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Abstract: In this work, a real-time hardware-in-the-loop (HIL) radar target and environment simulator (RTSim) is pre-
sented. RTSim is developed to test the radar systems starting from the initial algorithm development until
the final field testing stages. In this way, it is possible to avoid the costly field tests in constantly changing
conditions and test the radar systems in a controlled but highly complex environments. In the real-time oper-
ation scenario, Radar Signal Processing Unit (RSPU) sends the parameters of the radar signal to the RTSim.
For each receive channel, RTSim generates baseband IQ (16-bit I, 16-bit Q) signals using these parameters
and user programmed environment including targets, jammers, atmospheric effects, clutter, and radar related
system noise. The generated baseband signals are sent to RSPU over fiberoptic lines.

1 INTRODUCTION waveform.

The components of a typical radar, a test environ-

The need for real-time simulation tools to test radar menthanq thel e of RTSIim 'S.ShO\an '?1 Figure 1. .
systems is increasing in parallel with developments 1 he Simulator generates signals whose properties

in radar technology. The algorithms used in RSPUs are determined by the radar signal processing units,

should be justified under real environment conditions

in the form of baseband 1Q. The generated signal will
prior to the integration with radar hardware. The cost cOntain all the effects described in the user defined
of real environment tests is very high and it is al-

scenario including; targets, jammers, chaff, decoys,

most impossible to repeat the experiments under the€nvironment (clutter and propagation effects), anten-

same conditions. Therefore this necessitates the de1@S; and radar hardware (amplifiers, mixers, etc.).

velopment of a system that simulates the environment 1N generated IQ signal is sent to the RSPUs over

in which radar signals travel, and the targets that the fIP€TOPtic lines. In that sense RTSim provides a
radar is trying to detect. hardware-in-the-loop test environment that can ac-

Manv of the radar taraet and environment simu- count for all the effects that a radar signal encounters
y 9 - until it is received by the RSPUs.

lators are designed as commercial products and their
implementation details are not disclosed as academic
publications (Utteridge, 1987; Saab Sensis, 2013; In-
tersoft Electronics, 2013; EW Simulation Technol- 2 COMPONENTSOF RTSIM
ogy, 2013; Technology Service Corporation, 2013).
All of these products are analog simulators that work
in the RF (Radio Frequency) or IF (Intermediate Fre-
guency) band and they are not closed loop systems
which means that they do not receive the radar param-
eters in real-time. Another radar target generator that
uses FPGAs (Field Programmable Gate Arrays) for
baseband signal generation is proposed in (Andraka
a'f‘d Phelps, 1998.)' Co_mpareq to these products, RT'visuaIization. All radar and target parameters can be
Sim is a more flexible digital _S|mulator that generates adjusted from the user interfaces.
phase-coded baseband IQ signals. All parameters of a . )

) . Target parameters include:
radar signal (RF frequency, waveform type, sampling
rate, etc.) can be adjusted by radar for each pulse burst e Position, velocity, route,

RTSim consists of a control PC, embedded processors
and FPGA (Field Programmable Gate Array) hard-
ware as shown in Figure 2. Control PC has the sim-
ulation engine and user interfaces. Simulation engine
calculates the navigation and orientation parameters
of radar and target platforms in real-time. It uses Dig-
ital Terrain Elevation Data (DTED) maps for terrain
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Figure 1: RTSim and radar environment.

e Scatter position and RCS (Radar cross section)
parameters,

Workstation

e RCS type (constant, orientation/frequency depen-
dent),

e Multipath parameters,
e Scintillation parameters (swerling type and corre-

» User Interface
lation time),  Environment Parameters

e Jammer parameters (noise jammer, deceptive

jammer, activation time, etc.), Embedded Processors jt

e Jet engine modulation, helicopter blade modula-
tion. *é' *%

Radar parameters include:

e Transmitted power, maximum range, .
e Antenna scan pattern (circular or RSPU con- .
trolled),

Radar Signal parameters
ServolEncoder models

* Antenna pattern tables, Parallel FPGA Hardware

o Waveform tables (for phase-coded signals),

(distribution type, parameters), atmospheric attenua-
tion and rain attenuation. .
Simulation parameters that are adjusted in the user

Pulse-repetition-interval (PRI) tables.
Environment parameters that can be programmed <>
from the user interface are: statistical clutter model

Radar Signal generation

interface are sent to the embedded processors and FF
GAs before the simulation starts. Radar and target

]

sadelaul NdsY

platforms’ navigation information is sent to the em-
bedded processors in real-time. Embedded processor:

I/Cr Board 1_'

also receive radar beam parameters from RSPUSs. The
beam message defines the parameters of the radar sig-
nal that RTSim generates:

e RF frequency and sampling rate,

Figure 2: RTSim and radar environment.

e Antenna pattern table ID, e Waveform table ID,
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e Pulse Width (PW) and Pulse-repetition-interval

(PRI),
e PRI table ID,
e Antenna orientation. Rl s ‘
lort \
When the beam message is received embeddec 5 g
processors calculate the parameters that FPGAs ust x k,f Vo
for signal generation. Parameters defined in time units 23

(PW, PRI, delay, etc.) are converted to FPGA clock ST pitch Axis
units. Doppler calculations are performed for each il iy VA S
platform. Channel attenuations for each platform, "
jammers and clutter are calculated and sent to the FP- _ .,
GAs. Servo and encoder model calculations are also
performed by embedded processors to determine the
orientation of the radar antenna. Encoder model con-
trols the fixed speed circular motion of the antenna,
whereas servo model is for the RSPU controlled mo-

tion of the antenna.

FPGAs generate the radar signals using the pa- :
rameters sent by the embedded processors. Radar Figure 3: Multiple scatter modeling.
signal generator, receiver channels, clutter distribu-
tion generators, system noise generator, jammer noise

generators are all implemented in the FPGASs. where@is the azimuth an€ is the elevation angle

between radar and the target. Doppler frequency is
calculated using RF frequency)(and speed of light

C):
3 RTSIM MODELS ©
2f V|
fo=—— 2)

c
The doppler phase value should be incremented
at specified intervals that depend on the doppler fre-
quency, to give the doppler effect. The doppler phase
is incremented by a specific amount at specific inter-

Modulation (HBM) effects are also studied for mov- vals. The interval and increment values and the sign
ing target identification (Sandhu and Saylor, 1985; of the velocity are sent to the FPGA as doppler pa-

Carriere and Moses. 1988° Bell and Grubbs. 1993 "ameters for each beam message. The interval is cal-
Phu et al.,, 1995). In RTSim, targets are modeled culated as the number of FPGA clock cycles:

3.1 Target Modeling

Radar target generation approaches in the literature
has focused on statistical modeling of target RCS.
Jet Engine Modulation (JEM) and Helicopter Blade

as independent multiple scatters with different dy- fsx k

namic RCS tables. When the orientation of the tar- pc = {m +0-5J 3)
get changes, the relative position of each scatter with

respect to the radar changes. where fs is the sampling frequency is the in-

Dynamic RCS of targets is modeled by using the crement valuenb is the number of bits of the phase
RCS value that corresponds to the orientation (yaw, codes. The value of that gives the best frequency
pitch, roll) of the target. JEM and HBM are mod- resolution is determined by the following optimiza-
eled using correlated complex Gaussian distributed tion:
signals. Target scintillation is modeled by four Swer-
ling models (Richards, 2005). Doppler effect is mod-  k — argmin fsxx { fs x X 4 }J ‘ (4)
eled by adding an additional doppler phase value to x'|fp(20P—1) | fp(2nP—-1) 2
the phase codes of the radar signals at each clock cy-
cle gf the EPGA. 9 Yiwherex = 1,...,100.

Doppler speed, which is the velocity component Multipath effects are also modeled in RTSim.
of the target in the direction of the radar, can be cal- Three multipaths can be used for each target platform.

. Multipaths are modeled in the same way as the targets
culated as follows: . .
but they have different complex attenuation constants
Vo = Vxcog)cogB) that depend on reflection angle, radar frequency and
+ Vysin(g) cog0) +V,sin() () the reflection surface (Skolnik, 2008).
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Figure 4: Multipaths. Figure 5: RGPO scenario.

For each receiver channel the received power from pOintS in the burst. It is observed that this resolution

a target platform is calculated as follows: is satisfactory for 200 MHz sampling rate.
RGPO range difference from the beginning of a

_ R[Ki[?|K2[*A%0 segment is calculated as follows:

S Rgl—s RF:R0+SR<VR><t+}aR><t2+}JR><t3> (7)
whereR, is the transmitted powek;, Ko are transmit 2 6

and receive antenna gainsjs the wavelengthg is wheret is the time since the beginning of the segment,
the RCSRy is the distance between radar and target, Ro is the initial range difference&g is the sign of the
andLs denotes the losses (polarization, atmospheric, range pull (off=1,in=-1)Vr(m/s) is the pull velocity,
rain). Using the received power the channel attenua- & (m/s%) is the pull accelerationlz(m/s%) is the pull
tion is calculated as follows: jerk, andRg is the final range difference. For each
pulse burst the RGPO segment is determinedrRnd
values are calculated. Using these values PRI differ-
ence values that will be added to the radar PRI are
calculated as follows:
whereDp, is the default received power that corre- 2(Re(m) —Re(1

sponds to the quantized signal amplitudigs. These AP(m) = [w % FS] m=1..M (8

two param_eters are used t(_) adjust the dynamic range,nerec is the speed of lightEs is the sampling rate.
of the 16-bit baseband IQ signal. The delay for the generated RGPO/I signal is calcu-
lated as follows:

3.2 Jammer Modeling D_ [ZRD+2RF(1) XF]

(®)

Ca = e 19R/A o ol (£K1+2K2) o [l):r x Dsg (6)

I'

: ©

whereRp is the distance between the radar and the
jammer. These calculations are performed on the em-
bedded processors and the results are sent to the FP-

The purpose of electronic warfare is to control the
electromagnetic spectrum. RTSim employs differ-
ent electronic attack ( electronic counter measures
) techniques to test the radar’s performance under
difficult scenarios. RTSim models spot, barrage,
swept spot noise jammers, and Range/Velocity Gate
Pull off/in (RVGPO/I) deception techniques (Schle-
her, 1999; Kalata and Chmielewski, 1997; Greco Ve =Vo+ Sy (Vv Xt + }av XtZ) (10)
et al., 2006; Neng-Jing and Yi-Ting, 1995; Jing et al., 2
2011; Townsend, 2008). Antenna gain, transmitted whereVy is the initial velocity differenceS;, is the
power, bandwidth and center frequency parameterssign of the velocity pull (off=1,in=-1)M,(m/s%) is
can be adjusted for noise jammers. For swept spotthe pull velocity,a, (m/s®) is the pull acceleration,
noise different frequency patterns can be defined. andVr is the final velocity difference. Using these
RGPO is implemented by adjusting the delays differences “phase counte®¢)” and “phase incre-
and PRIs of pulse burst radar waveforms. A sample ment @y)” values are calculated:

VGPO velocity difference from the beginning of a
segment is calculated as follows:

RGPO scenario is given in Figure 5. When VGPO is 2fRE X |V (M)
applied, velocity difference profile is defined instead fo(m) = - c
of range difference. For each burst, range or veloc- Fs x Oy 1n
ity pull off/in amounts are calculated at 16 different Pc(m) = [Ww
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where fp is the doppler frequencyfigg is the radar  method. In this method CDF of the distribution is
RF frequency. VGPO is modeled by changing the generated as a table, then a uniform number is gener-
phase of the baseband signal. Aftes(m) clock cy- ated in the interval [0 1], the index of the CDF table
cles phase difference is increaseddy that this number falls into is selected as the desired
Coordinated RVGPO/I signal generator is shown random number. The FPGA implementation of clut-
in Figure 6. For coordinated implementation parame- ter distribution generator is shown in Figure 8. CDF
ters should be set & = Vg, W = ar, anday = Jr. table contains 255 elements of 32-bit numbers which
The same signal generator can be used to generate tarare obtained by quantizing the CDF function of the
get signals as well. distribution. Uniform numbers are also 32-bits and
the generated random numbers are 8-bits.

32-bit seed //

Waveform
Phase Table
Total
Target Phase | |Doppler,
Increment Phase
Target
Phase

Counter Phase 1 Phase 2 CDF Table 32-bit Uniform
Number Generator

e Adress Value
® 0 [0 2132-1]

VIGPO Phaste VGPO Phase
RGPO PRI Incremen Counter Table
Difference Table table

Figure 6: RVGPO/I Signal Generator. Binary Search
/

8-bit/

C | 32-bit

3.3 Clutter Modeling adress [/

A\ 4

RTSim implements statistical clutter models.
Rayleigh, Weibull and K-distributions are supported.
In Figure 7 a typical clutter scenario is described.
For each clutter patch a random number is generated | Clutter Distribution Generator
corresponding to its range bin. The attenuation for

clutter signal is determined by the patch area, grazing Figure 8: Clutter Distribution Generator.
angle and distance from radar. The parameters of the

random distributions depend on the grazing angle,

polarization, radar frequency, surface’'s dielectric 4 EXPERIMENTAL RESULTS

constant and conductivity.

255

In the experiments the 1Q signals generated by the

FPGAs are compared to the theoretical calculations.
Depression Angle In the first example there are four targets at distances
1343, 1460, 1656, and 1814 meters and moving with
speeds 29.83, -309.10, -347.19, -833tBs. The
radar parameters aréRl = 560 samplesPW = 100
samples, number of pulses in each burst is 64. In Fig-
ure 9 the | and Q signals generated by the simula-
tor are displayed. These signals are analyzed using
range doppler matrices. The ranges and velocities of
detected targets are shown in Figure 10. The results
agree with the input parameters.

In Figure 11 sample RGPO and target signals are
given. For this example range gate pull of is applied
Y / hNY with Vg = 500m/s. Radar signal parameters are; PRI

Far Range N = 100ps, pulse width= 20 ps chip width= 200ns
number of pulses- 500 and sampling rate = 10 MHz.
As seen in the figure in approximately 1.5 seconds 50

Random clutter samples are generated usingsamples pull off is applied, and this corresponds to

inverse CDF (Cumulative Distribution Function) 750 meters range difference aus.

Azimuth Beamwidth

Clutter Patch

Grazing Angle

Range
Resolution

Figure 7: Clutter Scenario.
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In Figure 12 spectrum estimations for target and : S

VGPO signals are displayed. For this example a ve- 10000 F AU Ll e N
locity gate pull off profile with\, = 150 m&? is ap- o000 l'l ----------------
plied. Radar signal parameters are; PROus radar 15 1801 180N 1502 18002 1AE 14003
frequency= 10 GHz number of pulses= 128, and Sample x0’
sampling rate = 200 MHz. Using these parameters Figure 11: Sample RGPO application. Scenario initializa-
the maximum unambiguous velocity is 260's, and tion, after 0.5 ve 1.5 seconds.
velocity resolution is 7.8n/s. As seen from the fig-
ure in 0.5 seconds the pull off rate is #¥/s, and in
1 second it is 143n/s, which are consistent with the  real constant acceleration profile. VGPO constant ac-
VGPO profile. celeration parameter is set & = 1000m/s3. The
In Figure 13 the RGPO signal generated by RT- generated signal has 130 bursts each of which has 128
Sim is analyzed and the results are compared with thepulses of 3Qus As can be seen from the figure, the
real constant acceleration profile. RGPO constant ac-generated signal’s profile is consistent with the actual
celeration parameter is set &g = 1000 m/52, The profile except for some quantization errors.
generated signal has 10000 bursts each of which has  The final experiment is clutter generation. K-
apulse of 10Qus The sampling rate of the signalis 10 distributed clutter with parameters shape = 4 and scale
MHz. As can be seen from the figure, the generated = 2.06 is generated. Radar signal has four pulses each
signal’s profile is consistent with the actual profile ex- with 10k samples at 40 MHz sampling frequency.
cept for some quantization errors. In Figure 15(a) amplitude of the generated clutter
In Figure 14 the VGPO signal generated by RT- samples is displayed. The histogram of the sam-
Sim is analyzed and the results are compared with theples is analyzed and compared with the histograms
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2.11 which are in close agreement with the true pa-
rameters. Histogram plots are shown in Figure 15(b).
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Figure 12: Sample VGPO Application.
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Figure 13: RGPO constant acceleration profile and analysis (b) Histogram
result. Figure 15: Amplitude and histogram samples for clutter.
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: : 5 CONCLUSION
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7 | e ey e Pt In this work, a real-time hardware-in-the-loop radar
e A ] target and environment simulator, RTSim, is de-
g 60+ R TUPU ST ...... EUURN JUUU IR o Scrlbed The SImU|ator can be used tO teSt radar Slgnal
: ' : e processing units even during the early stages of de-
S R S RN i, S . velopment. RTSim models moving and stationary tar-
> : : L gets, radars with multiple receiver channels, jammers,
SN S O A S S B statistical clutter returns. RTSim is currently being
: : : used in some radar development projects in Turkish
0 Defence Industry. Future work includes implementa-
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Figure 14: VGPO constant acceleration profile and analysis and atmospheric propagation models.

result.
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