4142 (gainimbalance))

Gaindmbalane 1000.1/20) = 1.0116
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Demodulate Two-Tone RF Signal Using IQ Demodulator

IMBRAEB = 10 # logl(}{3.3253¢ — 05) = —44.T8dDB

Imagelevel = <1TdBm — 44.78d B = -61.7T8dBm
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Modulate Two-Tone DC Signal Using 1Q Modulator

Use the IQ Modulator block to Modulate a two-tone DC signal to RF level. Observe the
impairments in the modulated output signal such as images due to gain imbalance,
intermodulation distortion, and output third-order intercept (OIP3).

The two tones are at 10MHz and 15 MHz.The power of each tone is -30 dBm. The carrier
frequency is 0 GHz.

1Q Modulator
The IQ modulator parameters are :

* Available power gain: 10 dB

* Local oscillator frequency: 2 GHz
* [/Q gain mismatch: 0.1 dB

* LO to RF Isolation: 90 dB

* Noise Floor: -160 dBm/Hz

¢ IP3:10 dBm

Open the model.
open('model IQmod')

=
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Modulate Two-Tone DC Signal Using |Q Modulator

Run the model and observe the spectrum analyzers.

Complex Output Power Density
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In the complex output power density spectrum analyzer, you see the noise floor of the
signal at -160 dBm/Hz.
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Complex Output Spectrum Analyzer
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In the complex output spectrum analyzer, you see the whole modulated signal including
the imaginary parts. The output power level of the two tones (10 MHz and 15 MHz)is -20
dBm.

Outputpowerlevel = Inputpowerlevel 4+ gain = =30dBm + 10d B = —20dBm

The output third-order intercept( OIP3) is at 10 dBm. The spectrum analyzer measures
this value.

Image Rejection Ratio

The images of the two tones are at -10 MHz and -15 MHz. The output power level of the
two images are -67.8 dBm. Image rejection ratio is given by the formula:
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Modulate Two-Tone DC Signal Using |Q Modulator

IMRR = [(gainimbalance)® + 1 — 2 = (gainimbalance)| /[(gainimbalance)® + 1 + 2 # (gainimbalance))
where,
GainImbalance = 10'0.1/20) = 1.0116
IMRRAB = 10 % logl0(3.3253¢ — 05) = —44.78dB

The image power level is given by the formula:

Imagelevel = -23dBm - 44.78d B = —67.7T8dBm
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Spot Noise Data in Amplifiers and Effects on Measured
Noise Figure

8-16

This example shows a test bench model to describe the noise introduced by a 2-port
device.

The spot noise data parameters, Fmin, I opt, and Rn, fully describe the noise introduced
by a 2-port device. These parameters along with the source impedance, Zs uniquely
determine the measured noise figure of the device. You can use noise circles plotted on a
Smith chart to show interaction between Zs and the noise figure.

Measure Noise Figure in RF Blockset

The model Noise figure ex simulates a simple noise figure measurement. In this
model, the device under test comprises of a single amplifier. To open the model,

open_system('Noise figure ex.slx")



Spot Noise Data in Amplifiers and Effects on Measured Noise Figure
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‘ Specify Frequency ‘

‘ Specify Source Impedance ‘

Please click on the Open Script button before running the model. To run the model,
select Simulation > Run.

You see that the displayed value settles down at 10.0 dB of the measured noise figure. In
this testbench, the amplifier parameters represent a simple attenuator of 10 dB matched
to 25 Ohms at both input and output. Due to thermal equilibrium, the expected noise
figure of the attenuator is 10 dB when matched, corresponding to the measured value. To
gain a broader view of the expected noise figure values for the amplifier when the source
impedance deviates from the matched value of 25 Ohm, double-click the Expected
Noise Circles subsystem placed in the vicinity of the amplifier:
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Block Parameters: Subsystem
Amplifier Expected Noise Circles (mask)
Show the expected noise circles for the amplifier.

Parameters

Moise figures values: |m

Plot noise circles

Cancel Help

Apply

Click Plot noise circles to bring up a figure showing a Smith chart with circles
corresponding to the noise figure values specified above the button:
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Spot Noise Data in Amplifiers and Effects on Measured Noise Figure

4 Figure 1 — O *

File Edit View Insert Tools Desktop Window Help ¥

DEde W AROCDE M-S0 oD

MNoise circles for DUT amplifier

MNoize Figure(Freg=2.4[GHz])
Ga =-10.00 [dB]
MF = 10.00 [dB]
Gammas = |0.3333, 180.0 [deq]
GammaOut = |0.3333], 180.0 [deq]
Z5=0.500

The values shown in the Smith chart represent the expected noise figures obtained
theoretically from the parameters specified in the amplifier [1]. The Smith chart is
interactive and you can place the data cursor on any circle to view the corresponding
noise figure, source impedance (normalized to the reference impedance of the amplifier,
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Z0), and other RF properties. The initial data cursor position corresponds to a point on a
noise circle that is closest to the source impedance specified. To control the complex
value of this source impedance, double-click the Specify Source Impedance
subsystem, and specify the desired value in the edit box.

To validate that the simulated measured noise figure corresponds to theoretical values,
specify a reference impedance from the Smith chart, using the Specify Source
Impedance subsystem. Run the model again.

Measuring Other RF Systems

You can replace the amplifier in the model by any other RF Blockset system and measure
its noise figure. In case the system is frequency depended, you can change the frequency
for the measurements by double-clicking the Specify Frequency subsystem and
specifying the desired frequency. This frequency is also used for the amplifier noise
circles plot.

The plotted expected noise circles apply to the Amplifier block alone. The plotted
circles capture correctly all types of data inputs specified in the amplifier, including s2p
based network and noise data. Note that the Available Gain shown in the data window
of the Smith chart is based on the original data and ignores inaccuracies introduced by
the amplifier modeling method. The plotting fails if a block named Amplifier does not
exist in the model.

Using Other RF Blockset Blocks

Three additional ways to implement the attenuator specified in the amplifier are:

1  Use an RF Blockset Attenuator block with attenuation of 10dB, with input and
output impedances set to 25 Ohms.

Implement the attenuator using three resistors arranged in a T or 7 topology.

Use an S-parameter block with the same Scattering matrix used in the amplifier.
Select Simulate noise in the block. Simulating noise in a passive S-parameter
block accounts for the resistive noise introduced by the S-parameters.



Transducer Gain TestBench

Transducer Gain TestBench

Use the Transducer Gain Testbench block to verify the gain of an Amplifier block.

Open the model and change the gain of the amplifier block to 20 dB.

open_system('transducer gain example.slx")

[ 1

¥

F;T—l Eain e

—1 Stimul T

[estbench, responss |

—In [:> out p———

Run the model. You will see that the output display shows a gain of 20 dB.

B) >
Stirmulu G 'I'

{estbench hy |

in [>-Dul

The scope response shows a gain of 20 dBm at 2.1 GHz, which is the specified frequency
in the testbench dialogue box.
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Noise Figure Testbench

Noise Figure Testbench

Use the Noise Figure Testbench block to verify the noise figure of an Amplifier
block.

Open the model and change the noise figure of the amplifier block to 10 dB. In the Noise
Figure Testbench block, clear Show Response spectrum.

open_system('noise figure example.slx')

[ 1

Y

NF a NF [dB}

—1 Stimul =HH

[estbench response

—In [:> Out |

Run the model. You will see that the display shows a noise figure close to 10 dB.
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lIP2 Testbench

Use the IIP2 Testbench block to verify the input second order intercept (iip2) of an
Amplifier block.

Open the model.

open_system('iip2 example.slx")

D

IF2 (dEm)
[T &
Tl estbench ﬁespnnse

—1 Stimul

—In [:> out |

Open the amplifier block and change the following under Nonlinearity:

* Intercept points convention = Input
« [P2=10dB

In the IIP2 Testbench block, clear the following:

» Simulate noise (both stimulus and DUT internal)
* Show Response spectrum

Run the model. You will see that the display shows a iip2 value of 10 dB.
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lIP3 Testbench

Use the IIP3 Testbench block to verify the input third order intercept (IIP3) of an
Amplifier block.

Open the model.

open_system('iip3 example.slx")

D

IF3 (dEm)
[P &
Tl estbench ﬁespnnse

—1 Stimul

—n [> out |

Open the Amplifier block and change the following under Nonlinearity:

* Intercept points convention = Input
« [P3=20dB

In the IIP3 Testbench block, clear the following:

» Simulate noise (both stimulus and DUT internal)
* Show Response spectrum

Run the model. You will see that the display shows a IIP3 value of 20 dB.

8-26



1IP3 Testbench

A J

P, "

e -?-— +
festbench |

In DOUI

8-27



8 Examples

OIP2 Testbench

Use the 0IP2 Testbench block to verify the output second order intercept (OIP2) of an
Amplifier block.

Open the model.

open_system('oip2 example.slx")

D

iIF2 (dEm)
[oF &
Tl estbench ﬁespnnse

—1 Stimul

————In [:> Out |

Open the amplifier block and change the following under Nonlinearity:

* Intercept points convention = Output
« IP2=10

In the OIP2 Testbench block, clear the following:

» Simulate noise (both stimulus and DUT internal)
* Show Response spectrum

Run the model. You will see that the display shows a OIP2 value of 10 dB.
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OIP3 Testbench

Use the 0IP3 Testbench block to verify the output third order intercept (oip3) of an
Amplifier block.

Open the model.

open_system('oip3 example.slx")

D

ilF3 (dEm)
[oF &
Tl estbench ﬁespnnse

Stimul

Hi D Ot |

Open the amplifier block and change the following under Nonlinearity:

* Intercept points convention = Output
« IP3=20

In the OIP3 Testbench block, clear the following:

* Simulate noise (both stimulus and DUT internal)
» Show Response spectrum

Run the model. You will see that the display shows a oip3 value of 20 dB.
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Single Pole Triple Throw Switch

Use the SPnT block to create a single pole triple throw switch to switch a signal between
three outputs.

Open the model.

Sine Wave Prerwe
sP 1 ! R BL—" ‘eter
|—> Ctl
Constant
I‘|_|’ Crutport 1 RF out
Power Inport . Powar
Meter |7 2 RF 5L = Jhdetar
Canfiguration
Cutport 2
RF
Available Power tin
[dBm] o ul Power
3 RF 5L 1 Meter
Absorptive
Cutport 3

SPnT

The model consists of:

+ Sine Wave block to generate a sine wave of amplitude 1.

* Power Meter block to determine the power of the sine wave. This is the input power.
The input power is 30 dB.

* Inport and Configuration blocks connected to the "In" port of the SPnT block.

* A Constant block connected to the "Ctl" port of the SPnT block. This signal is used to
control the switch outputs.

» SPnT switch block with 3 output ports.

* Outport 1, Outport 2, Outport 3, and Power meter blocks to calculate the power of
each output signal.

* Display block to display the three outputs.

Run the model.
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Sine Wave Power
sP 1 1 1 RF - SL—% eter
Ctl
Constant
L|_r Crutport 1 RF out
) SL RF1
28.94
P inpor -
oawEr npo . owar
Meter |7 2 RF £ T I heter
Caonfiguration
Crutport 2
RF
Luwailable Power tin
[dBm] o ol Power
3 RF EL ® ) tater
Absorptive
Cutport 3
SPnT

The Display block shows that the signal power is available through the first port of the
switch as the "Ctl" port is set to 1.

Open the SPnT block to see set values. Currently the switch is set to "Absorptive" using
the "Load Type" parameter.
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Block Parameters: 5PnT
Switch single pole multiple throw (SPnT) (mask) (link)

Model an absorptive or reflective Single Pole Multiple Throw (SPnT)
switch

Parameters

Insertion loss (dB) |1 | :

Isolation (dB) |70 IF

Loading type Absorptive -

Mumber of outputs |3 | :

Port terminations (Ohm) |50 IF

Ground and hide reference terminal

Cancel Help Apply

Change the "Load Type" value to "Reflective".
Change the value of the Constant block to 3.

Run the model again.



Single Pole Triple Throw Switch

Sine Wave
Power

SP 3 1. Mater
—|—P ctl

Constant
L|_|‘ Cutport 1 aF et
# SL RF1
. — .
OWEr o owEr
Mater [* 2 RF SL—® yater 2894
Configuration
Cutport 2
RF
Available Power tin
[dBm] o ol Powar
3 RF 8L Mater
Reflactive
Crutport 3
SPnT

The Display block shows that the signal power is available through the third port of the
switch as the "Ctl" port is set to 3.
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Frequency Response of Lowpass Chebyshev Filter

Use the Filter block to study the frequency response of a lowpass Chebyshev filter.
From the MATLAB command prompt, open the model.

open_system('ex simrf filter lowpass cheby resp')

Y
Mag P |.u|' P dB » Ot
TH.
TE Math f To Workspace 1
O dB Conversion1 P
c M SL  RF 1 ~_ 2 RF Funcion
Constant — Chebyshey Ang ——»—
npo
Filter Terminator
Crutport
—_— RF

Configuration

The Constant block sets the amplitude of the 201 carrier signals to ones (1, 201). The
Inport block generates the 201 carrier frequencies for the mask value of logspace (7, 9,
201). Generate an 11th order lowpass LC Pi Chebyshev filter by setting appropriate block
parameters in the Filter block.
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Block Pararneters: Filter >
Filter

Model an RF filter

Main  Visualization

Design method: Chebyshev -
Filter type: Lowpass -
Implementation: LC Pi -
[] Implement using filter order

Passband frequency: |E-EIEI | MHz -
Passband attenuation (dB): |1El*|c:glﬂ{3]| | :
Stopband frequency: |?EIEI | MHz -
Stopband attenuation (dB): |5EI | :
Source impedance (Ohm): |5EI | :
Load impedance (Ohm): |5EI | :
Ground and hide negative terminals

Export
Cancel Help Apply

The output signal from the Filter block is fed into the Outport block. The Qutport
block is configured to give both magnitude and angle of the signal. The angle output is
terminated using the Terminator block. The magnitude output is squared and converted
to dB using Math Function and dB Conversion blocks.

To run the model, select Simulation > Run. You can also use the following command:
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8-38

Amplitude [dE]

40

-60

-100 1

sim('ex_simrf filter lowpass cheby resp')

The model creates an Qut array in the MATLAB workspace. Since the simulation stop
time is set to 0, the frequency response corresponds to the steady state solution.

To plot the frequency response, use the following commands in the MATLAB command
window.

figure

freq = logspace(7,9,201);

h = semilogx(freq, Out, '-gs', 'LineWidth',1,
xlabel('Frequency [Hz]');

ylabel('Amplitude [dB]');

title('Frequency Response of Lowpass Chebyshev Filter');

Frequency Response of Lowpass Chebyshev Filter
e S NI

-120

107

108
Frequency [Hz]

'MarkerSize',3, 'MarkerFaceColor','r');



Frequency Response of Lowpass Chebyshev Filter

You can also use the Plot button in the Visualization tab of the Filter block parameters.
Set the Frequency points to logspace (7, 9, 201) and X-axis scale to Logarithmic to
achieve a similar plot.

4| ex_simf_filter_lowpass_cheby_resp/Filter - O X
File Edit View Inset Tools Desktop Window Help &
e IR FAREEIR
L
0 bRbLELE LT TT T P “'" T L . W =,I:-§
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)
o :
o A0 H T
[ H
&
— - i
c 60T :
G :
-
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100 F 3
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Frequency [Hz]
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Model LO Phase Noise

8-40

A mixer transfers local oscillator (LO) phase noise directly to its output.

fir

il ! -
e fep fran fiw

The preceding figure shows the transfer of phase noise from JLo1 to Jrr1

Create Model with Phase Noise

The model ex simrf phase noise introduces phase noise into the model from the
section Create a Model with RF Interference. The first mixing stage

downconverts the RF and image to J/¥. To open the model:

open_system('ex simrf phase noise')



Model LO Phase Noise

Visualization
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View Simulation Output

The model uses Spectrum Analyzer to generate 5 plots.
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4. Phase Moise Spectrumn

File  Tools  View  Simulation  Help

B- Q@ - 4qa-/0 8@ L

Phase Moise Level Vs. Frequency offset

1
Frequency (kHz)
RBW=31.24 Hz |Sample rate=64 kHz | T=0.100

Ready

The Phase Noise spectrum scope shows a single-sided power density spectrum measuring
the phase noise level at the LO1 source versus frequency offset shown in logarithmic

scale.

The IF1 spectrum scope shows a power spectrum centered at the first intermediate
frequency, measured between the first and second stages.
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4 IF1 Spectrum — O >

File  Tools  View  Simulation  Help N

B- Q@ - 4qa-/0 8@ L

Frequency (MHZz)

Ready RBW=62.5 Hz | Sample rate=84 kHz |T=0.100

The scope shows that the LO phase noise has been transferred to the image. The RF

signal on the carrier J1#1 is not visible in the figure because its power level is below the
phase noise power of the downconverted image signal.

The Output spectrum scope shows the downconverted RF with the images removed.

8-43



8 Examples

4. Phase Moise Spectrumn

File  Tools  View  Simulation  Help
B-OP®| - a- Q& KWL

Phase Moise Level Vs. Frequency offset

RBW=31.24 Hz |Sample rate=64 kHz | T=0.100

Ready

The LO phase noise has been transferred to the receiver output.

Shaping LO Noise Skirt

As seen in the phase noise scope, the added phase noise is pink (1/f) and is specified
within the CW source LO1. Specifically, the Add phase noise checkbox is checked in the

blocks parameters dialog:
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Block Parameters: LO1 with Phase Moise

CW Source

Model a continuous wave source.

Parameters

Source type: Ideal voltage
Constant in-phase value: | 1

Constant quadrature value: | 0

Carrier frequencies: | carriers.LO1

Add phase noise

Phase noise frequency offset (Hz): |PthrDI’fset5

Phase noise level (dBc/Hz): |F’hNoLeveIs

Ground and hide negative terminal

cancl

Automatically estimate impulse response duration

Help

1'1" -

'||I|" -

Hz -
Apply

The phase noise frequency offset and phase noise level variables PhNoOffsets and
PhNoLevels are defined in the models PreLoadFcn callback, accessible through File >

Model Properties > Model Properties:
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Model Properties: ex_simrf_phase_noise x

Main  Callbacks  History  Description Data

Model callbacks Model pre-load function:
PreLoadFcn® sample_time = 1/(64*1e3);
PostLoadFcn
InitFcn YnSpecify environment carriers
StartFcn carriers.IF1 = 5Se?;
ContinusFen carriers.IM = 2e8;

carriers.LO1 = 1.5e8;
StopFon '
- ga . carriers.LO2 = 7.5¢7;
resavertn carriers.RF = 1e8;
PostSaveFcn
CloseFcn*® %%uPut all carriers in one vector for convenience

car_env = unique(structfun{@deal carriers));
%% Specify LO phase noise offsets and levels

YaUpper limit of frequency (governed by sample time):
ULFreq = 1/({2*sample_time);

% Lower limit of frequency (govermned by impulse duration):
Duration = sample_time*128;
LLFreq = 1/Duration;

% Generate 1/f phase noise with -60dBc/Hz level @ 1kHz:
PhMoOffsets = [LLFreq 1e3 ULFreq];

PhMoLevels = -60-10*log10(PhNoOffsets/1e3);

% To extend frequency resolution down to lower frequencies,
% increase duration as well as the impulse response duration
% in the LO1 block mask

Cancel Help Apply

The upper limit of the offset frequency is governed by the sample time and is limited to
the envelope bandwidth of the simulation. The lower limit of the offset frequency is
governed by the duration of the impulse response generating the phase noise frequency
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profile. Increasing the duration length in time steps from 128 to 256 will double the
frequency resolution and allow simulation of the 1/f profile down to 250Hz (as opposed to
the current lower limit of 500Hz).
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Carrier to Interference Performance of Weaver Receiver

A classic superheterodyne architecture filters images prior to frequency conversion. In
contrast, image-reject receivers remove the images at the output without filtering but are
sensitive to phase offsets.

'
ff."l\ ‘ff."l fir
i fep fom Fiw =

The preceding figure illustrates two input signals at the carriers J#F and 741 that both
differ from the LO frequency, /o1, by an amount f1#1. Mixing translates both input

signals down to Jf7#1. Perfect image rejection in the final stage of the receiver removes the
image signal from the output entirely.

Create Model with RF Interference

The model ex _simrf_ ir performs image rejection with a Weaver architecture. The
receiver downconverts the signals S## and Jfi1ar to fi71 and J1F2 in two sequential stages.

open_system('ex simrf ir')
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Visualization
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Set Up RF Blockset Environment

To maximize performance, the Fundamental tones and Harmonic order parameters
are explicitly set in the Configuration block. To create the minimal set of simulation
frequencies, the following carrier frequencies are set or created within the model.

Jrr, the RF carrier, equals 100 MHz.
Jiu1, the image of the RF carrier relative to /201, equals 200 MHz.
fron, the frequency of the LO in the first mixing stage, equals 150 MHz.

fir1, the intermediate frequency of the signal after the first mixing stage equals:
fron = frF = fiar = fron = 50 MHz.

fLoz, the frequency of the LO second mixing stage equals 75 MHz.

JiFz, the intermediate frequency of the signal after the second mixing stage equals:
Sfree = fre = 25 MHz,

In this system, every carrier is a multiple of fi#2. The largest carrier, J11, is the 8th

harmonic of f7#2, so setting Fundamental tones to /772 and the Harmonic order to 8
ensures that every carrier is in the set of simulation frequencies.
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8-50

Solver conditions and noise settings are also specified for the Configuration block:

* The Solver type is set to auto. For more information on choosing solvers, see the
reference page for the Configuration block or see Choosing Simulink and Simscape
Solvers.

* The Step size parameter is set to 1/(mod _freq*64). This setting ensures a simulation
bandwidth 64 times greater than the envelope signals in the system.

* The Simulate noise box is checked, so the environment includes noise in the
simulation.

View Simulation Output

The model uses Spectrum Analyzer to generate four plots.

The RF spectrum scope shows the power spectrum of the carrier signal %, specified as
carriers.RF in the Carrier frequencies parameter of the Input Sensor Outport block.



Carrier to Interference Performance of Weaver Receiver

i

4. RF Spectrum - O >

File Tools View Simulation Help E

- @@ &-0 8 XMW E

Ready RBW=£2.5 Hz Sample rate=84 kHz |T=0.100

The modulation of the RF carrier is a constant envelope generated by a Continuous
Wave block which generates a single peak centered at the carrier.

The Image Spectrum scope shows the power spectrum of the image. The signal is

recovered from the carrier J1:1, specified as carriers.IMin the Carrier frequencies
parameter of the Input Sensor Outport block.
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4. Image Spectrum — O >

File Toels View Simulation Help u

@'@HD E}v uvmﬂglﬁ@@

L

Y A W Sy

Ready RBW=62.5 Hz |Sample rate=64 kHz |T=0.100

The Image Sinusoidal Source block generates a two-tone signal centered at Ji.

The IF1 spectrum scope plot shows a power spectrum centered at the first intermediate
frequency, measured between the first and second stages. The sensor outputs the

modulation from the carrier f1F1, specified as carriers.IF1 in the Carrier
frequencies parameter.
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4. IF1 Spectrum — O *

File Tools View Simulation Help k.

B

”“*1"W““*W“V“'i’°*‘*ﬂww'“ WIW*M[W "’r’f'fmlf"hl‘"'mrmu'*'q“ﬂﬁwn

Ready RBW=62.5 Hz |Sample rate=54 kHz | T=0.100

The Output spectrum scope shows the complete effects of the RF system. The sensor

outputs the modulation from the carrier f1¥2, specified as carriers.IF2 in the Carrier
frequencies parameter.
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4. Output Spectrum — O et

File Tools View Simulation Help b

s -| @ b = Q-G & Xk L
3

|

Frequency {MHz)
Ready RBW=62.5 Hz Sample rate=54 kHz |T=0.100

Model RF and Blocker Sources

To model more robust input signals, you can use a RF Blockset Inport block to specify a
circuit envelope signal generated using blocks from other Simulink™ libraries. For

example, see the featured example Impact of an RF Receiver on Communication
System Performance. This example uses Communications System Toolbox™ to model a
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QPSK-modulated waveform of random bits with RF Blockset Inport that brings the signal
into the RF Blockset environment.

Simulating LO Phase Offset

The phase shifters have specified Phase shift parameters of 90. Deviation from this value
results in a phase offset and causes imperfect image rejection. The featured example
Measuring Image Rejection Ratio in Receivers analyzes the IRR of the Weaver
and Hartley architectures several times, calculating the image rejection ratio (IRR) for
several different phase offsets.
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Demodulate Two-Tone RF Signal Using 1IQ Demodulator

Use the IQ Demodulator block to demodulate a two-tone RF signal to DC level. Observe
the impairments in the demodulated output signal such as images due to gain imbalance,
intermodulation distortion, and output third-order intercept (OIP3).

The two tones are at 10MHz and 15 MHz. The power of each tone is -30 dBm. The carrier
frequency is 2 GHz.

1Q Demodulator

The 1Q Demodulator parameters are:

* Available power gain: 10 dB

* Local oscillator frequency: 2 GHz
* [/Q gain mismatch: 0.1 dB

* LO to RF Isolation: 90 dB

* Noise Figure: 6 dBm/Hz

Open the model.

open( 'model IQdemod")

¥

| 12 Spectrum Analyzer
Imput 2 |

Spectrum Outport]
Analyzer Fo

| RF &L P Ra
SL RF Iy Lo
LH ] RF 5L | Im
OutportCh
RF |_
Complex Dutput

Spectrum
Analyzer

-
-

]

Rir
m }_J_P

Run the model and observe the spectrum analyzers.
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Input Spectrum Analyzer

4 Input Spectrum Analyzer
File Toeak View Sioulsthon Help

G- k8| - Q- X

M.

EEEEEEE

7 ¥ Distortion Measurements L

G0N Intermodulation =

REW=5T 88 kHz Sample Rate=100 MHz |T=0.004

Ready

In the input spectrum analyzer, you see the input RF signal with the two tones at 10 MHz
and 15 MHz. The power level of each tone is -30 dBm. The carrier frequency is 2 GHz.
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1/Q Spectrum Analyzer

Ready

4 I3 Spectrum Analyzer
File Tools WView Simulation Help

B-orel - a- NEEn

¥ Peak Finder

=
> Set
¥

B -

EEEEE

# ¥ Distortion Measurements mx

Al Intermodulation -

REW=10 kHz Sample Rale=100 MHz T=0.004
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In the I/Q spectrum analyzer, you see the inphase part of the demodulated signal
including the DC signal level and the two tones. The following formula gives you the DC

power level of the signal:

DClevell /) = PowerLO — dBmlIsolation + Gain
Delevell /) = 20 * log(1/sqrt(50)) + 30 — 90 + 10 G7d B

The output power level of the two tones are -20 dBm. You also see the OIP3 value
(measured by the spectrum analyzer) at approximately 20 dBm.




Demodulate Two-Tone RF Signal Using 1Q Demodulator

Complex Output Spectrum Analyzer

4 Complex Output Spectrum Analyzer
File Tools View Simulation Help u

B-Or® - q- Qs mEER

< |

ENEEEEE

7 ¥ Distortion Measurements nx

O ntermodulation =

Ready REW=10 kfz | Sample Rate=100 MHz | T=0.004

A

In the complex output spectrum analyzer, you see the whole demodulated signal including
the imaginary parts. The output power level of the two tones (10 MHz and 15 MHz) is -17
dBm.

Image Rejection Ratio

The images of the two tones are at -10 MHz and -15 MHz. The output power level of the
images are -61.78 dBm. Image rejection ratio is given by the formula:

IMRR = |(gainimbalance)” 4+ 1 — 2 = (gainimbalance )| /|{gainimbalance )™ + 1 + 2 # (gainimbalance)

Gaindmbalane 1000.1/20) = 1.0116
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IMRRAB = 10 # logl0(3.3253¢ — 05) = —44.784B

Imagelevel = <1TdBm - 44.78d B = <61.7T8dBm

8-60



Modulate Two-Tone DC Signal Using |Q Modulator

Modulate Two-Tone DC Signal Using 1Q Modulator

Use the IQ Modulator block to Modulate a two-tone DC signal to RF level. Observe the
impairments in the modulated output signal such as images due to gain imbalance,
intermodulation distortion, and output third-order intercept (OIP3).

The two tones are at 10MHz and 15 MHz.The power of each tone is -30 dBm. The carrier
frequency is 0 GHz.

1Q Modulator
The IQ modulator parameters are :

* Available power gain: 10 dB

* Local oscillator frequency: 2 GHz
* [/Q gain mismatch: 0.1 dB

* LO to RF Isolation: 90 dB

* Noise Floor: -160 dBm/Hz

¢ IP3:10 dBm

Open the model.
open('model IQmod')

=

Complex Output
Power Density

Real Signal Inportl

Rimap
Cut ——RF 5L
Jﬁu > z 5L RF » Q
CutportRF

Y

5L RF |

Y

Imaginary Signal Inport2
L
RF
Complex Output
Spectrum
Analyzar
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Run the model and observe the spectrum analyzers.

Complex Output Power Density

# Complex Output Power Density

File Tools View Simulstion  Help

f

7 ¥ Distortion Measurgmants X

intermadulaton =

By REW=10 kHE | Sampie Aate=100 NHE  T=0 008

In the complex output power density spectrum analyzer, you see the noise floor of the
signal at -160 dBm/Hz.
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Complex Output Spectrum Analyzer

& Cornplex Owtpist Spectrum Anslyzer ==l ﬁfh

Fle Tools ‘iew Simulation = Help '||
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¥ ¥ Distortion Measuremants L
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7 ¥ Peak Finder

L

-
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e[]

Ready REW=10 kHE  Samgs Rate=100 MHE | Ted 008

In the complex output spectrum analyzer, you see the whole modulated signal including
the imaginary parts. The output power level of the two tones (10 MHz and 15 MHz)is -20
dBm.

Outputpowerlevel = Inputpowerlevel 4+ gain = =30dBm + 10d B = —20dBm

The output third-order intercept( OIP3) is at 10 dBm. The spectrum analyzer measures
this value.

Image Rejection Ratio

The images of the two tones are at -10 MHz and -15 MHz. The output power level of the
two images are -67.8 dBm. Image rejection ratio is given by the formula:

8-63



8 Examples

8-64

IMRR = [(gainimbalance)® + 1 — 2 = (gainimbalance)| /[(gainimbalance)*
where,
GainImbalance = 10'0.1/20) = 1.0116
IMRRAB = 10 % logl0(3.3253¢ — 05) = —44.78dB

The image power level is given by the formula:

Imagelevel = -23dBm - 44.78d B = —67.7T8dBm

+ 1 + 2 (gainimbalance))



Measurement of Gain and Noise Figure Spectrum

Measurement of Gain and Noise Figure Spectrum

This example shows how to use RF Blockset to measure the Gain and Noise Figure of an
RF system over a given spectral range.

The example requires DSP System Toolbox™.

Introduction

In this example, a method for measuring the frequency-dependent gain and noise figure
of an RF system is described. These spectral properties are measured for two RF systems;
A single Low Noise Amplifier and the same amplifier when matched. The model used for
the measurement is shown below:

model = 'GainNoiseMeasurementExample';
open_system(model);

8-65



8 Examples

Gain Unmatched

o

" Gain Matched
Gain
Spectrum
Gain & Moise Measurement [
NF Unmatched ]
Moise Figure
Spectrum
= I Ot
DUT Unmatched
MF Matched
Gain & Moise Measurement |
| I Ot
DUT Matched

The model has two measurement units, each connected to a different subsystem
containing the DUT. The upper measurement unit is connected to an unmatched LNA in
the DUT subsystem with yellow background:
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open_system([model '/DUT Unmatched']);

5L RF

In D Out

LMA

RF 5L

RF

SimRF
Cutport

The lower measurement unit is connected to a matched LNA in the DUT subsystem with

blue background:

open_system([model '/DUT Matched']);

5L RF

RF

=
!

In D Out

LMA

]
!

RF  SL

SimRF
Outport

Each measurement unit outputs two vector signals representing the spectrums of the
Gain and Noise Figure of the corresponding DUT and those are inputted into two Array
Plot blocks that plot the above properties versus frequency, comparing the unmatched
and matched DUT systems. In the following sections, the matching network design

8-67



8 Examples

8-68

process is described, the simulation results are given and compared with these expected
from LNA and matching network properties. Finally, the procedure used within the
measurement units to obtain the spectral Gain and Noise results is explained.

Design of the matching network

The matching network used in the matched DUT subsystem comprises a single stage L-C
network that is designed following the same procedure as the one described in the RF
Toolbox example "Designing matching Networks (Part1: Networks with an LNA and
Lumped Elements". Since the LNA used here is different, the design is described below

Initially, an rfckt.amplifier object is created to represent an Heterojunction Bipolar
Transistor based low noise amplifier that is specified in the file, 'RF HBT LNA.S2P'. Then,
the circle method of the rfckt.amplifier object is used to place the constant
available gain and the constant noise figure circles on a Smith chart, and select an
appropriate source reflection coefficient, Gammas, that provides a suitable compromise
between gain and noise. The GammasS value chosen yields an available gain of Ga=21dB,
and a noise figure of NF=0.9dB at the center frequency fc=5.5GHz:

unmatched amp = read(rfckt.amplifier, 'RF HBT LNA.S2P'");

fc = 5.5e9; % Center frequency (Hz)

circle(unmatched amp,fc, 'Stab','In','Stab','Out','Ga',15:2:25,
'NF',0.9:0.1:1.5);

% Choose GammaS and show it on smith chart:

hold on

GammaS = 0.411*exp(1j*106.7*pi/180);

plot(Gammas, 'k."', 'MarkerSize',16)

text(real(GammaS)+0.05, imag(GammaS)-0.05, '\Gamma {S}', 'FontSize',6 12,
'"FontUnits"', 'normalized"')

hLegend = legend('Location', 'SouthEast');

hLegend.String = hLegend.String(l:end-1);

hold off



Measurement of Gain and Noise Figure Spectrum

Input Stability(Freq=5.5[GHz])
Output Stability(Freq=5.5[GHz])
Available Gain(Freq=5.5[GHz])
Moise Figure(Freq=5.5/GHz])

T

Available Gain(Freg=5.5[GHz])
Ga =21.00 [dB]:
MF = 0.90 [dB]:
Gammas = |0.4095, 106.7 [deq]:
GammaOut = |0.5951], -134.9 [deg]:
Z5 =0.593 + j0.559:

For the chosen Gammas, the following properties can be obtained:

% Normalized source impedance:
Zs = gamma2z(GammaS,1);

% Matching |GammalL| that is equal to the complex conjugate of
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% |GammaOut| shown on the data tip:
GammalL = 0.595*exp(1j*135.0*pi/180);

% Normalized load impedance:
Z1l = gamma2z(GammalL,1);

The input matching network consists of one shunt capacitor, Cin, and one series inductor,
Lin. The Smith chart is used to find the component values. To do this, the constant
conductance circle that crosses the center of the Smith chart and the constant resistance

circle that crosses Gammas are plotted and the intersection points (Point I'.1) is found:

[~, hsm]
hsm.Type

circle(unmatched amp,fc,'G',1,'R',real(Zs));
IYZI ;

% Choose GammaA and show points of interest on smith chart:

hold on

plot(Gammas, 'k."', 'MarkerSize',16)

text(real (GammaS)+0.05,imag(GammasS) -0.05, '\Gamma_ {S}', 'FontSize', 12,
'FontUnits', 'normalized')

plot(0,0,'k."', 'MarkerSize',16)

GammaA = 0.384*exp(lj*(-112.6)*pi/180);

plot(GammaA, 'k."', 'MarkerSize',16)

text(real (GammaA)+0.05,imag(GammaA) -0.05, '\Gamma {A}', 'FontSize', 12,
'FontUnits', 'normalized')

hLegend = legend('Location', 'SouthEast');

hLegend.String = hLegend.String(l:end-3);

hold off
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Conductance
Resistance

Gamma = |0.3830, -112.5 [deq]:
Z=0.5592 - j0.491:
W= 1.000 + j0.825:

Using the chosen GammaA, the input matching network components, Cin and Lin, are
obtained:

% Obtain admittance Ya corresponding to GammaA:
a = gamma2z(GammaA,1l);
a = 1/Za;

< N

% Using Ya, find Cin and Lin:
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Cin = imag(Ya)/50/2/pi/fc
Lin = (imag(Zs) - imag(Za))*50/2/pi/fc
Cin =
4.8145e-13
Lin =
1.5218e-09

In a similar manner, the output matching network components are obtained using the
intersection points (Point I' ) between a constant conductance circle that crosses the
center of the Smith chart and the constant resistance circle that crosses Gammal:

[hLine, hsm] = circle(unmatched amp,fc,'G',1,'R',real(Zl));
hsm.Type = 'YZ';

% Choose GammaB and show points of interest on smith chart:

hold on

plot(GammaL, 'k."', 'MarkerSize',16)

text(real(GammalL)+0.05, imag(GammalL)-0.05, '\Gamma {L}"', 'FontSize', 12,
'"FontUnits', 'normalized"')

plot(0,0,'k."', 'MarkerSize',16)

GammaB = 0.612*exp(1lj*(-127.8)*pi/180);

plot(GammaB, 'k."', 'MarkerSize',16)

text(real(GammaB)+0.05, imag(GammaB)-0.05, '\Gamma {B}', 'FontSize', 12,
'"FontUnits', 'normalized"')

hLegend = legend('Location', 'SouthEast');

hLegend.String = hLegend.String(l:end-3);

hold off
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Conductance
Resistance

Gamma = |0.6133|, -127.8 [deg]:
Z=10.293 - j0.455:
% =1.000 + j1.553:

Using the chosen GammaB, the input matching network components, Cout and Lout, are
obtained:

% Obtain admittance Yb corresponding to GammaB:

Zb = gamma2z(GammaB, 1);
Yb = 1/Zb;
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% Using Yb, find Cout and Lout:
Cout = imag(Yb)/50/2/pi/fc

Cout =

8.9651e-13

Lout

(imag(Zl) - imag(Zb))*50/2/pi/fc

Lout =

1.2131e-09

Simulation results for gain and noise figure spectrum measurement model

The above input and output network component values are used in the simulation of the
matched DUT in the gain and noise figure spectrum measurement model described
earlier. The spectral results displayed in the Array Plot blocks are given below:

open_system([model '/Gain Spectrum']);
open_system([model '/Noise Figure Spectrum'l]);
sim(model, 1le-4);
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Next, the simulation results are compared with those expected analytically. To facilitate
the comparison, the unmatched and matched amplifier networks are analyzed using RF
Toolbox. In addition, as finer details are required, the simulation is run for a longer time.
The results of the longer simulation are given in the file '‘GainNoiseResults.mat'.

% Analyze unmatched amplifier

BW analysis = 2e9; % Bandwidth of the analysis (Hz)
f analysis = (-BW analysis/2:1e6:BW analysis/2)+fc;
analyze(unmatched amp, f analysis);

% Create and analyze an RF network for the matched amplifier
input match = rfckt.cascade('Ckts"',
{rfckt.shuntrlc('C',Cin),rfckt.seriesrlc('L',Lin)});
output match = rfckt.cascade('Ckts"',
{rfckt.seriesrlc('L',Lout),rfckt.shuntric('C',Cout)});
matched amp = rfckt.cascade('ckts',
{input_match,unmatched amp,output match});
analyze(matched amp,f analysis);

% Load results of a longer simulation
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load 'GainNoiseResults.mat' f GainSpectrum NFSpectrum;

% Plot expected and simulated Transducer Gain
StdBlue = [0 0.45 0.74];
StdYellow = [0.93,0.69,0.13];
hLineUM = plot(unmatched amp, 'Gt', 'dB');
hLineUM.Color = StdYellow;
hold on
plot(f, GainSpectrum(:,1), '.', 'Color', StdYellow);
hLineM = plot(matched amp, 'Gt', 'dB');
hLineM.Color = StdBlue;
plot(f, GainSpectrum(:,2), '.', 'Color', StdBlue);
legend({'G t analysis - Unmatched',

'G_t simulation - Unmatched',

'G t analysis - Matched',

'G_t simulation - Matched'}, 'Location', 'SouthWest');

% Plot expected and simulated Noise Figure
hFig = figure;
hLineUM = plot(unmatched amp, 'NF', 'dB');
hLineUM.Color = StdYellow;
legend('Location', 'NorthWest"')
hold on
plot(f, NFSpectrum(:,1), '.', 'Color', StdYellow);
hLineM = plot(matched amp, 'NF', 'dB');
hLineM.Color = StdBlue;
plot(f, NFSpectrum(:,2), '.', 'Color', StdBlue);
legend ({'NF analysis - Unmatched"',

'"NF simulation - Unmatched',

'NF analysis - Matched',

'NF simulation - Matched'}, 'Location', 'NorthWest');
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The measurement unit produces an input signal, DUT in, that is composed of zero-mean
white noise and zero-variance impulse response signal. The latter is used to determine
the frequency response of the DUT gain and together with the white noise determine the
DUT noise figure. The measurement unit collects the DUT output signal, performs a
windowed FFT on it and then facilitates statistical calculations to obtain the gain and the

noise figure of the DUT.

open_system([model '/Noise and Gain Measurement'], 'force');
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Statistical calculations

The statistical calculations are done in the area marked in blue. The calculations use
three inputs in the frequency domain; Input Noise Only, Input Signal Only, and Output
Signal. The Input Signal Only is compared with the mean of the Output Signal to
determine the DUT's gain, (7, at each frequency bin. The variance of the Output Signal,
with mean signal removed, yields the output noise of the DUT system, Ve, Together with

the input noise fed to the DUT, Vi, calculated by taking the variance of the Input Noise
Only, the Noise Figure, N F, can be calculated using the following formula:

SNRin N,
SN Row NG

NF =

Where, &N i and &N foue in the above equation are the Signal-to-Noise ratios at the
input and output of the DUT. Finally, after conversion to decibels, the spectral results are
divided into bins and averaged within them to facilitate faster convergence. Also, to
improve the noise calculation convergence, the output noise variance is reset once the
gain has reached convergence.

The properties affecting the operation of the measurement unit are specified in the
block's mask parameter dialog box as shown below:
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Block Parameters: Moise and Gain Measurement et
Subsystem (mask)

Measure Gain and Moise Figure Spectral content. Spectrum obtained
is between [-BW/2, BW/2]xSPR, where BW = 1/ts, and SPR is the
spectrum coverage ratio.

Parameters

Sample Time (s)
|1/BW IE

FFT size
N [E

Beta of Kaiser window

0.5 IE

Spectrum coverage ratio

| SpecCovRatio IE

MNumber of bins
|Nbin5 | :

Ratio of mean signal to RMS noise
| 1000 IE

Gain tolerance

0.0005 IE

Cancel Help Apply
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These parameters are described below:

* Sample time - Sample time of the signal created by the measurement unit. The sample
time also governs the total simulation bandwidth captured by the measurement unit.

* FFT size - Number of FFT bins used to obtain the frequency domain representation of
the signals within the measurement unit.

Beta of Kaiser window - The  parameter of the Kaiser window used in all FFT

calculations within the measurement unit. Increasing * widens the mainlobe and
decreases the amplitude of the sidelobes of the frequency response of the window.

* Spectrum coverage ratio - Value between 0 and 1, representing the part of total
simulation bandwidth processed by the measurement unit.

* Number of bins - Number of output frequency bins in the Gain and NF signals created
by the measurement unit. The FFT bins within the covered spectrum are re-distributed
into those output bins. Multiple FFT bins falling into the same output bin are
averaged.

* Ratio of mean signal to RMS noise - The ratio of the mean signal amplitude to the RMS
noise in the DUT in signal created by the measurement unit. A large value improves
the convergence of the DUT gain calculation, but reduces the accuracy of noise
calculation due to numerical inaccuracies.

* Gain tolerance - The threshold of gain variation relative to its average. When the
threshold is hit, the gain is considered as converged, triggering a reset for the output
noise calculation.

close(hFig);

bdclose(model) ;

clear model hLegend hsm hLine hLegend StdBlue StdYellow hLineUM hLineM hFig;
clear GammaS Zs GammaL Zl GammaA Za Ya GammaB Zb Yb;

clear unmatched amp BW analysis f analysis input match output match matched amp;
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