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Abstract

We present the realization of an frequency-modulated continuous-wave radar target simula-
tor, based on a modulated-reflector radar system. The simulator, designed for the 24 GHz fre-
quency band, uses low-cost modulated-reflector nodes and is capable to simultaneously
generate multiple targets in a real-time environment. The realization is based on a modular
approach and thus provides a high scalability of the whole system. It is demonstrated that
the concept is able to simulate multiple artificial targets, located at user-selectable ranges
and even velocities, utilized within a completely static setup. The characterization of the devel-
oped hardware shows that the proposed concept allows to dynamically and precisely adjust the
radar cross-section of each single target within a dynamic range of 50 dB. Additionally, the
provided range-proportional target frequency bandwidth makes the system perfectly suitable
for fast and reliable intermediate frequency-chain calibration of multi-channel radar systems.
Within this paper we demonstrate the application of the concept for a linear sweeped fre-
quency-modulated continuous-wave radar. The presented approach is applicable to any
microwave-based measurement system using frequency differences between transmit- and
receive signals for range- and velocity evaluation, such as (non-)linear sweeped as well as
pure Doppler radar systems.

Introduction

Nowadays, microwave-based systems are becoming more and more available to end-
consumers. One of the most representative example is the integration of radar systems into
vehicles for safety improvement and the upcoming autonomous driving capability. With the
increasing market volume, the demand for a rising degree of automation in industrial fabrica-
tion is necessary, also covering end-of-line tests. The latter is not interesting for quality man-
agement purpose only, but especially for fast and reliable calibration of each single product.
Even if identical parts are used, the sum of component tolerances potentially leads to perform-
ance deviations for every radar system leaving the production site. Especially for the given
example in the automotive sector, where high safety standards have to be met, it is crucial,
that every module operates within its specifications. Thus the calibration of each individual
system and consequently detection of faulty devices is desired. To fully test a radar module
to its maximum operable distances up to several hundred meters, an excessively large and
expensive anechoic chamber would be required. To avoid this, a method to generate artificial
targets at arbitrary distances in a limited-sized but well-defined indoor environment is neces-
sary. Many existing simulator systems have mainly been developed for research purpose with
focus on the signal-processing chain. They are either realized completely in software [1,2] or
utilize FPGAs to emulate the radar system itself within a specific target scenario [3,4].
Concepts for the implementation of simulators, designed to generate artificial targets for a
real radar system in the radio frequency (RF) domain as hardware-in-the-loop approach
have been presented in [5,6] and commercially available systems can be found by e.g.
Keysight with the E8707A [7] or Rohde & Schwarz with the ARTS9510. There, the signal
impinging at the simulator is downconverted and altered according to the desired target para-
meters in the analog or digital domain by usage of phase-shifters, coaxial, or optical delay lines
as well as attenuators and amplifiers. After upconversion, the resulting modified replica of the
received signal is retransmitted to the radar system under test. Besides high expenses of the
necessary components, a major drawback is that often only up to two artificial targets can
be generated. As stated in [8], the necessity of reliable and precise calibration is also a dom-
inant topic in the domain of mobile communication, especially for the upcoming 5G technol-
ogy with MIMO transceiver arrays. Because of the necessary amount of hardware, the
mentioned solutions consists of bulky and thus less mobile equipment combinations. Hence
a possibility to enable an angle-of-arrival (AoA) evaluation can be done by mounting the
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radar system under test on a rotatable platform. Nevertheless the
capability to simultaneously generate multiple targets under dif-
ferent angles is limited without a full simulator setup for each tar-
get. In the present work, a novel concept for the realization of an
frequency-modulated continuous-wave (FMCW) radar target
simulator (RTS) is presented, capable to generate multiple inde-
pendent targets at user-selectable distances, and with different
radar cross-section (RCS), velocities, and especially angles relative
to the radar system to close this gap. Because of the capability of
the system to simultaneously generate multiple targets at different
angles, it is a valuable addition to the existing target simulators
with focus on a cost-efficient implementation of high-volume
end-of-line calibration procedure of different radar modules.
While the concept does not directly influence the round-trip
delay-time (RTDT) τ it is nevertheless capable to fulfill the
main requirements for this tasks. This contribution is an extended
version of [9]. Compared with this, additional realizations of the
developed hardware for the RTS are presented and a novel mode
of operation is introduced. This mode vastly increases the overall
dynamic range of the selectable RCS from 20 to 50 dB. Therefore
the demand for proper generation of distant targets as well as
close targets with low RCS can be met. In addition, methods to
increase the number of simultaneously producible virtual targets
are shown and a more in-depth characterization of the necessary
hardware components is presented.

Simulator basics

The presented RTS is based on the measurement approach of the
modulated-reflector radar (MRR) [10]. The underlying concept is
an extension of the conventional FMCW radar system, using lin-
ear frequency-sweeps to determine the distance to objects in the
path of the transmitted electromagnetic wave [11]. The MRR is
designed to estimate the distance to multiple modulated-reflector
nodes (MRN), which are mounted on the objects of interest.
These objects then can easily be located and tracked by the
MRR. The principle of operation can be described by the sche-
matic in Fig. 1. The radar frontend (FE) transmits a frequency
chirp sTX, which impinges at the reflector after half of the
RTDT τ. For simplicity and to cover the possible modulation
methods the core of the reflector is modeled as ideal mixer, multi-
plying the incoming signal with its own modulation signal smod

and retransmits the result back to the FE. This modulation signal
itself is modeled using the magnitude Amod, frequency fmod, and
initial phase w0,mod. The received signal sRX is down converted
with sLO, filtered to remove aliases, amplified, sampled, and fed
to the base band stage for subsequent signal processing. The
detailed derivation of the signal model can be found in [9]. The

resulting intermediate frequency (IF) signal sMRR consists of two
dominant spectral components

s+MRR,m t( ) = Acos(2p kswt+ fmod
( )

t+
+ 2pf0t+ w0,r + w0,mod + wj,m),

(1)

s−MRR,m t( ) = Acos 2p −kswt+ fmod
( )

t−(
−2pf0t− w0,r + w0,mod − wj,m

) (2)

where the magnitude is defined by A = A2
TXdr/4. Here, ATX is the

transmit (TX) power of the originally transmitted signal from the
basestation and dr the damping factor caused by the RCS sr of
the MRN and the free-space loss due to the distance R. The mag-
nitude of the modulation signal Amod is also included in dr, as well
as the gain of the downconversion mixer and the used IF ampli-
fiers. The constant phase shift w0,r is caused by the mechanical
setup of the unmodulated MRN with w0,mod = 0 and thus is simi-
lar to the phase shift w0 of a passive target. Further used para-
meters are the ramp-slope ksw = Bsw/Tsw, that is calculated
with the bandwidth Bsw as difference between start- and stop
frequency of the chirps f0 and f1, respectively, and the ramp-
duration Tsw. Under the assumption of a multi-channel FE with
m = 1 . . .M receive (RX) channels, the value wj,m is used to
describe the phase offset of each channel to a reference channel.
In Fig. 2, an exemplary spectrum of the MRR signals of a single
RX channel is depicted. Here, the spectral components caused
by two MRNs, separated by different modulation frequencies
fmod,1 and fmod,2 and at different distances to the radar base station
proportional to the RTDTs t1 and t2 are shown. The frequency
components from (2.1) with f +MRR,i = kswti + fmod,i and (2.2)
with f −MRR,i = −kswti + fmod,i are centered at the modulation fre-
quency fmod,i, where i = 1 . . . 2 is used as index for the corre-
sponding MRN

As the purpose of the RTS system presented in this paper, is to
simulate arbitrary targets with well defined properties, it is neces-
sary to compare interesting parameters from the MRR and a con-
ventional FMCW radar system. The IF signal of the latter one can
be written as

sconv,m t( ) = A2
TX

2
dcos 2pkswtt + 2pf0t+ w0 + wj,m

( ) (3)

with δ as damping factor and w0 as phase shift caused by the pas-
sive targets. For simplicity we focus on s+MRR(t) and use (1) for the
comparison. The findings, separated into terms of frequency,
phase, and magnitude, are summarized in Table 1.

Fig. 1. Schematic representation of the modulated reflector radar. On the left, a
24 GHz frontend of the radar module is sketched, where components in the gray
box are in the focus of conducted calibration measurements. On the right, a modu-
lated reflector node is depicted.

Fig. 2. Spectral domain representation of the MRR caused by two MRNs with different
modulation frequencies and different distances.
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MRN design and characterization

Before it is described how artificial targets are generated, a brief
overview of the design and operational principle of the MRN is
given.

MRN basics

A basic concept of the MRN hardware is that the modulation sig-
nal can be generated by a rectangular sequence with modulation
frequency fmod. Thus, the core component of the reflector node
is a switch, realized by a low-cost PIN-diode, as depicted in
Fig. 3. The PIN-diode is used as active element in a reflective
phase shifter. In its on-state, the RF power can pass the diode
and is reflected at the end of a mushroom-shaped stub, whereas
in the off-state the point of reflection is at the diode’s cathode.
Due to the defined stub-length of l/4 with λ as the wavelength
of the electromagnetic wave at the center frequency
fc = 24.125GHz, a phase shift of △wMRN = 180o can be realized.
Although the modulation is reduced to a pure phase-modulation
scheme, the signal model in the Section “Simulator basics” is still
valid, because of its representation as analytical signal. Thus, the
phase modulation can be converted into the amplitude-like
modulation resulting in the given signal model. The behavior of
the phase shifter concerning the gain GMRN and phase wMRN
over the applied voltage has been characterized with a network
analyzer and is depicted in Fig. 4. The switching threshold
between on- and off states is 1130 mV. Note that there is a gain-
deviation between on- and off states. Therefore it is preferable to
select switching voltages at points of equal magnitudes to avoid
additional amplitude-modulation effects. Furthermore, the transi-
tion region can be used to actively adjust the attenuation of the
reflector in the simulator setup, while nearly maintaining the
desired phase shift of △wMRN = 180o. A more detailed character-
ization of the frequency behavior is depicted in the Smith-chart
given in Fig. 5. In blue, the course of the reflection coefficient
within the 24 GHz band, ranging from f0 = 24GHz to
f 1 = 24.25GHz by variation of the applied voltage at the diode
can be seen. The colored lines are examples of the behavior at
fixed voltages over frequency.

Enhanced MRN

Besides the single-antenna reflector, as depicted in Fig. 3, a multi-
antenna reflector using two of these switching-cores can be
assembled. The setup of this reflector core is depicted in Fig. 6.
By using an additional 3-dB 90o-hybrid coupler, a bidirectional
phase-shifting circuitry is realized as it can be found in [12]. In
normal operation mode, the two phase shifters are modulated
with the same signal smod,A = smod,B = smod. This enhanced
switching-core is additionally combined with a retro-directive
Van Atta antenna array [13] as it is also used in [14] to extend
the readout range of passive SAW tags. While this Van Atta
MRN (VAMRN) works identical to the single-antenna MRN, it
retransmits the received and modulated signal into the initial dir-
ection of arrival. Thus, its major advantages are given by an
improved multipath suppression and increased operable range.
The results of the performed measurements for the characteriza-
tion of the VAMRN switching-core are depicted in Figs 7 and 8.
In contrast to the characterization of the single MRN, the gain is
determined by the insertion gain represented by the relation of
the input power at port P1 and the corresponding output power
at the second port P2. Several applications require the usage of
semi-passive reflector tag systems, that are constructed with the
focus of a low-power consumption and thus can be powered
from battery. In other applications, this is a less important
requirement, and thus active reflector nodes can be used. This
kind of reflector does not only retransmit the modulated impin-
ging signal back to the sender, but it is also capable to amplify
the signal, resulting in higher operable ranges. Especially in scen-
arios where some of the MRNs are operating as static anchor
points within the area of interest and thus are placed at fixed loca-
tions, it is suitable that these tags are connected to a central power
supply. The design of the VAMRN can easily be modified by

Table 1. Comparison of signal components

conv. FMCW sconv(t) MRR RTS s+MRR(t)

f kswt kswt+ fmod

w 2pf0t+ w0 + wj,m 2pf0t+ w0,r + w0,mod + wj,m

A A2TXd/2 A2TXdr/4

Fig. 3. The core component of the MRN is a reflective phase shifter, realized with a
single PIN-diode, depicted in (a) and (b). In (c) the front side of a reflector with one
possible antenna configuration is shown.

Fig. 4. Magnitude (blue) and phase (red) of the gain of the reflective phase shifter by
variation of the voltage, applied to the diode at fc = 24.125 GHz.

Fig. 5. The Smith-chart shows selected courses of the reflection coefficient of the
reflective phase shifter by variation of the applied voltage and frequency.
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inserting an optional power amplifier (PA), as it is indicated in
Fig. 6.

Target generation

In the following, it is discussed how a MRN can be used to simu-
late a radar target defined by the parameters of the conventional
FMCW radar in Table 1. In general, the characterization of a
radar system as device under test (DUT) is performed in specially
prepared anechoic chambers. Thus, it can be assumed, that the
true location of the static MRNs relative to the DUT, and thus
τ is well-known.

Distance

The term kswt in (1) denotes the base band frequency corre-
sponding to the true distance between the radar FE and a target
or MRN, respectively. As it can be seen, the IF frequency is shifted
due to fmod, thus a virtual target at the RTDT tsim can be gener-
ated by setting

fmod = ksw tsim − t( ). (4)

As discussed in the Section “Simulator basics”, a second target
occurs for every MRN. As this characteristic of the system is
known and the position of this second target can also be calcu-
lated it is possible to ignore this part of the signal.

Radar cross section

Another parameter, that can be influenced, is the simulated RCS
σ, relating the incident and reflected power at an object. For the
RTS system in this work, the reflected power directly depends
on the gain of the antennas Gant,r and the attenuation Gr of the
MRN, see Fig. 4. As the same antenna is used for reception and

transmission of the incident signal, Gant,r has to be taken into
account twice. Referring to [15], the RCS of such a reflector can

be calculated with sr = G2
ant,rGMRN

l2

4p
. The reference value of

the RCS is defined by the antenna gain. Furthermore, it can be
tuned electronically by altering the attenuation GMRN. Referring
to the findings given in Figs 4 and 7, this can be accomplished
by proper selection of the MRN modulation signal’s on- and off
voltages, resulting in a dynamic range of the RCS of about
20 dB. However, the figures also state that an accurate RCS setting
can be a demanding task for high attenuation values in the regions
close to the on–off threshold level. Thus an additional approach
applicable to the VAMRN modules is presented in the following,
taking advantage of the two switching circuits. In normal oper-
ation, these phase-shifting circuits are controlled using identical
modulation signals, originating from a single source, and thus giv-
ing identical switching behavior according to the magnitude, fre-
quency, and phase. In general, these phase shifters can be driven
by independent signals. In the present case, two modulation signals
with identical frequency and magnitude but with an additional
phase offset Dw0,VAMRN = w0,mod,B − w0,mod,A are generated. The
VAMRN can be modeled as the superposition of two MRNs at
the same location, and thus the signal model of (1), only has to
be modified slightly, leading to

s+VAMRN t( ) = A
2
cos 2pfMRRt + wMRR

( )

+ A
2
cos 2pfMRRt

(

+wMRR + Dw0,VAMRN

)
.

(5)

Here, the substitutions fMRR = kswt+ fmod and wMRR = 2pf0t+
w0,r + w0,mod have been used and the angle-dependent value m
has been ignored. The prerequisite, that the signal magnitudes are
splitted equally among both single phase shifters is fulfilled by the
symmetric design of the reflector node. For simplicity we focus
on s+VAMRN(t) only, the result for s−VAMRN(t) can be derived in the
same way. Using trigonometric identities for the superposition of
cosine-terms to transform the phase shift to a scaling of the signal
amplitude [16], equation (5) can be represented by a single cosine as

s+VAMRN t( ) =
���������������������������
A
2

2

1+ cos Dw0,VAMRN

( )[ ]√

cos 2pfMRRt + w0,VAMRN

( )
,

(6)

Fig. 6. The schematic setup of the VAMRN, using two MRN phase shifters is depicted
in (a). In (b) a photography of the realized hardware with the connections to the
antennas on the left side is shown.

Fig. 7. Magnitude (blue) and phase (red) of the gain of the VAMRN phase-shifting
core, determined at fc.

Fig. 8. The Smith-chart of the VAMRN shows similar courses of the reflection coeffi-
cient compared with the single-MRN core.
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where constant phase terms are summarized by w0,VAMRN. In Fig. 9,
the slope of a simulated attenuation with a reference level at 0 dB is
compared with measurement results. The coarse attenuation is
defined by the selected on- and off voltages, marked by the dotted
lines in Fig. 7. As expected, the attenuation rises with increasing
phase difference due to the destructive overlapping of the phase
shifted cosines. In the bottom of the same figure, the difference
between the theoretical and measured gain-values is depicted.
The outcome states the capability to precisely set the reflected
power, and thus the desired RCS of the artificial target by setting
the phase difference Dw0,VAMRN between the two participating
switching-cores of the VAMRN. Additionally, this approach
vastly increases the effective dynamic range of the reflected power
up to 50 dB, and thus enables the simulator system to either pre-
cisely generate targets at long ranges and close targets with small
RCS.

Phase/velocity

To set the phase of the artificial targets a possibility to set
w0 = w0,r + w0,mod is necessary. While w0,r is constant due to
the mechanical setup of the MRN the variable w0,mod has to be
set accordingly. This is feasible, when the start of the modulation
can be synchronized with the start of the ramp of the DUT, but in
general this option is not available. However, the concept is cap-
able to simulate a dynamic scenario necessary for range Doppler
(RD) evaluations, where the phase response over Nsweeps consecu-
tive FMCW-chirps is used to extract the velocity information. The
necessary phase shift Dw0,mod = w0,mod,n − w0,mod,n−1 between
the chirps can be generated by appropriate selection of the modu-
lation frequency fmod in dependency of the sweep cycle’s period
Tp as it can be seen in Fig. 10 and can be set by

fmod = vdoppler
2f0
c0

. (7)

While, in general, the simulated target range and velocity can
be set independently, the entanglement of (4) and (7), gives the
opportunity to define a set of combined distance-velocity combi-
nations depending on the ramp parameters.

Angle-of-arrival

As another feature, the MRR is capable of performing AoA signal
processing by evaluating the phase differences of the impinging
wave at the receive channels. To achieve precise angular estimates,
it is necessary to determine the initial phase offsets wa, caused by
different electrical lengths of the on-board RF lines for each
multi-channel FE. The fact that every MRN generates two peaks
in the spectrum gives the capability to obtain this offset twice
for each calibration measurement, from (1) and (2).

Multi-target generation

Until now it has been derived, how a single reflector node can be
used to generate artificial targets depending on the modulation
frequency fmod and the true distance between the radar system
and the node. It has to be noted that it is also possible to generate
multiple targets using a single MRN. This is especially interesting
in scenarios where multiple targets in a row but at the same angle
relative to the radar system have to be created. This task can be
accomplished by substituting the single-tone modulation signal
smod(t) = Amodcos(2pfmodt + w0,mod) by a signal composed by
the superposition of p = 1 . . . P modulation signals leading to

smod,
∑ t( ) =

∑P
p=1

smod,p t( )

=
∑P
p=1

Amod,pcos 2pfmod,pt + w0,mod,p

( )
.

(8)

The available signal power is distributed among the different spec-
tral components in this mode. Thus, the simulated RCS of each tar-
get is dependent on the number of the targets to be generated and
the magnitude of the corresponding signal magnitude defined by
Amod,p. In Fig. 11, an exemplary spectrum from measurements
using a single reflector is depicted. In blue, the measurement
shows the double-peaks in case of a single modulation frequency.
In contrast to this the red and green curves represents the impact
when a second and third modulation frequency is applied to a sin-
gle MRN. The magnitudes have been set for a equal power distri-
bution by Amod,1 = Amod,2 = Amod,3. The multi-target generation
is for instance suitable to reduce the speed for aquiring the calibra-
tion data over the whole IF-bandwidth, as for each single measure-
ment multiple spectral components can be evaluated.

Measurement setup and results

In this section, two practically important aspects of the RTS are
demonstrated. First, the characterization of a radar station is

Fig. 9. The top figure shows different measured slopes for the attenuation approach
taking advantage of the VAMRNs dual phase-shifting circuity. In the bottom, the dif-
ference between the simulated and measured slopes is depicted stating only minimal
error values over a wide range.

Fig. 10. RD interrogation sweep sequence with corresponding phase of modulation
signal.
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shown, secondly, different target configurations are investigated.
Therefore a 24-GHz multi-channel radar system, based on
Analog Devices ADF5904 receivers and a ADF5901 transmitter,
generating a TX power of 20 dBm EIRP, is used. The base band
stage is digitized by an AD8283 analog-to-digital converter
(ADC) that integrates configurable amplifiers and low-pass filters.
As depicted in Fig. 12, a host-PC is used to control the DUT, col-
lect the measurement data and, to configure a signal source for
generating the arbitrary modulation signals. These signals are
then fed to the i = 1 . . . I MRNs. The used parameters of the sys-
tem are summarized in Table 2.

MRN characterization

Prior to the final RTS measurements, a characterization to inves-
tigate the impact of different modulation frequencies and signal
shapes has been conducted. An important factor is the depend-
ency of the reflected power from the modulation frequency fmod

to ensure, that the desired RCS can precisely be defined. In an
ideal setup, the RCS would be constant for every fmod and only
influenced by the on- and off-voltages or phase shifts as described
in the Section “Radar cross section”. A further parameter of inter-
est is the suppression of higher order harmonics caused by the
modulation signal. Besides the presence of the virtual targets
caused by the fundamental wave defined by fmod, additional
unwanted targets can be found at the corresponding harmonic
frequencies. The occurrence of these unwanted targets should
be limited to a minimum to avoid a possible impact to the wanted
virtual targets. The measurements have been conducted using a
24-GHz signal source to generate a well-defined reference

RF-signal that is fed to a basic MRN switch. A spectrum analyzer
then is used to determine the magnitudes of the fundamental,
second, and third order harmonics of the modulation frequencies
ranging from 0.1 to 100MHz with an increment of 0.1MHz. In
Fig. 13, the normalized results of the conducted measurements
using a rectangular, a sinusoidal, and a signal generated by the
usage of a DS-modulator [17] are depicted. The DS-modulator
is also used to emulate a sinusoidal signal. Up to a frequency of
about 28MHz the measured slope of the fundamental frequency
is completely constant with a deviation of the magnitude well
below 0.35 dB at the highest frequency. This states the possibility
to operate the MRN-based RTS up to this frequency without the
necessity of any further compensation. For higher frequencies the
achieved reflected power of the fundamental frequency decreases
in a smooth manner, so that for a high-precision magnitude cali-
bration of this region, a compensation using look-up tables is
applicable. A crucial result can be found in the comparison of
the signal shapes. While the rectangular waveform offers a very
good suppression of the second-order harmonic it lacks at the
low suppression of about only 10 dB for the third-order har-
monic. To reduce this effect a sinusoidal waveform has been
applied resulting in a significantly better performance at the sup-
pression. Depending on the available signal sources used for the
generation of the modulation signal a complete digital approach
is to use a DS-modulator. Using this method the sinusoidal signal
can be reshaped by fast switching between two fixed voltage levels,
while a similar performance as for the pure sinusoidal modulation
is achieved. In general, this characterization states the capability of
the RTS to also be used with fast-ramping FMCW radar systems,
where high IF signal components have to be expected.

Target generation

In a first measurement setup, the principle capability to simultan-
eously generate multiple independent targets with different RCS,
locations, and velocities is demonstrated. Therefore, four MRNs
are mounted as depicted in Fig. 12 and set to emulate targets
with different parameters. To limit the overhead of controlling
the measurement and signal generation equipment, identical
basic MRNs, fed with a basic rectangular modulation signal
were used. Because of the superior suppression of the

Fig. 11. Spectrum of a multi-target measurement setup using a single MRN supplied
by up to three simultaneously modulation frequencies.

Fig. 12. A setup of the presented RTS for a measurement with four MRNs.

Table 2. System parameter set of the DUT

Bandwidth Bsw 700 MHz Sampling rate fs 20 MS/s, 5 MS/s

Start frequency f0 23.6 GHz Ramp length Tsw 2.24 ms

Fig. 13. Comparison of the normalized slope of the fundamental, second-, and
third-order harmonics caused by different modulation signals.
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second-order harmonic, this also allows one to use closely spaced
low-frequency modulation signals, beneficial for the visualization
of the measurement outcomes. These rectangular modulation sig-
nals are generated by two-channel arbitrary waveform generators
33 520 from Keysight. The results are summarized in Fig. 14. To
evaluate the accuracy the system can achieve for the simulation of
various ranges, a conventional calibration of the radar module
with a corner reflector has been conducted to eliminate the bias
of the range. On the top, the IF spectrum of the scenario is
depicted where each MRN can be clearly identified by the charac-
teristic double-peaks centered at fmod. The displayed values of the
RCS are outcomes from simulations and in very good agreement
with the measured values. In Table 3, the comparison between the
true and measured distance compared with the aimed simulated
distance can be found. There is a deviation of about 15mm for
each MRN, that can be explained by the phase-shifting circuitry
and feeding lines of the MRN itself, that have not considered at
the calibration procedure. To display the AoA plot in the lower
left corner a phase-calibration was performed for s+MRR,m. The cor-
responding peaks can easily be identified while the signal power of
s−MRR,m is spread in the slant-range domain leading to a suppression
of these components. This is because the applied calibration has an
inverse, defocusing effect on s−MRR,m. An exemplary RD map of the
scenario is depicted in the lower right corner.

IF-Chain characterization

In conventional radar unit characterization, static or moving cor-
ner reflectors are used to simulate target returns. If performed
indoors the coverable range and thus testable IF bandwidth is lim-
ited to a few tens of meters or even less. In contrast to this, the
RTS approach is capable of covering the full radial range by simu-
lating any desired target distance, simply by the digitally con-
trolled modulation frequency. The major purpose of the
presented system is to seamlessly characterize the receivers trans-
fer function across the total bandwidth of interest, including
mixer, low-pass filters, and amplifiers. In a first setup, a single
MRN was placed at a distance of 2 m directly in front of the

radar unit. The modulation frequency was swept up to 10 MHz,
virtually covering a range of 420 m and thus the full available
bandwidth limited by the sampling rate of the ADC with
fs = 20MS/s. Because of the charateristic of the used ADC,
only a single channel could be measured. Additionally, the RCS
has been varied using the voltage levels depicted in Fig. 4 by
the dotted lines. This measurement has been performed for two
different cut-off frequencies fLP of the anti-aliasing lowpass. The
outcome of this characterization is depicted on the top of
Fig. 15, where 128 single measurements have been used for aver-
aging. It clearly shows the impact of the different filter settings.
The additional loss introduced by the limited mixers IF band-
width and involved filters can be seen, especially for the wide-
band filter. Furthermore, the results of the simulated variation
of the RCS indicate a dynamic range of about 20 dB for the coarse
tune setup modifying the on- and off voltages. In a second meas-
urement run the sampling rate of the ADC has been reduced to
fs = 5MS/s and thus enables the system to sample four receive
channels simultaneously. The integrated filters have been chosen
accordingly to match the new sampling rate. Hence, the lower
plots show the difference of the measured amplitudes and phase
offsets between the channels. It can be seen that there is a devi-
ation of up to 3 dB and large phase offset between the channels.
This result shows that even although the channels are using iden-
tical RF- and IF-chains, non-negligible deviations at the estima-
tion of a targets magnitude can be present. The results obtained
here can directly be used as calibration data for the radar system.
This is especially interesting for determination of the frequency-
dependent I/Q phase- and amplitude-imbalance of complex
receiver realizations.

Fig. 14. The spectrum, AoA, and RD map of a dynamic scenario is depicted. The RCS
values are dependent on the simulated target distance and GMRN.

Table 3. True, simulated and measured MRN distances

MRN #1 #2 #3 #4

fmod (kHz) 1095 1395 750 550

Rtrue (m) 2.130 2.016 2.016 2.130

Rmod (m) 52.560 66.960 36.000 26.400

Rsim (m) 54.690 68.976 38.016 28.530

Rmeas (m) 54.705 68.990 38.030 28.544

Fig. 15. On the top, the normalized magnitude over frequency with variation of the
desired RCS and different anti-aliasing filter settings for a single channel is depicted.
The difference of magnitude and phase between the channels for a constant RCS is
shown in the bottom.
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Comparison and limitations

The simulator at hand can generate multiple independent targets
in general, but it has to be noted that some conditions have to be
considered. The most obvious condition is the occurence of the
second peak and thus an additional but in most cases unwanted
target for each modulation frequency. The presented system can
be used to generate a completely arbitrary dynamic scenario but
it has to be taken care of, that the signal processing of the radar
system under test can be configured to ignore these unwanted tar-
gets. One way to encounter the double-peak situation is to use a
second MRN switching circuitry and create a single-sideband
modulation. First simulation and measurements underline the
functionality of this concept, but further investigations and vali-
dations have to be done, which are out of the focus of this work.

For comparison of the presented system with the existing RTS
[7], Table 4 gives a brief overview of several key features. The
major advantage of the system at hand is its easy extendibility
concerning multiple targets at different angles at very low costs.
This eliminates the necessity for a mechanical movement, e.g.
by a rotating table of the system and thus enabling a fast and sim-
ultaneous aquisition of calibration data for the complete
IF-bandwidth as well as multiple angles in a single static setup.

Conclusion

In this paper, we presented the successful implementation of a
novel RTS concept, based on the MRR. This approach is highly
scalable, as every desired artificial target can be generated by a sin-
gle, low-cost MRN. It gives the ability to nearly seamless and
independently set distance, RCS and velocity of multiple targets
in accordance with the selected parameters of the radar system
under test. A wide selection of low-frequency and high quality
signal-sources – necessary for the generation of the modulation
signals – is commercially available for reasonable prices, giving
the possibility to choose the right setup for the calibration and
testing procedure. The modular setup enables fast simulation of

targets at different angles to evaluate the angle-of-arrival capabil-
ity of the tested radar. The system is applicable for CW and
FMCW radar system characterization in an well defined indoor
environment as necessary for an automated end-of-line test on
a production site. Besides the generation of an arbitrary multi-
target scenario, the key achievement is a fast characterization of
the complete IF bandwidth, including magnitude and phase-
difference for each channel. Thus a complete set of calibration
data can be obtained in several seconds, demonstrating the future-
readiness of the concept concerning high-volume, end-of-line
radar system test applications.
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