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Abstract—Radar networks offer the opportunity of enhancing
the radar sensing performance beyond the inherent limita-
tions of single multiple-input multiple-output (MIMO) radars.
Different locations of the individual sensor nodes allow for
diverse observation angles on the targets. Moreover, in case
of a coherent network, such as radar-repeater networks, the
direction of arrival (DoA) capabilities are increased. However, a
crucial point in exploiting the full potential of a sensor network
is the separability of the signals originating from the different
sensor nodes during operation, while preserving reasonable radar
sensing performance of the individual sensors and the network.
In this paper multiplexing methods for an orthogonal frequency-
division multiplexing (OFDM)-based radar network are proposed
and investigated. The first method combines traditional time
and frequency multiplexing, while the second method applies a
random assignment in combination with a compressed sensing-
based signal evaluation. Both methods are compared with the
traditional FDM multiplexing for MIMO-OFDM. For this pur-
pose, performance criteria are proposed and the concepts are
evaluated based on measurements and simulations.

Index Terms—Radar network, repeater, multiplexing, fre-
quency division multiplexing (FDM), time division multiplexing
(TDM), compressed sensing, orthogonal frequency division mul-
tiplexing (OFDM), OFDM radar, OFDM-MIMO radar.

I. INTRODUCTION

Compared to a single co-located multiple-input multiple-
output (MIMO) radar sensor, coherent radar networks combine
several cooperative sensor nodes. By mounting the nodes
side by side this opens up new possibilities. For example,
measurements from different aspect angles of objects can be
combined to provide an enhanced estimation of the targets
properties. Moreover, by exploiting the enhanced aperture of
the coherent network, a more precise direction of arrival (DoA)
estimation is possible [1], [2].

A promising realization of a coherent sensor network is
the radar-repeater network as presented in [1], [3], [4]. It
combines one MIMO radar with several repeater nodes. The
repeater nodes act as transponders that retransmit the received
signal with a frequency shift in the kilohertz range such that
coherency is preserved. Fig. 1 illustrates the system concept
for one MIMO radar and one repeater node. The monostatic
radar response of the MIMO radar sensor is extended with
a bistatic signal response from the repeater node, which is
eventually evaluated at the MIMO radar after being reflected
at the target. This way, a coherent sensor network is established
by expanding the radar only by means of simple repeater
elements, with no need for a data link or a synchronization
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Fig. 1: Concept and signal path of the radar-repeater network,
exemplarily shown for one repeater and one target. Figure
based on [1].

signal. With its simplicity, this network is an ideal candidate
for automotive applications.

Since the MIMO radar receives the superposition of all
monostatic and bistatic signals, the benefits of a radar-repeater
network can only be fully exploited when those signals are
separable at the receveiver node. Through the frequency mul-
tiplexing capabilities of the repeater nodes, the application of
orthogonal frequency-division multiplexing (OFDM) signals
in the network is a proper choice due to its inherent subcarrier-
based frequency-division multiplexing (FDM) signal structure.
If the repeater nodes shift the signal by an integer multiple
of the OFDM subcarrier spacing, the bistatic signal may
be interleaved in the OFDM signal structure [1]. However,
subcarrier interleaving reduces the unambiguous range and this
problem multiplies with additional transmit (Tx) channels and
repeaters. Thus, an optimized multiplexing strategy is crucial.

This work contributes to investigations on the new radar-
repeater networks by proposing and evaluating adequate mul-
tiplexing methods. The high flexibility of OFDM radars is
exploited by combining FDM and time-division multiplexing
(TDM) approaches while taking into account the special
constraints imposed by the repeater elements. Furthermore,
a multiplexing method with randomly assigned subcarriers is
proposed, which perfectly suits a compressed sensing (CS)-



based range-Doppler (Rv) evaluation. Using suitable key crite-
ria like unambiguous range and velocity, dynamic range, target
separability, and network scalability, the different methods are
assessed by means of measurements and simulations.

The paper is structured as follows: In section II, the concept
of an OFDM-based radar repeater network is introduced. In
section III the multiplexing methods are described, followed
by their systematical evaluation and comparison in section IV
and a conclusion in section V.

II. OFDM-BASED RADAR-REPEATER NETWORK

The radar-repeater network consists of a single radar and
several repeater elements. As shown in Fig. 1, there are two
types of signals occurring. The monostatic ones are signals
with a path from the radar transmitter to the target, where the
signal is reflected, and back to the radar receiver. Additionally,
bistatic signals are provided by the repeaters. These signals are
transmitted by the radar, reflected by a target and received by a
repeater. The repeater shifts the frequency and retransmits the
signal. Then, the signal is reflected by the targets again and
received at the radar receiver. In the following section, this
concept is explained in detail, starting with the signal model
of the OFDM signal.

A. Signal Model

An OFDM signal is a multicarrier signal consisting of
N orthogonal subcarriers with spacing ∆f [5]–[7]. In or-
der to ensure the orthogonality of the subcarriers, the
OFDM signal consists of M OFDM symbols, each with
a length of T = 1/∆f . Each subcarrier in each OFDM
symbol is modulated with a different modulation symbol
dTx(n,m) ∈ C, m=0, 1,...,M−1, n=0, 1,..., N−1. These
modulation symbols can be notated as matrix DTx∈CN×M

with every row representing a subcarrier and every column
representing an OFDM symbol. This transmit matrix can be
chosen differently for every Tx channel k. In the following,
these matrices are denoted as DkTx, k ∈ 0, 1,..., NTx − 1,
where NTx is the number of Tx channels. When generating
the Tx matrices, the bistatic signals of the repeaters have to
be considered. This is done by including zeros in DkTx and will
be explained in detail in Section III.

For every Tx channel, the OFDM signal can be generated
by an inverse fast Fourier transform (IFFT). Then, in front
of every OFDM symbol, typically a cyclic prefix of length
TCP is inserted, increasing the time per OFDM symbol to
TOFDM =T+TCP [8], [9].

B. Signal Modulation by the Repeater

The repeaters consist of a double-sideband (DSB) mixer
and amplifiers [10], [11]. Based on their receive (Rx) signal
xRp(t), their modulated Tx signal can be described as [1]

yRp(t)=xRp(t)αRp

(
e+j(fmodt+φmod)+e−j(fmodt+φmod)

)
. (1)

The factor αRp ∈ C represents the phase shift and signal gain
due to the repeater hardware, fmod the modulation frequency,

and φmod the phase shift due to the modulation signal. To
provide an integer subcarrier shift, fmod is chosen as [1]

fmod =h∆f, h ∈ Z \ 0. (2)

The factor h equals the shift in multiples of the subcarrier
spacing. Using double-sideband (DSB) mixers, the signal is
shifted not only by hI = h subcarriers leading to the upper
sideband (USB), but also by hII =−h subcarriers for the lower
sideband (LSB). Every multiplexing method is limited by these
capabilities of the repeaters to modify the signal.

C. Radar Processing

Principally, the OFDM signal is evaluated similar to stan-
dard OFDM radar processing [8], [9]. However, some adap-
tions are made especially for the bistatic signals, as shown in
the signal processing chart in [1, Fig. 3].

For both the monostatic and the bistatic evaluation at every
receiver the Rx signal is transformed to symbol domain at
first. This way, a combined symbol matrix DRx containing the
information from the signals of all Tx channels and every
network node is gained. For further processing, the transmitted
modulation symbols have to be removed and DRx has to be
separated into one matrix for each mono- and bistatic signal.
Thus the monostatic division matrix for the kth Tx channel is
calculated by

DkDiv = DRx �
(
DkTx

)∗
, (3)

where the operator � represents an elementwise multiplication
and (·)∗ the complex conjugate. Due to the zeros included
in DkTx for modulation symbols not assigned to the kth Tx
channel, with orthogonal subcarriers there is no influence of
the signals from other Tx channels and the repeater nodes. The
bistatic signals received at the radar are based on the same
Tx matrix DkTx but have been shifted by h subcarriers. This
equals a shift of the modulation symbol matrix in subcarrier
direction, leading to the shifted Tx matrix Dk,hTx and a division
matrix Dk,hDiv . Factor h can be either hI or hII of any repeater.
Therefore, for every Tx channel and every sideband of every
repeater, an independent division matrix can be generated,
leading to an independent Rv-evaluation each.

The velocity evaluation can be performed by a rowwise fast
Fourier transform (FFT) on DDiv, while the range evaluation
is performed by a columnwise IFFT [8], [9]. For the bistatic
processing, furthermore, the influence of the subcarrier shift
has to be corrected [1].

III. MULTIPLEXING METHODS

Through multiplexing, the orthogonality in time and fre-
quency has to be provided. This is equivalent to every element
in DRx being only affected by either one radar Tx channel or
one repeater. In the following section, different multiplexing
methods ensuring this by a proper assignment of the modula-
tion symbols in DkTx are presented.
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Fig. 2: Modulation symbol assignment of the proposed multiplexing methods, examplary for a network with two Tx channels
and one DSB repeater (Tx1: , Tx2: , unassigned: ).

A. Frequency-Division Multiplexing

The straight-forward multiplexing method in an OFDM
network is the assignment of different subcarriers to different
network nodes and Tx channels, as it is proposed in [1], [9],
[12]. In a radar-repeater network, this is done by assigning a
set of subcarriers to the radar and providing free subcarriers
for the repeater node, which is shown exemplarily in Fig. 2a
for one repeater and two Tx channels. Every repeater shifts the
signal by ± (nRP + 1) subcarriers, where nRP =0, 1,..., NRp−1
is the number of the repeater. The subcarriers assigned to the
radar then are mapped regularly to the different Tx channels.
Thus, huge spacings between the subcarriers assigned to the
same Tx channel occur.

B. Combined Time- and Frequency-Division Multiplexing

In order to reduce the spacing between two subcarriers used
by the same Tx channel and network node, a combined time-
and frequency-division multiplexing (TFDM) is proposed. For
TFDM, the transmit channels are multiplexed in time instead
of frequency, while the repeaters perform FDM. The resulting
pattern is shown exemplarily in Fig. 2b. The spacing in
subcarrier direction only depends on the number of repeaters
and is significantly reduced. However, this is at the expense
of the spacing in direction of the OFDM symbols.

C. Random Multiplexing with Compressed Sensing-Based Rv-
Evaluation

As alternative to the regular assignment strategies FDM and
TFDM, a CS facilitating random assignment of the modula-
tion symbols to the channels is proposed. In the following,
this multiplexing method is called random frequency-division
multiplexing (RFDM).

However, the limitations of the repeaters regarding their
signal modulation have to be considered, as the USB and LSB
of the repeaters are still regularly shifted to a subcarrier above
and below of one modulation symbol used by the radar. Thus,

in addition to the non-regular allocated modulation symbols of
the radar Tx channels and the symbols assigned to the repeater
nodes, unassigned modulation symbols remain.

Similar to CS-based random multiplexing for a single
MIMO radar [13], this multiplexing strategy suits for an Rv-
evaluation with CS. Considering the finite number of targets,
with the Rv-domain a sparse domain exists and the missing
samples in DDiv can be reconstructed [14], [15]. In this
work, this optimization problem is solved by a 2D-version
of complex approximate message passing (CAMP) [16] while
using the 2D-FFT as transformation in the sparse domain.
Thus as proposed in [17] the reconstruction in range and
velocity direction is combined.

IV. COMPARISON & EVALUATION

In order to compare the multiplexing methods systemati-
cally, several evaluation criteria are introduced. The unambigu-
ous region is critical for the unambiguous detection of targets
and is strongly influenced by the multiplexing method. The
dynamic performance determines whether weak targets are
detectable or not. Furthermore, the network scalability deter-
mines how the radar performance is affected when increasing
the number of Tx channels or repeaters.

The evaluation is performed using simulations and mea-
surements. For the measurements, a MIMO-OFDM frontend
with NTx = 4 transmit channels is used in combination with
a Xilinx RFSoC to generate and store the baseband signals
[18], [19]. The radar operates at the automotive frequency band
at 77 GHz. The OFDM parameters for the measurements are
listed in Table I. The radar is combined with NRp =2 repeater
nodes, each composed of amplifiers and a mixer and similar
to the repeaters from [10]. The measurement setup is shown
in Fig. 3.

A. Unambiguous Region

Maximizing the unambiguous regions is crucial to preserve
the ability to estimate the correct velocity and range of the



TABLE I: Radar parameters.

Parameter Measurements Simulations
Number of Tx channels NTx 4 2
Number repeaters NRp 2 2
Carrier frequency fc 77 GHz –
Subcarrier spacing ∆f 400 kHz 500 kHz
Bandwidth B 409.6 MHz 750 MHz
Number of subcarriers N 1024 1500
Number of OFDM symbols M 2048 1000
Range resolution ∆R 0.37 m 0.2 m
Velocity resolution ∆vrel 0.33 m

s 0.81 m
s

Unambiguous range (SISO) Rua 374.7 m 299.8 m
Unambiguous velocity (SISO) vrel,ua ±337.5 m

s
±324 m

s
Mod. frequency repeater 1 fmod,0 400 kHz 500 kHz
Mod. frequency repeater 2 fmod,1 800 kHz 1000 kHz

Repeater 1 Repeater 24×4 MIMO-OFDM Radar

Fig. 3: Measurement setup.

targets. Since range and velocity are evaluated by means of
an FFT and thus, the Nyquist criterion applies, the subcarrier
spacing ∆f and the OFDM symbol repetition interval TOFDM
directly correspond to the unambiguous region in range and
velocity, respectively [20], [21]. For multiplexing the modula-
tion symbols are allocated to the different Tx channels and re-
peaters. Thus, the effective subcarrier spacing ∆f̃=∆nTx ∆f
and the effective time interval T̃OFDM =∆mTx TOFDM between
two modulation symbols assigned to the same signal are
increased. This leads to the effective unambiguous range R̃ua
and velocity ṽrel,ua decreased by the reduction factors ∆nTx
and ∆mTx, respectively. Both factors differ depending on the
multiplexing method.

For FDM the radar’s Tx channels as well as the USB and
LSB of every repeater are separated in frequency only. Thus,
the effective subcarrier spacing is increased by

∆nFDM
Tx =NTx (2NRp + 1) , (4)

while the effective time interval T̃ FDM
OFDM = TOFDM is identical

to the single-input single-output (SISO) case. In the mea-
surements, the network with NTx = 4 and NRp = 2 leads
to a reduction by ∆nFDM

Tx = 20. Thus, R̃FDM
ua equals 18.7 m

considering the OFDM parameters from Table I. The resulting
repetitions in the range profile are shown in Fig. 4a, where
measurements of a single target at a distance of 2.4 m are
presented.

For TFDM only the repeaters are multiplexed in frequency.
Thus, the reduction factor becomes

∆nTFDM
Tx =2NRp + 1 (5)
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Fig. 4: Measurement results of a scenario with one target at
2.4 m. The mono- and bistatic range profile (vrel = 0 m

s ) are
plotted for different multiplexing methods. As the bistatic sig-
nal is reflected at the targets twice, the range is approximately
double the range as in the monostatic case.

and in case of the network with NRp = 2 used for measure-
ments R̃TFDM

ua equals 75 m. However, this has the drawback
that also the unambiguous velocity is reduced by

∆mTFDM
Tx =NTx . (6)

As OFDM radars typically have a very large unambiguous
velocity compared to frequency-modulated continuous wave
(FMCW) radars [22], this reduction is usually tolerable. In
the measurements shown in Fig. 4a, the unambiguous velocity
of TFDM equals ṽTFDM

rel,ua = 84.4 m
s . By using RFDM the same

unambiguous region as with a SISO radar can be achieved, as
the missing samples are reconstructed by CS. Thus, the range
profile shown in Fig. 4b is free of repetitions.

B. Dynamic Performance

The dynamic performance describes the capability of the
sensors to detect weak targets. While the dynamic range is



determined by restrictions due to the signal-to-noise ratio
(SNR) required to detect a target, the target separability
describes the limits in the detection of two close-by targets.

1) Dynamic Range: One factor determining the dynamic
range is the integration gain, which directly influences the
SNR and is determined by the total number of symbols of the
OFDM frame coherently integrated at the receiver per channel.
Thus, the integration gain equals

Gint =
N M

S
(7)

where S is called sparsity factor. For FDM and TFDM, this
is given by

SFDM =STFDM =NTx (2NRp + 1) . (8)

For the bistatic signals of the repeaters, the integration gain
is the same. For RFDM additional non-assigned modulation
symbols are unavoidable in order to provide a random assign-
ment of the modulation symbols. In this work, the sparsity
of RFDM is given by SRFDM ≈ 2SFDM. However, as the CS
algorithm estimates the sparse elements in the Rv-evaluation,
this leads to a higher pseudo-SNR [14], which is visible when
comparing the high SNR in Fig. 4b with the lower SNR in
Fig. 4a.

The second factor is the average Tx power of each transmit-
ter. Using FDM or RFDM each channel transmits all the time.
Regardless the assigned modulation symbols, each channel
transmits with the output power Pout allowed by the power
amplifier. Thus, the average output power per channel for FDM
and RFDM equals P TFDM

avg = PRFDM
avg = Pout. In contrast, for

TFDM every transmitter is only active an NTxth of the time,
leading to a reduced P TFDM

avg =Pout/NTx. In the measurements,
due to the four Tx channels this leads to a power reduction by
6 dB, which can be seen by the difference in the target peak
power in Fig. 4a.

2) Target Separability: For RFDM the random spacings
in the modulation symbol assignment lead to artifacts in the
Rv-spectrum. Although the sparse samples are reconstructed
by a CS algorithm, there is no chance for the algorithm to
reconstruct a weak target next to a strong one if the weak
target is covered by strong artifacts from the other target.

In order to evaluate this effect, simulations of targets at the
same range with their velocities being different, but equally
off-grid, are performed. While the radar cross section (RCS) of
the stronger target is fix, the RCS of the weaker target is varied,
leading to an RCS difference ∆RCS. The results are evaluated
with a constant false alarm rate (CFAR) algorithm and the
detection probability of the weaker target PD is determined.
In Fig. 5, the resulting PD vs. ∆RCS is shown for different
velocity differences ∆vrel,target. In the monostatic evaluation
for RFDM, independently of ∆vrel,target the second target is
not detectable for ∆RCS > 30 dB. In contrast, for TFDM
besides the minimum SNR no such limit seems to exist.
However, it must be noted that this is only an exemplary
result, as it depends on both the CS and CFAR algorithm
and their parameters. In the bistatic evaluation, the detection
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Fig. 5: Simulation results for two targets with a velocity
difference of ∆vrel. The RCS of the weaker target is plotted
vs. its detection probability PD. PD is determined based on 20
simulations per scenario.

is limited by the noise floor, with a stronger limitation for
RFDM. Thus, the detection of the weaker target is limited
almost independently from ∆vrel,target.

C. Network Scalability

The network scalability describes how the radar perfor-
mance is affected when different numbers of transmitter or
repeater nodes are used. For FDM R̃ua is decreased when
increasing the number of Tx channels NTx as well as when
increasing the number of repeaters NRp, leading to a rapidly
reduced unambiguous range. Using TFDM, the unambiguous
range is only reduced when increasing NRp, but the unam-
biguous velocity is reduced by factor NTx. These influences
are summarized in Table II.

When exemplarily considering a network with NTx =4 and
NRp = 4, and the measurement parameters from Table I, for
FDM the range ambiguity is reduced by an increased ∆nFDM

Tx =
36. This leads to a barely practical R̃FDM

ua = 10.4 m. Using
TFDM the unambiguous range is only reduced by ∆nTFDM

Tx =9
to R̃TFDM

ua =41.6 m, which could be acceptable for short range
applications.

In contrast, when using RFDM, the unambiguous range and
velocity are not affected by increasing NTx or NRp. However,
the sparsity is increased, leading to a higher pseudo-SNR, as
more samples are reconstructed. Nevertheless, this is limited
to a maximum sparsity, where the CS algorithm is not able



TABLE II: Network scalibility.

FDM TFDM Random

NTx ↑ R̃FDM
ua ↓, SFDM ↑ ṽTFDM

rel,ua ↓, S
TFDM ↑ SRFDM ↑

NRp ↑ R̃FDM
ua ↓, SFDM ↑ R̃TFDM

ua ↓, STFDM ↑ SRFDM ↑

TABLE III: Comparison of the multiplexing methods with
respect to the evaluation criteria from Section IV.

FDM TFDM Random
Unambiguous range – – – +

Unambiguous velocity + – +
Dynamic range + (–) (–)

Target separability + + –
Network scalability – – – +

to reconstruct the targets anymore [16]. This limit depends on
the chosen algorithm as well as its parametrization.

D. Comparison

Table III summarizes the advantages and disadvantages of
the multiplexing methods. The choice of the most suitable
multiplexing method, however, depends on the network setup
and the measurement scenario.

Considering automotive scenarios, in a highway scenario
large unambiguous ranges and velocities must be covered.
In this case, RFDM is the proper choice, as in contrast to
FDM and TFDM, the unambiguous range and velocity are not
reduced compared to a SISO radar with the same parameters.

In urban scenarios it is crucial to detect weak and vulnerable
targets. Therefore, RFDM is disadvantageous compared to the
other multiplexing methods due to its limited target separabil-
ity. As TFDM not only offers a good dynamic performance,
but also reasonable unambiguous regions, it is very likely the
most universal option in this scenario. However, for specific
applications with ultra short measurement ranges, FDM could
be favorable due to its superior dynamic range.

V. CONCLUSION

In this work, different methods for multiplexing an OFDM-
based radar-repeater network were proposed and evaluated.
In the first method, TFDM, the repeaters are multiplexed in
frequency, while the Tx channels are multiplexed in time.
It achieves a good dynamic performance with reasonable
restrictions in the unambiguous range and velocity. The second
method, RFDM, leads to a CS-friendly time-frequency sam-
pling pattern for Rv-evaluation. By means of the CS algorithm,
it is possible the retain the full unambiguous regions at the
expense of degraded target separability.

However, due to the advantages of a digital radar, this is
not an either-or, since it is possible to change the multiplexing
method on the fly. The radar only has to adapt the baseband
signal, which is feasible from one measurement to another.
The advantages of TFDM and RFDM can even be combined
by merging the information of two consecutive measurements
with different multiplexing methods.
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