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Introduction

Modern radar systems that operate in environments with
strong clutter, noise and jamming require advanced digital
signal processing techniques. Direct analysis techniques
often fail when designing such complex systems. Although
simulation is often used, most simulation tools do not have
enough models and integration capability to handle modern
radar systems.

This application note proposes a solution to this dilemma, a system-degn methodology that uses

SystemVue. Examples will be used to illustrate how advanced Pulse DoppléPD) surveillance

radar with moving target detection (MTD) and a constant false alarm rate (EAR) processor can

be designed by using a platform in the SystemVue tool. To ensure the design wks properly, the

SODWIRUP FDQ EH FRQQHFWHG WR LQVWUXPWHICROD WKRY) DRW R XWWH/MH WNH WR D Q
reduce their system development time and cost, while also decreasing thiechances of unexpected

system failures late in the system development process.

1.0 System Design Challenges

Advanced radar systems are very complex, necessitating sophisticed signal processing algo-

ULWKPV (IITHFWLYH DOJRULWKP FUHDWLRQVURQJXLQ@GE YRER WHKUD oSFWIMWL RRU P IRU \
Models for signal generation, transmission, antennas, T/R switchipy clutter, noise, jamming,

receiving, signal processing, and measurements are also needed to caée advanced algorithms.

Most simulation tools do not have enough models and the integration capaliity needed to

GHVLJQ VXFK FRPSOH[ DOJRULWKPV 6\VWHPRXHOQSWRYYGHR @QRHEWHRWLYH DQG
algorithm creation.
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2.0 Signal Processing Algorithm Creation

*SystemVue has a built-in

The system-design methodology proposed below uses SystemVue. It caentrates on ;
m-code compatible processor,

algorithm design for PD radar systems. The development of MTD and CFAR pras®rs

LQ D WLPH HIOFLHQW PDQQHU DUH XVHG DV H[DPGRGIRJIW R BI8WMAH-ang ehEhisaydlas'®e ¢ wkL
for use throughout the program.

([LVWLQJ P FRGH oOHV FDQ
directly incorporated into a design.

In addition, it has the capability of
co-simulating with MATLAB, from

The MathWorks of Natick, MA.

To begin, consider the tasks undertaken by the radar DSP algorithm desigmewhich
typically breaks down into the following two stages:

Stage 1. Design the algorithm in software and verify it using a
simulation tool.

To accomplish this task, the designer needs:

— A user-friendly algorithm modeling environment to easily create and ébug the
algorithm during algorithm development. The environment should suppor multiple
languages, such as m-code*, C++ and HDL.

- 6LJQDO VRXUFHVY DQG PHDVXUHPHQWY WR YHRWLIRQKH DOJRULWKP GXULQJ YHULOFC
it is created. Unfortunately, it is not a simple task for the DSP algorithm desiger
to create radar signal sources with radar cross section (RCS), cluttersoise, and
MDPPLQJ 7KH GHVLJQHU PLJKW DOVR HQFRKIQOWAY RWNoFXOW\ FUHDWLQJ PHDVXU
the algorithm. Consequently, a tool that provides radar sources and measements
is desired.

Stage 2. Implement and test the algorithm in hardware.

$IWHU WKH DOJRULWKP WHVWLQJ DQG YHULoOFB®@QWRQGQG DQH oQLVKHG LW QHHGV WR EH
hardware. To accomplish this task, a hardware test platform must be crea

To address these needs when creating the MTD and CFAR processor, a platforhmat
provides the following functionality is required:

— Aninterface to a vector signal generator to generate test signals. Theector signal
generator provides radar signal-generation test sources and modeal for RCS param-
eters, Clutter, Jamming, Doppler, and Frequency offset.

— An interface to a vector signal analyzer to verify the implemented hardaere as
compared to the original pure algorithm. The platform must support a wide rage
of measurements including waveforms, spectra, detection rate, and fae alarm rate
(FAR). Also it must provide an estimation of target distance, speed and ameg for
the detected target.

As will be shown, SystemVue provides a platform to meet all of these needs when
creating radar algorithms.
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3.0 SystemVue as a Platform for Simulation

The top-level system platform structure is shown in Figure 3-1. From the ldck diagram,
the main models include signal source, transmitter, antenna, T/R switie, RCS, clutter,
jammer, receiver, signal processors, and measurements. Sub libr@s are also listed.
The major task is how the designer creates their own algorithm using Systemé.

Platform for simulation
Antenna, RCS, Clutter
Signal Source Transmitter T/R Swilch Jammer Receher
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Figure 3-1. SystemVue as a platform for simulation
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4.0 SystemVue as a Platform for Test

6\VWHP9XH FDQ EH XVHG DV D WHVW SODWIRUPMRP DWULOFDWLRQ RI WKH LQWHJUDW
each stage of development. This is done by connecting algorithms, instrungs and test
hardware together based on the created algorithm.

In SystemVue, an interface model (sink) allows for direct connections witharious signal
generators as shown in Figure 4-1. This allows software data to be downloaa to instru-
ments for hardware test data. Figure 4-2 shows the details for using the plgborm to
connect to instruments and test hardware based on the created algorithm.
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Signal Source Transmitter T/R Switch Jammer Receiver
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Figure 4-1. SystemVue as a platform for test
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Platform — Generate test signals
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Figure 4-2. Generate test signals using SystemVue

Platform — Expand measurements
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Figure 4-3. Expanding measurement capabilities using SystemVue

SystemVue can also connect to signal analyzers, logic analyzers or sceg to provide
additional measurements and expand instrument capability accorthg to the user’s
needs. As an example, Figure 4-3, shows the link between SystemVue and a signal
analyzer. Here, test signals from the signal generator are sent to the devé-under-test
(DUT). The signal analyzer captures the DUT output waveforms and sendsatin to Sys-
temVue, using the Vector Signal Analyzer (VSA) link model. In SystemVue gthvaveform
can be further processed using the radar signal processing function. stemVue also
provides additional meassurements such as Doppler frequency, detectioprobability
and false alarm probability.
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5.0 Principles of the PD Radar System

To better understand the proposed system design methodology, consigr the design of

3' UDGDU DOJRULWKPV 3' UDGDUV DUH H[WUHRB QXDMDIHXDVEOH IRU 0QGLQJ VPDOO PRY
hidden by heavily cluttered environments and are used in both military and @mmercial

applications. Unlike continuous waveform (CW) radar, PD radar has thebdity to detect

DQJOH GLVWDQFH DQG DOVR YHORFLW)\ RYSpRHDA BLVFIDHW LQFOXGH ZHDWKHU O

and anti-ship missiles.

For this discussion, we focus on airborne PD radar that is trying to detect a mang
target near the ground or the sea. In this case, the moving target returned sigal is
much weaker than the clutter from the ground or sea. As shown in Figure 5-1, the taget
signal is hidden by a heavily cluttered environment. Consequently, it is alost impos-
sible to detect the target in the time domain using regular radar processig.

Target withonl clutter and noise

Target with cluttef and noise

i

Figure 5-1. Target signal hidden by heavily cluttered environment

The radar transmission signal and returned signal [1] can be expressed as

6 W $ W &RV M

St-1  $ W &RMW ) t—1)+N() + N () + N(t)

where f is the Doppler frequency, lis the delay, andNc, Nn and Nj refer to clutter,

noise and jamming, respectively. To detect target speed and distancd, and Imust
be estimated.
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Because the small moving targets are hidden by the heavily cluttered ensanments,
they can not be detected in the time domain. Instead, the signal must be detectd in

the frequency domain using Doppler frequency analysis. To do this, returnada must be
collected and processed using two dimensional (2D) signal analysis fdoth target speed
and distance. 2D signal processing is required for moving target indicatr (MTI) and
MTD. CFAR processing is needed for auto-detection in PD signal processj. Without
CFAR, auto-detection will likely fail.
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Figure 5-2. 2D signal processing for moving target detection

7KH oUVW VWHS LQ 3' VLIJQDO SURFHVVRU GHYHORSPHQW LV WR GHVLJQ D GDWD EDQN
received timed signals, as shown in Figure 5-2. The received data is entedlénto the
data bank point-by-point from one column to another until the bank is full.

Taking a closer look at each column, the time interval for each data point is 1/bad-

width. Each data point is a return signal from different distances. The sanimg interval

between each column is the pulse signal repetition interval. All data poits in the same

row are returned from the same distance with different timing. Doppler fequency can be

HIWUDFWHG IURP GDWD LQ WKH URZV (LWKHU DVd@WPIU EDQN RU D JURXS RI IDVW )RX
(FFT) operations can be used for all data points in the data bank. In software degi, a

group of FFTs is always used. Once the Doppler frequency is detected, the lotben of the

row can be mapped to the return target distance from the range bins. Then, the ditance

can be detected.
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6.0 PD Radar System Structure

Figure 6-1 depicts the top-level structure of a PD radar system in SystemVeL Since we
are interested in creating an algorithm for PD signal processing, this disussion focuses
on the PD signal processing, including MTD and CFAR. For other blocks, just aiéf
introduction is provided.

PD Radar System Structure
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Figure 6-1. PD radar structure

6.1 Signal Sources

For this example, signal sources include:
Pulse signal generator

Linear FM pulse signal generator
Nonlinear FM signal generator
Polyphase code generator

6.2 Target Return Model

The target return model includes:
— RCS, Doppler effect, delay and attenuation
— Fluctuant RCS types: Swirling O, I, II, lll, and IV linear FM pulse signal gerator

S, (t-t)=kA{t-t FRV > +f IW q /I5r]-U(t-t,)

where R is the distance between radar and the target, andt , is the path delay,
sot =2R/c.
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6.3 Clutter Models

Since this is the system-level simulation, behavioral models can be ugkto describe

the functionality. We focus on the probability distribution functions (PDFs) and power
spectrum densities (PSDs) that are good enough to model the system perfarance, but
the physical-level model is not provided here. If required by the user, thiservice can be
provided. SystemVue offers a choice of four PDFs and three PSDs, which indkt

— PDF - PSD
— Rayleigh — Gaussian
— Log-Normal — Cauchy
— Weibull — All Pole

K—Distribution

7KH XVHU FDQ DOVR GHoQH DQ\ GLVWULEXWLRQ XVLQJ 6\VWHP9XHjV EXLOW LQ
MathLang capabilities.

6.4 Radar RF Transmitters and Receivers

Here we provide the behavioral model’s structure. If desired, the SpecaSys RF link
enables the user to go down to the circuit level. Another way to model complex
frequency dependent behavior is to import S-parameters using the SData mael in
SystemVue. An example of using the SData model is shown in Figure 6-5.

As shown in Figure 6-2, the RF transmitter features local oscillators, wikh can include

SKDVH QRLVH PRGXODWRUV DQG PL[HUV ZLWKZRIRRK IF&®OHDO EHKDYLRU DQG DPSOLOHU
LQFOXGH FRPSOH[ QRQOLQHDU EHKDYLRUYV)DWHEFBOWHWV )LIXUH GHSLFWV WKH 5
RVFLOODWRUVY GHPRGXODWRU DPSOLoHUV DQG oOWHUV

Figure 6-2. RF transmitter
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Figure 6-3. RF receiver
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6.5 Digital Up/Down Converter (DUC/DDC) for Digital IF

The two models depicted in Figure 6-4 are very useful for creating new DSP modtewith
certain algorithms.

Figure 6-4. Digital up/down converters

6.6 Antenna Models

The antenna model structure shown in Figure 6-5 was created using a System¥uSData

PRGHO ,I WKH XVHU NQRZV WKH DQWHQQD|V *DIGHOM® IXQFWLRQ RI '"HpPHFWLRQ $QJ(
with S-parameters, the simulation model can be easily structured. Figre 6-5 also shows

the antenna measurements.

Figure 6-5. Antenna structure
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6.7 Pulse Compression

Figure 6-6 depicts the PD processing pulse compression.

Digitl % Cpr_npressed
20 11Q Matrix | PFT g C Q O [ D0 watix

Reference [ DFTwith [ : Spectrum:
Waveforn| zero padding = Windowing

Figure 6-6. Pulse compression in frequency domain for PD processing

6.8 Moving Target Indicator

7KH EDVLF LGHD EHKLQG WKH 07, LV WR oOWHU WKMWEBXWWHU DW RU YHU\ QHDU '& Z
RWKHU VSHFWUXP UHJLRQ pDW $V VKRZQ LQHFRDGJRUGHN WKUHH SXOVH GRXEOH VH
FDQFHOOHU FDQ EH IRUPHG E\ FDVFDGLQJ WZIRHVUXYFRWULRIYU VHFWLRQV XVLQJ D WUD (

H(z)=1-2z"+2z*

x[n] ) o @—> y[n]
h i

\ /

L Z—l

Figure 6-7. Moving target indicator

6.9 Moving Target Detector

7KH 07' LV D NH\ SURFHVVRU IRU 3' UDGDU > @ $ EDQN Rl 'RSSOHU oOWHUV RU ))7 RS
cover all possible expected target Doppler shifts (Figure 6-8). The ingulata is collected

in a repetition period by using a data bank. Data points within the same range arehen

correlated and processed until all data in the data bank is processed. Therera two ways

WR GR WKH ' VLJQDO SURFHVVLQJ HLWKHU XVLQJ B oOWHU EDQN RU JURXS RI ))7 ,Q
a group of FFTs is used to operate on each row in the data bank to detedf. Delay is

then detected by looking at the detected data point location for range bins

Delay Estimation
for the Range bin

Filtering Bank
Or spectra

Estimation for
Doppler Freq

sulq abuey

For Doppler Frequency

Figure 6-8. Signal Processing in MTD
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Once the algorithm is understood, the code can be derived using C++ or MathLang

During its development, the code can be easily debugged for either C++ or Mat.ang
as shown from Figure 6-9. Users can modify the code or insert their own in the code
window to implement their own MTD algorithm.

PD Radar System — MTD Model
— The MTD model created using Math Language

Figure 6-9. MTD implemented by using MathLang

6.10 CFAR Processor

Since modern radar requires auto detection, PD radar must use CFAR to contrthe false

alarm rate. Otherwise, the radar won't work. The CFAR can be done in time or fregacy

GRPDLQV RU ERWK ,QVWHDG Rl WKH o[HG GHWXGEWLRQ WKUHVKROG WKH DYHUDJLQJ
value of reference cells is used as the threshold in order to prevent false alars from

happening too frequently (Figure 6-10). This CFAR system is called a cell exaging

(CA) CFAR system.

In the PD radar example in this application note, CFAR was done in the frequency
domain. Cell averaging CFAR was used.

PD Radar System — CA CFAR
[l Test cell: the detected cell

—Guard or gap cell: value not to be included in the
interference estimate due to possible target contamination

—Reference cell values assumed to be interference only,
thus used to estimate interference parameters

Figure 6-11. CA CFAR processor code implementation
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PD Radar System — CFAR Model
— The CFAR model created using Math Language

Figure 6-10. Cell averaging CFAR processor

Once the algorithm is understood, the code can be derived using C++ or MathLang
During its development, the code can be easily debugged for either C++ or Mat.ang
as shown from Figure 6-11. Users can modify the code or insert their own in the caal
window to implement their own CFAR algorithm.

6.11 Measurements

Models have been implemented to do the following measurements:
— Basic Measurements
— Waveform
— Spectrum
— Signal noise ratio
— Advanced Measurements
— Estimation of distances and speeds
Detection probability, Pd = number of successful detection/total number of tests
False alarm probability,Pf= number of false errors/total number of tests
Importance sampling will be implemented to speed up thePf simulation [3]

If the user wants more, custom measurement models can be created using a
combination of existing models.
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7.0 Simulation of PD Radar System

The PD design shown in Figure 6-1 is simulated. All key parameters can be set ateh
3SDUDPHWHU WDEOH GHOQHG IRU WKH 3" VLPXOBWDRMMHV\VWHP DV VKRZQ LQ )LIJXUH
can very easily edit, add or delete any parameter.

7.1 Simulation Results

Before PD processing, at the receiver input, the target signal cannot be reagmnized and
the target is hidden by strong clutter environment (Figure 7-2). Howeverafter the 2D
PD processing, the target is detected. After PD and CFAR, clean target deté&on

is achieved.

Figure 7-1. Simulation setup table

Figure 7-2. PD detection of a moving target
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In Figure 7-3, the detection probability of the system is displayed. The detction rate

is obtained by running a number of tests and coming up with the detect rate using the

3G GHOQLWLRQ 7KH WDUJHW GLVWDQFH DQGAGVWHSHRG LPAHUHVWLPDWHG XVLQJ WKH GHW
frequency and the detected range bin location.

Figure 7-3. System detection rate and estimated target distance and sped

8.0 Summary

$OJRULWKPV DUH FULWLFDO IRU KLJK SHWBIRQPLAG DGSDAPH& UDGDU V\VWHPV
to radar system design that relies on SystemVue now offers designers a viebmeans

of creating effective algorithms. It provides a user-friendly envirament for algorithm

development, while also integrating software and hardware to verifytie algorithms.

SystemVue can even be used to develop algorithms for digital array radar ptuspace-

time adaptive processing (STAP) and multiple-input multiple-outpt (MIMO) radar.

Moreover, it allows the system development team to quickly and easily tryew and

innovative ideas and to evaluate the effects of jamming and interference swces on

radar performance.
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