
Multi Target Simulator for Automotive Radar Sensors with Unknown Chirp-Sequence
Modulation

Pirmin Schoeder, Benedikt Schweizer, Alexander Grathwohl, and Christian Waldschmidt

© 2021 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or
future media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for

resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.
DOI: 10.1109/LMWC.2021.3088882



IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS 1

Multi Target Simulator for Automotive Radar
Sensors with Unknown Chirp-Sequence Modulation

Pirmin Schoeder, Graduate Student Member, IEEE, Benedikt Schweizer, Graduate Student Member, IEEE,
Alexander Grathwohl, Graduate Student Member, IEEE, and Christian Waldschmidt, Senior Member, IEEE

Abstract—In order to test and verify radar based systems
for advanced driver assistance systems (ADAS), radar target
simulators offer a test environment for reproducible dynamic
automotive scenarios. This article presents a system capable of
generating multiple targets with individual ranges and velocities
for chirp-sequence frequency modulated continuous waveform
(CS-FMCW) radars. The novel approach allows to generate
targets without prior knowledge about the radar sensor by
estimating the radar’s waveform parameters. The proposed
simulator offers high flexibility at low costs by performing the
estimation on undersampled data. Finally, an automotive scenario
of a spacially extended target is simulated for a radar sensor with
the proposed system.

Index Terms—automotive radar, chirp estimation, chirp-
sequence, FMCW radar, radar target simulator.

I. INTRODUCTION

The shift towards autonomous driving in the automotive
industry creates the need for accurate and robust sensors to
perceive precisely the surrounding environment of the vehicle.
Radar sensors are therefore used to detect obstacles and other
road users [1], [2]. The verification and characterization of
increasingly complex ADAS, used to fulfill the high demands
for autonomous functionality, is crucial. For validating and
testing new features and radar systems, reproducible and flex-
ible test scenarios are required. Radar target simulators offer
a controllable environment for this set of requirements. To
create realistic scenarios, a target simulator should be able to
simulate several targets with individual ranges and velocities.
Different architectures for the simulation of radar targets with
variable range exist. The signal can be delayed digitally [3]
[4] or by transmission lines [5] [6]. The combination of analog
and digital delays has also been proposed [7]. Those systems
realize the velocities of the targets by a frequency shift of
the radar signal. A more flexible architecture, which is used
for this target simulator as well, is a purely modulation-based
simulator [8]–[11].
CS-FMCW radars allow the generation of ranges and veloc-
ities via modulation, since the evaluation of the time delay
in the channel is measured indirectly via a frequency shift
instead of measuring the time delay of the channel directly.
The advantage of modulating the transmit signal, compared to
delaying it, is that the amount of unique targets with given
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Fig. 1. Block diagram of the proposed system. The parameters of the chirp-
sequence waveform are depicted in the upper left corner.

range and velocity is not limited by the system architecture.
While a true time delay has to be realized digitally or via
a transmission line for each individual range, modulating
the superposition of multiple individual monofrequent target
signals does not increase the system complexity [9], [10].
Additionally, ranges that are closer to the radar than the
simulator itself can be created, whereas a negative time delay
is non-causal and therefore impossible to be realized by
delay-based architectures. To determine the required frequency
of the modulating signal, the knowledge of the modulation
parameters of the radar is needed, namely the slope of the
frequency ramp S and the ramp repetition frequency 1/TC.
Compared to [8]–[10], where the modulation parameters were
regarded as known, the presented target simulator is inde-
pendent of a priori information, as the modulation parameters
are estimated based on the first transmitted frequency ramps.
In section II, the system concept is introduced, afterwards
in section III the parameter estimation process is described.
Lastly in section IV measurement results are presented.

II. SYSTEM CONCEPT

The CS-FMCW waveform and the block diagram of the
system is shown in Fig. 1. The system, consisting of the
modulator and the estimator, is described in the following.

A. Modulator
The modulator’s task is the generation of radar targets. In

order to generate a target the transmit signal of the radar
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is received by an antenna, modulated by the mixer, and
transmitted back to the radar. The transmit signal of the radar
is modulated by an IQ-mixer in the RF domain. Amplifiers
compensate for losses of the mixer and increase the amplitude
for simulated targets with a high radar cross section (RCS).
The synthesizer calculates the frequency fmod,k for all K
targets, and synthesizes the sinusodial waveforms smod,k.
The modulating signal, consisting out of the superimposed
sinusodials, is generated with a digital-to-analog converter
(DAC). Since the synthesis of the modulating signal is done
in the digital domain, the RCS of the individual targets can be
adjusted by a proportional factor. As shown in [10], a target
with the Doppler shift fD and the distance R can be generated
by modulating the carrier of the radar chirp with a frequency
fmod of

fmod =
1

TC

⌊
2RSTC

c0

⌉
+ fD , (1)

where ⌊·⌉ denotes rounding to the nearest integer, S is the
slope of the frequency ramp, and TC is the chirp repetition
period. Therefore, the estimator needs to estimate TC and S.

B. Estimator
The estimator converts the transmit signal of the radar into

the complex baseband by IQ-mixing. After lowpass filtering
the transmit signal of the radar is sampled. Finally, the ramp
slope and the ramp repetition frequency are estimated. Since
the absolute bandwidth B of a radar can be higher than 1GHz
to achieve a sufficient range resolution, sampling the entire
bandwidth with the Nyquist rate would require analog-to-
digital converters (ADC) with high sampling rates, leading
to high hardware costs. To reduce the costs the estimation
is performed on undersampled data. Therefore, the lowpass
filter of the estimator does not act as an antialiasing filter,
but its purpose is to reject unwanted products of the mixing
stage and to filter out out-of-band noise. To further decrease
the computational complexity, a trigger is implemented in
field programmable gate array (FPGA) hardware that is able
to detect whether a chirp was received. Only if the trigger
detects a frequency ramp, the samples are saved in the system
memory, and the estimation is performed in software with
digital signal processing (DSP). Once the estimation is carried
out, the modulation frequencies fmod,k can be updated.

III. SIGNAL MODEL

A. Slope Extraction and Estimation
A frequency ramp sampled by the ADC of the estimator

with a sampling rate of fs can be modelled as a time-discrete
complex chirp in the form

x(n) = A exp

(
j2π

(
S

2f2
s

n+ f0

)
n+ ϕ0

)
+ ϵ(n) , (2)

where ϵ(n) is complex white gaussian noise with zero mean.
The time-discrete samples are denoted as n. Following the
scheme presented in [12], the estimated slope Ŝ (n) of the
chirp can be extracted via

2πŜ(n)

f2
s

= arg
(
x(n)x∗(n− 1)x∗(n− 1)x(n− 2)

)
. (3)

Multiplying the chirp with a time shifted version of itself leads
to a compression. The maximum frequency slope is therefore
restricted by the Nyquist limit of the sampling frequency:

Smax
1

fs
≤ fs

2
⇒ Smax ≤ f2

s

2
. (4)

Because the chirp sequence waveform employs two chirps,
the up- and downramp, and the possiblity of having a higher
bandwidth than the lowpass filter of the estimator permits, the
time samples of the up-ramp, used by the radar for the data
aquisition, need to be extracted first. Once the chirp exceeds
the analog bandwidth and noise dominates x(n), taking the
argument in (3) will create uncorrelated, uniformly distributed
noise in the interval [−π, π). Thus, the presence of a chirp
can be detected by a low variance.

B. Chirp Repetition Period

The repetition period of the CS-FMCW waveform TC can
be estimated via the autocorrelation function (ACF). Since
a constant starting point of the chirps cannot be guaranteed,
the ACF of x(n) will not yield reliable results, because the
starting frequency f0 in (2) can vary strongly due to the
undersampling. However, the frequency modulation xFM

xFM(n) = x(n)x∗(n− 1) (5)

is independent of the starting phase of the chirps, and f0 of
the chirp turns into a phase offset, leading to reliable results.
The unbiased ACF of xFM is defined as

Ψzz(m) =
1

N − |m|
N∑

n

xFM(n)xFM
∗(n−m) . (6)

The number of samples between two distinct local maxima
yields the information of the chirp repetition period TC.

C. Estimation Error Analysis

The estimation of the chirp repetition rate f̂C will have an
error of ∆fC compared to the true value:

f̂C = fC +∆fC . (7)

As can be seen in (1), the range of a target is created by the
undersampling of fmod with fC by the factor of Nus:

Nus =

⌊
2RŜ

c0f̂C

⌉
. (8)

Because Nus is multiplied with f̂C to create a target at range R
with a velocity of zero, the velocity error due to an estimation
error in f̂C will create an error in velocity:

fmod,v=0 = Nusf̂C = NusfC +Nus∆fC . (9)

If the velocity error ∆v should be lower than ∆vmax, the error
of the estimation should fulfill

|∆fC| ≤
2f0

c0Nus
∆vmax <

2f0
4RmaxB

∆vmax (10)

assuming that Tdown < Tup.
As can be seen from (8), the error in range also scales with the
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Fig. 2. Real part of the sampled signal (top), sliding mean (second) and
normalized sliding variance (third) of the extracted slope, and the integrated
slope within the bandwith of the system (bottom).

simulated range and the estimation error ∆S (Ŝ=S+∆S). If
the maximum range error ∆Rmax should be smaller than the
range resolution, the relative estimation error has to satisfy

∣∣∣∣
∆Rmax

Rmax

∣∣∣∣ =
∣∣∣∣
∆S

S

∣∣∣∣ ≤
c0

2BRmax
. (11)

IV. MEASUREMENTS

For evaluating the performance of the proposed system,
measurements on a CS-FMCW radar were performed. The
bandwidth of the radar is 1.8GHz between 77.2GHz and
79GHz with an upramp time Tup=50.025 µs and a downramp
time Tdown=20.025 µs, resulting in a chirp repetiton period
TC=70.05 µs. The estimator uses a lowpass filter with a cutoff
frequency of 400MHz, hence, only a fraction of the entire
chirp bandwidth is sampled by the ADC. The sample rate fs
of the ADC is 19.231MHz. When the FPGA chirp trigger
detects a chirp waveform, 105 samples of the waveform are
saved, and the estimation is performed in software.

A. Slope Estimation

In Fig. 2 the real part of the sampled signal is shown
with the sliding mean Ŝ and variance of the slope σ2

slope.
A high amplitude corresponds to a constant slope with a
low variance. In case only noise is sampled, the variance
of the estimated slope increases by an order of magnitude.
By integrating the slope values with a normalized variance
lower than 0.1, the chirp waveform can be recreated. After
discarding the noisy samples and averaging the samples of the
upchirp, a slope of 36.0114MHz µs−1 is estimated compared
to 35.982MHz µs−1 that is expected by the settings of the
radar. The relative error is 0.08%, resulting in Rmax=102m
according to (11) with a maximum error of ∆Rmax=0.08m.
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Fig. 3. ACF of the frequency modulation xFM(n) for estimating the ramp
repetition frequency fC.
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Fig. 4. Processed range-Doppler-plot of the automotive scenario, created by
the target simulator. In the lower right corner a symbolic representation of the
simulated scenario is depicted.

B. Chirp Repetition Period Estimation

Due to the recorded signal duration of 105 samples, the ACF
is evaluated over 69 frequency ramps. A section of the ACF is
shown in Fig. 3. The local maxima show whenever two chirps
are overlapping after a shift of m. The evaluated difference
in samples between two local maxima changes between 1347
and 1348, because the actual value lies between those two
figures. The arithmetic mean over 69 ramps yields a time
period of 70.0508 µs resulting in a relative error of 11.4 ppm
and consequently a maximum velocity error of 0.545m s−1 at
Rmax=102m (Nus=1715).

C. Target Simulation

The system was used to simulate an automotive scenario of
a car approaching laterally the radar under test. The simulated
car is represented by 90 point scatterers, modelled according to
[13], to create an extended target. In Fig. 4 the resulting range-
Doppler-plot of the scenario is depicted. The ghost target at
R=4m, v= − 4m s−1 is caused by the limited side band
suppression of 30 dB.

V. CONCLUSION

A radar target simulator was presented that directly modu-
lates the carrier signal of a CS-FMCW radar sensor. By esti-
mating the frequency slope and the chirp repetition frequency
of the waveform, targets with arbitrary range and velocity
information can be generated. By detecting the chirp waveform
in hardware and extracting the needed parameters in software,
a cost effective system architecture was developed that does
not require a priori knowledge to generate targets with the
designated velocity and range information.
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