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Since the earliest days of radar, many techniques have emerged for simulating radar targets for 
a variety of applications.1,2 Recently, there is renewed interest in simulated radar targets for the 
development of new applications at mmWave and THz frequencies.3,4,5 There is also a growing 
need for low-cost target simulators to support radar system tests during manufacturing and when 
calibrating or servicing radar systems in the field.6 This article presents some basic concepts that 
may be applied to the design and operation of low-cost radar target simulators using directional 
antennas.

A single directional antenna 
may be used as a radar 
target by terminating its 
I/O port in a manner that 

causes some, or all, of the received 
power to be radiated back toward 
the radar system. In the simplest 
case, the antenna is terminated 
with a short circuit or another fixed 
impedance that is intentionally mis-
matched to the antenna imped-
ance, thereby generating a reflect-
ed radar signal (see Figure 1).

Assuming negligible backscat-
tering from the antenna structure 
itself, the effective radar cross-sec-
tion (RCS) is a function of the gain 
of the antenna used to simulate the 
radar target, as well as the fraction 
of received power reflected back 
to the antenna port and transmit-
ted toward the radar. By analyzing 
the signals involved, the effective 
RCS of the target antenna is readily 
determined.

The well-known Friis transmis-

sion equation7 describes the RF 
power exchanged between a trans-
mitter and a receiver. It states that 
the ratio of the received power, 
Prx, to the transmitted power, Ptx, 
is equal to the product of the ef-
fective areas of the transmit and re-
ceive antennas divided by the dis-
tance squared and the wavelength 
squared:P / P A A / d (1)rx tx rx tx

2 2= λ
where Atx and Arx are the effec-

tive areas of the transmit and re-
ceive antennas, d is the distance 
between the antennas and λ is the 
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wavelength.
The effective area of an antenna, 

Aeff, is given as:
A G / 4 (2)eff

2= λ π

where G is the antenna gain.
Substituting antenna gains for 

the effective areas in the Friis trans-
mission equation produces anoth-
er familiar equation:

P / P G G / 4 d        (3)rx tx rx tx
2( )= λ π

For the case of an antenna used 
to simulate a radar target, the fol-
lowing equation applies:

 Fig. 1  Monostatic radar with a reflecting antenna simulating a target.
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the reflecting an-
tenna.

The analysis 
thus far assumes 
that the radar is 
responsive to co-
polarized reflec-
tions. If the radar 
responds to cross-
polarized signals 
or some other 

transformation of the transmit po-
larization, separate receive and 
transmit antennas may be used to 
achieve the desired response po-
larization.

If the power retransmitted by 
the target antenna is not equal to 
the received power, but instead is 
reduced by an attenuation factor, 
ks, the RCS of the reflecting anten-
na is reduced by that factor:

k G / 4        (10)s s
2 2( )σ = λ π

Two possible configurations for 
a simulated target with adjustable 
RCS are shown in Figure 2. In Fig-
ure 2a, a three-port circulator func-
tions as a signal diplexer. It passes 
the received signal through an 
adjustable attenuator and routes 
the attenuated signal back to the 
antenna. The range of RCS that is 
achievable using such a configura-
tion may be limited by the perfor-
mance of the circulator. Imperfect 
impedance matching or signal 
leakage between ports will deter-
mine the minimum reflected signal. 
In practice it may be difficult to 
achieve both a wide range of RCS 
and a flat frequency response using 
this configuration.

In Figure 2b an adjustable at-
tenuator is placed between the re-
flecting antenna and a short-circuit 
termination. If the antenna imped-
ance is well-matched to the attenu-
ator impedance, a wider range of 
RCS may be realized with this con-
figuration; however, the antenna 
structure itself produces some 
backscattering that may determine 
the lower limit for the effective RCS 
of the simulated target.

The attenuator in Figure 2a may 
be replaced with an amplifier to 
increase the RCS of the simulated 
target. Signal leakage through the 
circulator, as well as various imped-
ance mismatches in the system, will 

P / P G G / 4 d        (4)s t s t
2( )= λ π

where Ps is the power received 
by the target simulator antenna, Pt 
is the power transmitted by the ra-
dar, Gs is the gain of the target sim-
ulator antenna and Gt is the gain of 
the transmit antenna.

If all the power received by the 
target simulator antenna is reflect-
ed and retransmitted back toward 
the radar, the reflected power re-
ceived by the radar, Pr, is given as:

P / P G G / 4 d        (5)r s r s
2( )= λ π

where Gr is the gain of the radar 
receiver antenna.

Combining Equations (4) and (5) 
yields the fraction of transmitted 
power received by the radar:

P / P
G G / 4 d G        (6)
r t

t r
4

s
2( )( )

=
λ π

The fraction of transmitted pow-
er received by a radar system is 
also commonly expressed in terms 
of the target’s RCS, which is usually 
denoted using the symbol σ:8

P / P G G / 4 d        (7)r t t r
2 3 4( )= σ λ π

Combining Equations (6) and (7) 
produces the effective RCS of the 
simulated target in terms of the 
gain of the target antenna, assum-
ing total reflection of the received 
signal:

G / 4        (8)s
2 2( )σ = λ π

Equation (8) indicates that an an-
tenna configured for total reflection 
of the received signal back toward 
the radar has an RCS equal to the 
antenna’s effective area multiplied 
by its gain:

A G        (9)s sσ =

where As is the effective area of 

 Fig. 2  Radar target simulator with adjustable RCS: 
three-port circulator functioning as a signal diplexer (a) and 
adjustable attenuator between the reflecting antenna and a 
short-circuit termination (b).
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of the unwanted sideband, the in-
phase (I) and quadrature-phase (Q) 
modulation signals must be off-
set in phase by 90 degrees at the 
modulation frequency. Either the 
upper or lower sideband is select-
ed by providing either a positive or 
negative phase difference between 
the I and Q modulation signals. 
By selecting the upper sideband, 
the signal returned to the radar is 
higher in frequency and simulates 
decreasing distance between the 
radar and the target. Conversely, 
selecting the lower sideband pro-
duces a lower frequency return 
signal that simulates increasing dis-
tance.

Assuming negligible signal loss 
in the signal diplexer and negli-
gible impedance mismatches, the 
RCS of a single-antenna Doppler 
target simulator may be estimated 
as:

σ = km ks( )2 Gs( )2 λ2 / 4π       (12)

where km is the conversion loss 
of the SSB modulator.

The modulation frequency de-
termines the frequency shift ap-
plied to the received radar signal. 
For an actual moving target, the 
Doppler frequency shift is twice 
the closing velocity divided by the 
wavelength of the radar signal. 
For example, a radar frequency of 
35 GHz and a target velocity of 80 
mph (36 m/s) result in a Doppler 
frequency shift of 8.3 kHz. At 77 
GHz the Doppler frequency shift at 
80 mph would be 18.4 kHz.

To simulate a single target with 
fixed velocity, the I and Q modula-
tion signals can be obtained from 
a function generator that provides 
a phase-offset adjustment for two 
output channels operating at the 
same frequency. If the modulation 
signals have low harmonic content 
and the modulator is operated 
within its linear range, harmonic 

sideband content 
may be negligible. 
Otherwise, the tar-
get simulator may 
produce signifi-
cant sideband har-
monics that could 
be interpreted as 
additional moving 
targets.

limit how much amplifier gain can 
be supported while avoiding oscil-
lation.

Improved performance may be 
achieved using separate transmit 
and receive antennas for the sim-
ulated target (see Figure 3). For 
such a configuration, the RCS may 
be estimated as:

k k G G / 4        (11)a s sr st
2σ = λ π

where ka is the amplifier gain, 
Gsr is the gain of the target simula-
tor receive antenna and Gst is the 
gain of the target simulator trans-
mit antenna.

A target simulator that employs 
either one or two antennas can in-
clude a delay function to control the 
target’s effective distance from the 
radar. RF-over-fiber systems based 
on various technologies are read-
ily available, making it possible to 
implement range delays equivalent 
to 100 miles or more at frequencies 
as high as 60 GHz.9

DOPPLER TARGET SIMULATORS
A moving target may be simu-

lated by generating a frequency-
shifted copy of the received signal 
and transmitting it back to the ra-
dar system. Such a frequency-shift-
ed signal may be produced using 
a single-sideband (SSB) modulator 
and a signal diplexer (see Figure 
4). Typically a SSB modulator is re-
alized using a balanced quadrature 
mixer that provides good suppres-
sion of the input carrier signal as 
well as the unwanted sideband.

To achieve effective suppression 

 Fig. 3  Radar target simulator with 
adjustable RCS and two antennas.

σ ≈ ks ka Gsr Gst λ2 / 4π

Gsr

ks

Gst

ka

 Fig. 4  Doppler radar target simulator with adjustable RCS.

SSB
Modulator

Gs

km
ks

Out

In

Q

I
±90° Modulation

Signal



102 	 	 MWJOURNAL.COM  AUGUST 2022

ApplicationNote

production units on a pass/fail basis.
The margin by which a radar 

transceiver passes or fails can be 
optionally determined by adjusting 
the variable attenuator. The sensi-
tivity of the radar head, relative to 
that of the calibration unit, is deter-
mined by the amount of attenua-
tion needed to reach the measure-
ment threshold of the radar head 
being tested. For example, if the 
Doppler radar head being tested 
can measure the target velocity 
with 6 dB of additional attenuation 
relative to the calibration unit, it 
will have approximately twice the 
measurement range of the calibra-
tion unit for a given RCS. This is be-
cause the Doppler signal returned 
to the unit under test is reduced by 
12 dB when the attenuator setting 
is 6 dB greater, and 12 dB attenua-
tion corresponds to target that ap-
pears to be twice as far away from 
the radar head.

The major factors affecting the 
sensitivity or detection range of an 
unmodulated CW Doppler radar 
sensor include the transmit power, 
the mixer conversion loss and the 
sideband noise in the radar signal 
that is down-converted to the IF 
channel. Either reduced transmit 
power or greater mixer conversion 
loss can reduce the Doppler signal 
power. Increased AM or FM side-
band noise in the radar signal can 
generate more broadband noise at 
the mixer output. If a frequency dis-
criminator fails to accurately mea-
sure the Doppler frequency, it may 
be due to poor signal strength, 
high mixer conversion loss, exces-
sive sideband noise or a combina-
tion of these factors.

If a pulsed or FMCW radar is 
used with a Doppler radar target 
simulator, and the radar is sensitive 
to stationary objects (zero Doppler 
shift), the target simulator may be 
detected as a stationary object as 
well as a moving target. A return 

The magnitude of the frequen-
cy-shifted signal can be controlled 
over a wide dynamic range by ad-
justing a variable attenuator posi-
tioned between the antenna and 
the signal diplexer. The lower limit 
of the Doppler signal amplitude 
does not depend on impedance 
mismatches or signal leakage. As 
a result, the Doppler radar target 
simulator can measure the sensitiv-
ity of a Doppler radar system over 
a dynamic range of 60 dB or more.

DOPPLER RADAR 
TRANSCEIVER TESTS

In a manufacturing environment, 
Doppler radar heads can be quickly 
tested relative to a “golden” unit that 
has been field-tested and certified as 
providing adequate sensitivity to a 
moving target with a known RCS. A 
typical setup includes an antenna test 
range or an anechoic chamber with a 
fixture on one end for mounting the ra-
dar head under test (see Figure 5). The 
target simulator antenna is positioned 
at the other end of the test range.

Calibration of the Doppler radar 
test system is straightforward. With 
the “golden” (calibration) radar 
head installed and the target simula-
tor activated, the apparent Doppler 
signal produced by the radar head 
is fed to a frequency discriminator 
that computes the target velocity. 
When the signal-to-noise ratio is 
sufficient, the frequency discrimina-
tor produces a valid measurement 
of the target velocity. During cali-
bration of the test setup, the atten-
uation value is adjusted upward to 
a level where the calibration radar 
unit becomes unable to produce an 
accurate velocity measurement. The 
attenuation value is then decreased 
slowly until a valid velocity measure-
ment is obtained. The attenuation 
value may be adjusted further to set 
the minimum level of performance 
necessary to pass the sensitivity 
test. The setup is then used to test 

 Fig. 5  Doppler radar test setup.
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SAL-3333732905-28-S1, provides 
29 dBi gain at 35 GHz and could 
provide an RCS as high as 3.5 m2 

without using an amplifier.
Estimating the effective RCS of 

a Doppler radar target simulator 
involves more variables. A typi-
cal waveguide circulator, Eravant 
model SNF-22-CA, provides about 
0.5 dB insertion loss at 35 GHz. A 
quadrature mixer, such as Eravant 
model SFQ-30340310-2828SF-N1-
M, exhibits 10 dB conversion loss. 
If waveguide sections are used to 
connect the mixer and circulator 
ports, an additional 1 dB of inser-
tion loss may be expected, result-
ing in an estimated total conver-
sion loss of 12 dB. If the antenna 
provides 29 dBi gain, the appar-
ent RCS of the simulated moving 
target is estimated to be roughly 
0.25 m2. The RCS can be adjusted 
downward by inserting a variable 
attenuator between the target sim-
ulator antenna and the circulator. 
Each 6 dB of additional attenuation 
reduces the effective RCS of the 
simulated target by a factor of 16.

For an FMCW or pulsed radar 
system, the present design exam-
ple can be expected to produce 
a return signal with zero Doppler 
frequency shift. The circulator, for 
example, has a typical input return 
loss of 12 dB which implies that 
about 1/16 of the received power 
would be reflected back toward 
the radar system with no Doppler 
shift. Hence the radar system could 
detect a stationary object with an 
RCS of about 0.25 m2 in addition 
to a moving target with an RCS ap-
proximately equal to 0.25 m2 when 
the attenuation value is set to 0 dB.

Preconfigured Doppler target 
simulators are also available, such 
as Eravant model STR-793-12-D1 
which operates from 77 to 81 GHz 
(see Figure 6). It includes a direct-

larization. If its waveguide port is 
terminated with a short circuit, the 
antenna can be used to simulate a 
target with an estimated RCS of ap-
proximately 0.2 m2. A pair of horn 
antennas with 23 dBi gain operat-
ing at 35 GHz and connected to an 
amplifier with 10 dB gain can be 
used to simulate a target having an 
estimated RCS of 2 m2, a factor of 
10 higher than without an amplifier. 
Alternatively, a single lens-correct-
ed horn antenna, Eravant model 

signal without a Doppler frequency 
shift may result from backscattering 
by the antenna structure, imped-
ance mismatch effects, imperfect 
suppression of the carrier signal in 
the SSB modulator or signal leak-
age through the diplexer.

DESIGN EXAMPLES
A typical rectangular horn an-

tenna, Eravant model SAR-2309-
28-S2, operates at 35 GHz and 
provides 23 dBi gain with linear po-

 Fig. 6  Integrated Doppler radar 
target simulator.
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CONCLUSION
A directional antenna that is 

intentionally mismatched can be 
used as a simulated radar target. 
The expected RCS of the target 
can be estimated from the anten-
na gain. By controlling the mount 
of received power that is reflected 
back to the antenna, the RCS of 
the target can be varied. Separate 
antennas may be used for receiv-
ing and retransmitting the received 
signal to achieve more flexibility in 
the polarization response.

By frequency-shifting the re-
ceived radar signal using a SSB 
modulator, and retransmitting the 
frequency-shifted signal back to 
the radar system, it is possible to 
effectively simulate a moving tar-
get using stationary equipment. A 
variety of configurations are pos-
sible using either one or two an-
tennas. A low-cost single-antenna 
system that includes only a signal 
diplexer, a SSB modulator and an 
adjustable attenuator can be used 
to measure the effective range of 
Doppler radar heads in a produc-
tion environment or when servicing 
radar systems in the field.
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be interpreted as either a change 
in RCS or a change in distance from 
the radar system. For an FMCW or 
pulsed radar system, the distance to 
the target is generally determined 
by evaluating the effects of signal 
delay. For these systems valid in-
terpretations of a change in signal 
level, when everything else is held 
constant, include a change in the 
RCS, a change in the target’s posi-
tion in the radar beam or a change 
in the propagation loss.

read attenuator and a WR-12 inter-
face for connection to a user-speci-
fied antenna. Carrier and sideband 
suppression are 30 dB and 20 dB, 
respectively. Doppler frequencies 
up to 250 MHz are supported. The 
realized RCS depends on the anten-
na used and any additional insertion 
loss if a connecting cable is used.

For an unmodulated (CW) Dop-
pler radar system, the distance to 
the target is ambiguous. Adjustment 
of the return signal amplitude may 


