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Radar systems are used across many in-
dustries and in a variety of commercial, 
industrial and defense applications. 

Uses range from commercial applications such 
as automotive collision avoidance, weather and 
air traffic control (ATC) to defense systems 
such as early warning and missile tracking. The 
radar’s application dictates its physical size, op-
erating frequency, waveform, transmit power, 
antenna aperture and many other parameters. 
Every parameter and component must be test-
ed to ensure proper operation.

Radar system operators are interested in 
functionality testing, namely target detection 
and tracking. To ensure the accuracy and reso-
lution, detection and false alarm rate of the ra-
dar, targets must be generated over the entire 
unambiguous range, the unambiguous radial 
velocity interval, azimuth and elevation angles 
and different radar cross sections (RCS). Test-
ing in the field can be extremely time-consum-
ing, complex and expensive. Repeatable con-
ditions are difficult to configure. For example, 
consider a radar on a fighter jet that is tested 
at a test range, where artificial targets are de-
ployed, detected and tracked. The global posi-
tioning system (GPS) coordinates of the targets 
are compared with the collected radar data to 
verify radar performance.

Since the cost of field-testing can be pro-
hibitive if done on a regular basis, an alterna-

tive is to set up “real-life” radar simulations 
that include many different types of targets 
and scenarios. Generating radar targets makes 
it possible to test the functionality of the radar, 
including RF, without the expense of field test-
ing. Radar target generators can introduce tar-
gets with time delay, Doppler frequency shift 
and attenuation. Several implementations of 
target generators have been used, including co-
axial delay lines (CDL), fiber optical delay lines 
(FODL) and digital radio frequency memory 
(DRFM). Commercial off-the-shelf (COTS) 
measuring equipment is increasingly used.

The performance and capability of radar 
target generators to test a radar system depend 
on several technical parameters. This article 
explains the different target generator archi-
tectures, clarifies the performance needs and 
design criteria that favor one approach over 
another and shows examples of measurement 
results with a COTS system.

RADAR TESTS – LAB OR FIELD?
Many measurements must be performed 

before a radar system is put into service. Dur-
ing research and development (R&D), mainly 
hardware component tests are performed. 
Most of these focus on the transmitter and re-
ceiver, with less emphasis on the signal process-
ing and system functionality. As a result, the 
radar is only partially tested during R&D and 
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tive radar sensors.1
The performance and capability of 

radar target generators and their abil-
ity to test a radar system depend on 
several economic and technical pa-
rameters. Aside from efficiency and 
cost, the following technical param-
eters are important:
•	 System architecture
•	 �Frequency coverage and band-

width
•	 �Phase noise performance, signal 

distortion, spurious emissions and 
overall echo signal quality

•	 �Digitization performance, sam-
pling frequency and number of ef-
fective quantization bits

•	 �Maximum Doppler frequency shift 
and Doppler steps

•	 �Maximum range, minimum range 
and range steps

•	 �Trigger and/or continuous opera-
tion

•	 �Flexibility to reproduce authentic 
environmental scenarios and pos-
sible tests of interest.
Operating frequencies of radar sys-

tems vary over a wide range of bands: 
Long range surveillance radars oper-
ate in high frequency (HF) or L-Band, 
ATC radars in S-Band, naval surveil-
lance radars in X-Band and automo-
tive radar sensors in K- and W-Band. 
Therefore, the radar target generator 
should cover a broad spectrum. The 
bandwidth of the target generator 
must faithfully reproduce the radar 
waveform, as bandwidth determines 
the range resolution and the span of 
frequency agile radars.

Signal fidelity and phase noise are 
also important. Poor signal fidelity 
distorts the retransmitted signal. The 
radar can only detect slow moving 
targets if it has low phase noise per-
formance; if the target generator has 
high additive phase noise, it may limit 
the ability to assess the actual perfor-
mance of the radar.

To simulate delay and Doppler, 
digitization is used in most modern ra-
dar target generators. The radar signal 
is captured, digitized, manipulated, 
converted to analog and retransmitted 
with attenuation. The effective num-
ber of bits (ENOB) and spurious-free 
dynamic range (SFDR) quantify the 
quality of an analog-to-digital convert-
er (ADC) and are important param-
eters for accurately representing the 
incoming radar signal and reproduc-

resent a challenge to the fundamental 
architecture of the target generation 
system. While economic advantages 
tend to favor a laboratory test system 
instead of field testing, the functional 
performance of the radar system must 
be verified through a balance of labora-
tory and field test environments. Fur-
thermore, as radar systems add elec-
tronic protection functionality, these 
new system capabilities may require 
new test methods.

The test and measurement (T&M) 
industry offers various types of radar 
test equipment that can be used during 
development and production. These 
focus on the parametric performance 
of the radar and can measure spectral 
purity, transmit power and sensitivity.

Radar target generators
Radar target generators apply time 

delay (range), Doppler frequency 
shift (radial velocity) and attenuation 
to a radar signal. The actual radar 
signal is received, manipulated and 
retransmitted. Other systems have 
the radar waveform stored and trig-
ger waveform replay. The architecture 
of radar target generators determines 
the performance and capability to test 
different levels of functionality. Some 
are able to generate a single target in 
a dedicated frequency band, for very 
specific radar systems, while others 
cover a wide frequency spectrum and 
offer complex target scenario simula-
tion. There are also specific radar tar-
get generators for dedicated frequen-
cy bands, such as for testing automo-

important functionality, such as signal 
detection, is never completely tested 
in closed-loop operation. To evaluate 
the complete system (RF and base-
band) and ensure that all elements 
meet specifications and customer re-
quirements, many additional tests are 
required, as shown in Figure 1.

Parametric measurements must be 
supplemented by tests to evaluate the 
functionality of the system. Built-in 
test equipment (BITE) monitors some 
hardware components and functional-
ities. While BITE is able to provide a 
pass-fail assessment, it is not necessar-
ily designed to give information on the 
radar’s performance. If a radar does 
not detect a target, for example, how 
does the operator know that the radar 
is not functioning properly?

To address this, field tests with 
towed spheres may be conducted to 
baseline radar capabilities and evalu-
ate the entire radar processing chain. 
However, field tests won’t specifically 
test the processing capabilities. So 
some radars have a digital injection 
capability, where scenarios can be 
loaded into the radar processor to test 
the processor.

As previously mentioned, field tests 
are expensive and barely reproducible, 
and the availability of certain targets is 
limited. For these reasons, radar target 
generators are used to replace some 
field tests and make tests reproducible; 
they save time and reduce cost and can 
test the entire processing chain by in-
jecting targets. The technical demands 
placed on radar target generators rep-

s Fig. 1  Extensive tests are performed on a multipurpose radar system.
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capabilities.6 DRFMs can cover up to 
40 GHz, offer 12-bit digitization with 
1.4 GHz instantaneous bandwidth, 
-65 dBc SFDR and a minimum delay 
of 90 ns. Due to technical restrictions, 
however, these figures cannot be com-
bined into a single DRFM. For ex-
ample, most of the wideband DRFMs 
have lower signal fidelity and use less 
than 12 bits.

The minimum delay is primarily 
limited by the ADC and DAC, which 
take several cycles to convert the ana-
log data to digital and vice versa. The 
delay also depends on the bandwidth 
and number of bits. Signal processing 
adds a number of processing cycles to 
the radar echo signal. Typical mini-
mum delays now range from below 
100 ns to below 1 µs.

With DRFMs it is important to 
know how the analog RF signal is rep-
resented in the digital domain: the 
number of bits, amplitude and phase. 
These determine the signal fidelity. 
Another key parameter is the SFDR, 
because the radar may try to discrimi-
nate between targets and electronic 
countermeasure (ECM) signals. The 
SFDR will be limited depending on 
the ENOB, nonlinearity of compo-
nents and the noise.

While high signal fidelity DRFMs 
with coherent target echo returns may 
be suitable for radar tests, the use of 
a DRFM with a user interface to test 
a broad variety of signal conditions 
and scene effects may be limited. This 
very dedicated equipment comes at a 
price and perhaps, with limited flex-
ibility to thoroughly test the functional 
parameters of the radar.

Commercial Off-the-Shelf (COTS) 
Test and Measurement Equipment

COTS test and measurement 
equipment is also able to generate 
radar targets, in a similar fashion as 
DRFMs, by RF down conversion, 
baseband digital signal processing and 
RF up conversion.

While an RF signal analyzer and 
RF signal generator are normally used 
stand-alone, the two instruments can 
operate as a radar target generator 
when used together. The radar target 
generator uses the signal analyzer as 
the receiver and the signal generator 
as the transmitter.

A COTS system, as shown in Fig-
ure 4, operates from 100 kHz to 40 
GHz and will process any type of RF 

bandwidth.2 With a 
Doppler shift add-
ed, the spurious-free 
dynamic range de-
pends on additional 
factors and is often 
reduced by dozens 
of dB. Although the 
Doppler frequency 
shift can modulate 
the RF signal, the 
length of the fi-
ber delay (i.e., the 
range) is constant, 
and a realistic mov-
ing target cannot be 
generated.

FODLs have 
several advantages. 
They have constant 
delay versus fre-

quency, are immune to vibration and 
largely resistant to electromagnetic 
interference, and fiber does not radi-
ate energy. Repeatability of simula-
tion, low system cost and time-savings 
are also advantages. Where excellent 
close-in carrier phase noise perfor-
mance is necessary, such as the fixed 
target suppression test, FODLs per-
form very well. However, they cannot 
generate time-variant range-Doppler 
targets, nor do they offer continuous 
range settings or arbitrary signal at-
tenuation and gain.

Digital Radio Frequency Memory 
(DRFM)

DRFMs manipulate the radar sig-
nal digitally, as shown in Figure 3. 
A DRFM down converts, filters and 
digitizes the received RF signal. The 
digital data is stored and/or modified, 
then reconverted to analog and up-
converted to RF using the same local 
oscillator (LO) used for down conver-
sion. Amplification and retransmis-
sion of the RF finalizes the processing 
chain.

The ALQ-165 airborne self-pro-
tection jammer (ASPJ) was one of the 
first DRFMs designed, with develop-
ment beginning in 1979.4 ASPJ ini-
tially covered 0.7 to 18 GHz and later, 
from 1 to 35 GHz. The average cost 
was $1.27 million.5

Technical performance specifica-
tions and the cost of a DRFM are 
rarely available publicly. From what 
information is available, the cost of 
a single DRFM module ranges from 
$150 to $700 thousand, depending on 

ing the radar echo. Other parameters, 
such as the minimum and maximum 
range, the number of targets or test 
scenarios, mainly depend on the signal 
processing performance, architecture 
and baseband processing capabilities 
of the radar target generator.

Today, radar engineers use the fol-
lowing types of radar target generators:

Fiber Optic Delay Lines (FODL)
FODLs have been used for several 

decades to test radar systems, measur-
ing phase noise and simulating repro-
ducible signals for outdoor range test-
ing. These small, relatively flexible, 
and phase-coherent systems convert 
the RF signal to optical, delay it with 
a fiber optic line of a defined length, 
reconvert it to RF and retransmit it to 
the radar (see Figure 2). Some sys-
tems are able to introduce Doppler 
frequency shift.

The phase velocity of an optical sig-
nal in fiber is approximately 5 µs/km, 
and the loss is on the order of 0.5 dB/
km. Hence, the FODL achieve very 
good range spacings, i.e., in the do-
main of picoseconds, when cut prop-
erly. The bandwidth of a FODL is very 
high. With multimode fibers, band-
width is mainly limited by the modal 
dispersion, which is in the range of 
GHz/km. In single-mode fibers, mod-
ulation bandwidth is limited by mate-
rial dispersion and can be 100 GHz/
km for a wavelength with very low 
dispersion.2 Dynamic range is limited 
by quantum noise at low RF and by 
nonlinear processes at high RF,3 de-
creasing linearly with increasing signal 

s Fig. 2  Simplified block diagram of a fiber optical delay line (FODL).
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One advantage of using COTS measuring equipment is 
its exceptional RF performance, which is suitable for ad-
ditional parametric radar tests during research and devel-
opment or production. The flexible and modular approach 
allows the vector signal generator and signal and spectrum 
analyzer to be used in other setups or in a dedicated field 
installation.

cots radar target generator demo
A software defined radar (SDR) using MATLAB® sig-

nal processing can demonstrate the capability of a COTS 
radar target generator. A single target with a range of 2000 
m and velocity of -25 m/sec is created by the radar target 
generator and “detected” by the SDR. The MATLAB® 
graphical user interface (GUI) of the radar (see Figure 5) 
shows the spectrum (top), range-Doppler map (middle) 
and target list (bottom). The spectrum plot shows a single 
local maxima whose power is higher than the constant false 
alarm rate (CFAR) threshold. By measuring the beat fre-
quency, the range and radial velocity are calculated, which 
match the target created by the radar target generator.

The COTS radar target generator can generate up to 20 
targets in different range-Doppler cells. The signal genera-
tor also has multiple RF sources, making it possible to test 
the radar in the presence of interference, such as cellular 
or other services.7 Figure 6 shows the same radar target 
with a second, frequency-modulated continuous-wave sig-
nal. The noise floor is significantly higher. While the ra-
dar echo signal can still be observed visually, the CFAR 

radar signal in this frequency range with up to 160 MHz 
bandwidth. The signal analyzer converts the incoming ra-
dar signal to in-phase and quadrature-phase (I/Q) data. 
The I/Q data is transferred to the baseband input of the 
signal generator, where time delay, Doppler frequency 
shift and attenuation are applied as defined by the user. 
The radar echo signal is then retransmitted to the radar by 
the signal generator.

s Fig. 4  Example of a COTS radar target generator using the 
R&S®SMW200A vector signal generator and R&S®FSW signal and 
spectrum analyzer.
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s Fig. 5  MATLAB® display of a SDR detecting a single target at a 
range of 2000 m and moving at –25 m/s.

s Fig. 6  Display of the SDR detecting the same target in the 
presence of a CW frequency-modulated interfering signal.
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ferences in fidelity in the returned 
echo. Figure 7 shows a Barker-coded 
radar signal at the beginning of the 
measurement and the corresponding 
radar echo signal attenuated about 50 
dB and delayed by 40 µs. The lower 
plot shows the return signal processed 
with the correlation filter. Figure 8 
shows the echo signal processed with 
a different sampling rate, as might oc-
cur in a DRFM. The different signal 
fidelity causes the correlation of the 
echo signal to change fairly dramati-
cally.

conclusion
The reliability expected of radar 

systems is extremely high, which is 
why test and measurement is very im-
portant. This article presented several 
different approaches to using radar 
target generators to test the entire 
radar system, including the antenna, 
transmitter, receiver and signal pro-
cessing. Comparing the technical 
performance and economic factors, 
a perfect balance would bring many 
field tests into the lab and reduce the 
cost of software and hardware testing.

The target generator’s RF perfor-
mance must be better than the per-
formance of the radar and offer a va-
riety of test scenarios. FODLs are still 
used but lack flexibility, for example 

threshold is too high for an automatic 
detection.

In addition to testing the functional 
performance of the radar, the COTS 
target generator can help assess mod-
ern electronic protection measures in 
the radar, such as detecting the pres-
ence of a DRFM used as a jammer. 
An example of the importance of this 
occurred in mid-2014, when several 
aircraft vanished from ATC radar 
screens in Europe, which occurred 
coincidentally with military exercises.8

A phase-modulated radar wave-
form, such as a Barker code, can be 
used to test the performance of the 
radar’s signal processing. The Barker 
code is transmitted and delayed in the 
radar target simulator. The radar has 
a very specific baseband waveform, 
and the radar receiver can detect the 
fidelity of the echo and, using correla-
tion filters, whether the echo is virtual 
or real. An uncorrelated signal might 
result from an ECM system, due to 
resampling at a different rate, a small 
number of effective bits in the ADC, 
phase noise or amplifier distortions in 
the target simulator. Depending on 
the DRFM, the generated echo sig-
nal fidelity will likely be different than 
one from a real target.

The radar processes focused on 
electronic protection can detect dif-

s Fig. 7  Barker-coded radar signal (top), 
showing the echo after 40 µs, correlated echo 
signal (bottom).
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in generating range-Doppler-depen-
dent targets. A DRFM overcomes 
this drawback and offers additional 
options for generating radar echo 
signals. However, DRFMs are dedi-
cated solutions, can be costly and are 
not designed to be as flexible as test 
equipment. COTS test and measure-
ment equipment offers a wide range 
of test solutions, from signal and 
component test and analysis to radar 
target generation. Such equipment is 
modular, multi-purpose and flexible; 
it can be used both as a radar target 
generator and serve other functions in 
a laboratory.

These different radar target gener-
ator approaches each have their own 
advantages, yet all bring parts of the 
field test into the laboratory, reducing 
test complexity and lowering costs. 
They provide repeatability and auto-
mated test capabilities.■
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s Fig. 8  Barker-coded radar signal (top) 
with an uncorrelated echo, representing a 
DRFM return signal created at a different 
sampling rate (bottom).
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