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Abstract— This study proposes a dual-function radar and
communication (DFRC) system that utilizes radar transmission
parameters as modulation indexes to transmit data to the users
while performing radar sensing as its primary function. The pro-
posed technique exploits index modulation (IM) using the center
frequency of radar chirps, their bandwidths, and polarization
states as indexes to modulate the communication data within
each radar chirp. By utilizing the combination of these indexes,
the proposed DFRC system can reach up to 17 Mb/s throughput,
while observing a robust radar performance. Through our
experimental study, we also reveal the trade-off between the radar
sensing performance and communication data rate, depending
on the radar waveform parameters selected in the DFRC system.
This study also demonstrates the implementation of the proposed
DFRC system and presents its real-time over-the-air experimental
measurements. Consequently, the simulation results are verified
by real-time over-the-air experiments, where ARESTOR, a high-
speed signal processing and experimental radar platform, has
been employed.

Index Terms— Dual-function radar and communication
(DFRC) systems, index modulation (IM), radar sensing, wireless
communication.

I. INTRODUCTION

RADAR and communication systems have been converg-
ing in the frequency spectrum owing to the growing

number of civilian radar sensing applications and higher
data rate demand of modern wireless communication sys-
tems with each passing day [1]. As a result, the frequency
spectrum has been increasingly more congested, especially
in the sub-10 GHz frequency bands that are attractive for
both wireless communications and various radar applications.
Consequently, researchers from academia and industry started
focusing on the efficient and intelligent utilization of scarce
frequency resources for both radar and communication sys-
tems. A promising solution to this problem is to enable both
radar and communication systems on a single platform to use
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the same frequency resources. If two different waveforms are
used for radar sensing and communications, each system will
receive the waveform of the other as interference. Therefore,
interference management, interference mitigation, or interfer-
ence utilization techniques can be applied to negate to some
degree the interference effects. Several dual-function radar and
communication (DFRC) systems have been developed based
on various techniques such as designing optimum waveforms
and beamformers for communication and radar signals to
reduce the interference between them [2], [3], predicting
the radar interference and utilizing it for communications
via optimized precoders [4] or mitigating the interference
between radar and communication systems by advanced signal
processing techniques [5], [6].

As an alternative to the above techniques, instead of trans-
mitting separate radar and communication waveforms, several
studies have concentrated on utilizing the same signals for both
operations. The first category of such techniques termed radar-
centric solutions [7], [8] operate by encoding communication
data in the radar signals [9], [10], [11], while a separate family
of techniques termed communication-centric aims to utilize
communication signals, e.g., orthogonal frequency-division
multiplexing (OFDM) waveforms, for radar sensing [12], [13],
[14]. Moreover, some studies have focused on developing
dual-function waveforms that are combinations of radar and
communication waveforms [15], [16], [17], the parameters of
which can be adjusted to deliver a desired trade-off between
radar and communication subsystems, depending on the appli-
cation. In this study, we implement and demonstrate a radar-
centric method that aims to enable communication functions in
short-range radar systems by utilizing index modulation (IM)
within frequency-modulated continuous-wave (FMCW) radar
chirps. Accordingly, this study puts forward a radar-centric
approach for DFRC systems, where the primary function is
radar sensing while transmitting data to the communication
users.

The concept of IM has been recently seen as a promising
solution for next-generation wireless networks since it can
utilize various waveform features as modulation indexes at
the same time, unlike the conventional modulation techniques
that generally make use of amplitude, frequency, or phase
variations to modulate the data [18]. For instance, selections
of transmit antennas, subcarriers, time slots, spreading codes
or other signal features can be employed as indexes [18], [19].
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Moreover, by utilizing various indexes at the same time, large
constellation sizes can be obtained to modulate a large number
of bits into each symbol. This results in more spectral and
energy efficient communication as long as the complexity of
the demodulation process at the receiver is acceptable and
practical such that it does not require high computational
resources and energy for demodulation.

Since IM does not require special waveform types and
can be performed without significantly changing the signals,
IM has been recently considered to transmit data within radar
waveforms [20], [21], [22], [23], [24], [25], [26], [27], [28],
[29]. One of the first attempts to utilize radar waveform
features as indexes to deliver data was in [20], where the
radar system selects the antennas out of all antenna elements
available in the array and assigns orthogonal radar wave-
forms to them in order to embed data into radar pulses,
achieving megabits per second data rates while perform-
ing radar sensing as the primary function. Another study
in [21] proposed multicarrier agile joint radar-communication
(MAJoRCom) system which combines antenna selection and
carrier frequency selection of radar waveforms and utilizes
these combinations to modulate data. Moreover, they also
investigated low-complexity precoder design and code-book
design to reduce the complexity and enhance its performance.
Şahin et al. [22] considered modulated circularly-shifted chirps
(CSC), where the communication data is encoded via indexes
and phase shift keying (PSK) in the CSC that is a multicarrier
radar waveform. These studies [20], [21], [22] considered
pulsed Doppler radar waveforms, such as linear frequency
modulation (LFM) signals, that are mainly used for long-range
and military radar applications. On the other hand, the study
in [23] proposes a method that works with FMCW, a technique
mainly used in short-range radars. The method proposed
in [23] makes use of the active antenna index and carrier fre-
quency selection of the FMCW radar to modulate data. Since
this utilizes continuous waveforms for radar and communica-
tion, this method can be used in self-driving vehicles or other
short-range sensing applications. Moreover, embedding com-
munication data in frequency-hopped multiple-input multiple-
output (FH-MIMO) radar systems through IM has been also
considered to develop integrated sensing and communication
systems [27], [28], [29], and these FH-MIMO DFRC studies
have been recently reviewed in [30]. For instance, the com-
munication data may be embedded into radar waveforms in
an FH-MIMO radar system using various signaling strategies
such as antenna selection, quadrature amplitude modulation
(QAM), PSK modulation or carrier frequency selection [29].
On the other hand, OFDM waveforms were also considered
with IM such as in [26], where authors proposed a DFRC
scheme that conveys data by selecting the subcarrier indexes
of the OFDM signals in addition to the data conveyed through
the OFDM signals themselves while also performing radar
sensing.

In the aforementioned IM-based DFRC studies, it is gener-
ally assumed that the channel state information (CSI) is known
by the communication receivers, therefore it is possible to
utilize multiple antennas and phase diversity as indexes of
modulation as the waveforms transmitted by each antenna

element and phase information can be decoded using the
precise CSI. However, the CSI may not be accurately acquired
due to the nature of radar waveforms, therefore such ideas
are difficult to implement in real-time applications where the
channel varies rapidly making CSI estimation challenging
using radar waveforms. Precise CSI information is especially
required in these methods when they need to estimate the
phase and antenna index at the receiver. Moreover, in a moving
transmitter and receiver scenario with real-world clutter and
multipath the estimation of the exact transmit element will
be very challenging. Therefore, in this study, we explore the
new use of polarization of the transmitted radar waveform as a
parameter, which is easier to estimate at the communications
receiver node. The signals received in different polarizations
can be distinguished by utilizing the polarization diversity at
the receiver without requiring CSI.

This study proposes a radar-centric approach for enabling
communication functionality without significantly affecting
the radar performance and also maintaining a low probabil-
ity of intercept for the radar system by varying the center
frequency and waveform bandwidth. To this end, parameters
of the transmitted radar chirps are utilized as indexes to obtain
a large constellation diagram to transmit the communication
data at relatively high data rates. Utilizing vertical (V-pol) and
horizontal polarizations (H-pol) for radar sensing also enables
the radar to capture more information about the targets since
some target features may be better acquired in one specific
polarization and a dual-polarized radar may also provide a
higher signal-to-noise ratio (SNR) [31]. This also mitigates
the impact of the interference from other RF devices operating
in the same frequency band as the interference is likely to
happen in only one of the polarizations [32]. The University
College London (UCL) ARESTOR platform [33] was used as
the experimental platform on which to validate the proposed
DFRC concept. This system is capable of operating as an
active radar, a passive radar and an electronic surveillance
(ES) system. A bespoke waveform design architecture was
implemented for this work allowing the transmission of the
predefined codebook of waveforms to enable joint radar
and communications. This capability was validated in both
lab-based loop back experiments and field trials with moving
targets.

Contributions

The contributions of this study are summarized as follows.
1) This study proposes a novel IM-based DFRC architec-

ture that exploits dual-polarized antennas. In previous
studies, polarization is not considered an index.

2) This study proposes a low hardware complexity method
that requires a maximum of two radio frequency (RF)
transmit chains and two RF receive chains for each
receiver to perform both radar sensing and commu-
nication, by utilizing two different polarizations and
radar waveform parameters. This results in simplified
transmitter and receiver architectures compared to prior
index-modulation DFRC literature.

3) The proposed DFRC architecture does not require a pre-
cise channel estimation in line-of-sight (LOS) channels
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Fig. 1. IM-based FMCW DFRC system.

since it does not need the phase information of the trans-
mitted signals and antenna diversity is provided by the
polarization, accordingly the chirps can be demodulated
without CSI at the communication receiver.

4) This study experimentally shows the trade-offs between
the radar sensing performance and communication data
rate depending on the radar waveform parameters. The
trade-off is obtained by varying the pulse repetition
interval (PRI). A long PRI results in a greater radar
integration gain, while a short PRI favors a higher
communication rate. To the best knowledge of the
authors, this is the first study in the literature to
experimentally demonstrate the trade-offs, over-the-air,
between the radar and communication performances in
an index-modulated DFRC system.

5) A technique for compensating for changes in radar range
cell extent caused by signal bandwidth-based index
coding of the communications data is proposed and
implemented on the experimental radar data.

II. SYSTEM MODEL

The proposed radar and communication system utilizes the
features of FMCW chirps as indexes to deliver communication
data while performing radar sensing as the primary function
of the platform as shown in Fig. 1. The waveform carrier
frequency ( fc), bandwidth (B), and polarization of the trans-
mitted radar chirps are chosen as indexes to modulate the
communication data.

A. FMCW Signal Model and IM

In this section, we will first mathematically define the
FMCW chirps and then give the details of the IM technique
employed in the proposed DFRC model. An FMCW chirp is
given by the following equation:

u(t) = Ae− jπ(2 fc t+kt2), t ∈ [0, Tc] (1)

where A(t), fc, and Tc denote the amplitude, carrier frequency,
and sweep duration of a chirp, respectively, and k = B/Tc

denotes the slope of the chirp where B is the bandwidth of the

chirp. Moreover, the generated chirps are transmitted either by
V-pol, H-pol or both (V- and H-pols) antennas ({V , H, V H })
such that amplitude A = 0 when there is no transmission in
that polarization. Furthermore, it is also possible to simultane-
ously transmit two different chirps in V- and H-pols. Accord-
ingly, the transmitted nth baseband DFRC signal consisting
of chirps transmitted in V- and H-pols and with modulation
indexes is given by the following equation:
Xn = uV

n (t) + uH
n (t) = AV e− jπ(2 f V

c t+BV /Tct2)

+ AH e− jπ(2 f H
c t+B H /Tct2) (2)

where t ∈ [0, Tc], and superscript V and H denote the
polarizations of the modulation indexes A, fc, and B . More-
over, AV ∈ {0, 1} and AH ∈ {0, 1} denote if there is a
chirp transmitted in the corresponding polarization during the
nth transmission, resulting in the polarization index pn =
{V , H, V H }. The bandwidth, carrier center frequency, and
polarization, of the FMCW chirps are utilized as indexes for
data modulation within radar chirps. Let us assume that carrier
frequency fc is varied by � f steps between f(min) and f(max)

as follows:
f(min) ≤ f(min) + k� f ≤ f(max) (3)

where k = 0, 1, . . . , K − 1 is the index of the center frequency
and K denotes the number of center frequency indexes, and
hence fc = f(min)+k� f . In a similar way, the set of bandwidth
options for the FMCW chirps can be defined as follows:

B(min) ≤ B(min) + l�B ≤ B(max) (4)

where B(min), B(max), �B and l = 0, 1, . . . , L − 1 denote the
minimum bandwidth, maximum bandwidth, bandwidth spac-
ing, and bandwidth index, respectively. Moreover, L denotes
the number of bandwidth indexes and bandwidth of the chirp
is B = B(min) + l�B . Only three polarization states are
considered, namely only vertical, only horizontal or both,
therefore, the number of polarization indexes can be given
by P = 3.

The proposed method provides a low hardware complexity
DFRC architecture as it does not require multiple antennas
and precise channel estimation since the phase information of
the signals is not used for communication. Consequently, only
one dual-polarized antenna is sufficient to transmit waveforms
for both radar and communication functions. Two different
transmitter/receiver architectures are proposed in this study
depending on the utilization of the polarization index.

B. Radar Signal Processing and Target Detection

The radar signals reflected from the targets are processed
via standard FMCW radar processing techniques. The general
principles and applications of FMCW radar are described
in [34] and [35]. The processing involves mixing the return
signal with a replica of the transmitted chirp signal, a process
known as de-ramping. The result of de-ramping is a “beat”
signal, the frequency of which represents the range of the
target the return has been reflected from. Target ranges can
therefore be determined by spectral analysis of the beat signal.
Traditionally the de-ramping process has been achieved in
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the analog domain allowing the relatively low-frequency beat
signal to be subsequently digitized by low-speed analog to
digital converters for further processing. In the ARESTOR
implementation of FMCW radar the target return signal and
the original transmitted signal are directly digitized at RF
and mixed down to baseband digitally. The mixing of the
two signals is then also completed digitally to produce the
beat signal. The decimation of the resulting signal is carried
out to reduce the sample rate to a value consistent with the
spectral occupancy of the practical range of beat signals. The
spectral analysis is carried out in the ARESTOR hardware
which can produce real-time output to a user display. Details
of the ARESTOR FMCW radar implementation can be found
in [36].

An important negative feature of the proposed joint radar
and communication waveforms is introduced by the variation
of FMCW chirp bandwidth, which creates an accompanying
variation of radar range cell size. This is unusual in FMCW
implementations. This behavior provides an additional chal-
lenge in target range determination as the range cell extent
of the de-ramped spectrally processed data varies with band-
width. A method to compensate for the impact of changing
bandwidth on radar sensing is proposed and implemented. This
modified processing involves scaling the fast Fourier transform
(FFT) length in the spectral analysis processing based on the
bandwidth of chirp signal transmitted on the specific interval
such that the range extent represented by the FFT bins is equal
across all bandwidths. The range cell extent r for a given
bandwidth B is given by the following equation:

r(B) = cSdecTc

2B NFFT
(5)

where c, Sdec, and NFFT denote the speed of light, the dec-
imated complex sample rate, and the FFT size, respectively.
It can be seen that the range cell extent decreases with increas-
ing bandwidth for the remaining parameters being constant.

Defining NFFTmin as the FFT length applied to the signal
with the highest available bandwidth Bmax and r(Bmax) as
the related range cell extent, then the FFT length NFFTB for
alternative bandwidths which achieve equal range cell extent
is

NFFTB = r(B)NFFTmin

r(Bmax)
. (6)

For fixed values of parameters other than bandwidth this
simplifies to

NFFTB = Bmax NFFTmin

B
. (7)

The use of variable FFT lengths as described enables a
single-step solution to implementing the required spectral
analysis and correcting the resulting target range determina-
tion, rather than using interpolation techniques to map the
fixed length FFT results to the physical range. This addi-
tional processing uses data directly derived from the de-ramp
processing and is implemented in software on a computer
rather than in the ARESTOR hardware platform. Results
generated by this modified FMCW processing can be seen
in Section V.

The variation in bandwidth and center frequency of the
transmitted signal also makes conventional Doppler processing
of the radar returns for target velocity estimation impossible.
In this work, we have not considered the challenge of how the
returns might be further processed to provide target Doppler
information and its viability remains an open question.

Due to modulating data within FMCW chirps, the max-
imum unambiguous range of the radar and communication
throughput are now coupled. A higher pulse repetition fre-
quency (PRF) will give a higher data rate but also limit
the maximum permissible duration of each chirp. For an
FMCW radar receiver with a given bandwidth, reducing the
chirp duration also reduces the maximum unambiguous range.
If long-range radar sensing is required, this may conflict with
simultaneous high data throughput. This is an example trade
off decision that would need to be made when operating the
joint index-modulated radar-communications system in real
scenarios. This trade-off between radar sensing performance
and communication throughput is also shown for the proposed
DFRC system.

As radar performance metrics, the SNR of the radar returns
and Cramér–Rao lower bound (CRLB) on the range estimation
are used in order to investigate the trade-off between the radar
and communication performances. For simulations and field-
trial measurements, the SNR is defined as SNR = psig/pnoise,
where psig and pnoise denote the signal power and noise power
per channel, respectively. Moreover, different SNR levels are
obtained while processing the baseband data by measuring the
average received signal power psig during chirp transmissions
in the time domain and artificially adding a corresponding
additive white Gaussian noise (AWGN) to baseband signals
in order to obtain the desired SNR levels.

C. Cramér–Rao Lower Bound

CRLB determines the lower bound on estimator error
variance for unbiased estimators of a deterministic unknown
parameter. Therefore, a lower CRLB on range indicates a
better range estimation, i.e., lower estimation error. CRLB on
range defines the theoretical lower bound of range estimation
errors in radar systems and it is frequently used to evaluate
the performance of radar sensing systems [37]. It is mainly
dependent on the waveform bandwidth, waveform type, SNR,
and chirp duration, making it a suitable radar performance
metric for this study since the waveform bandwidth and center
frequency vary chirp to chirp as a result of modulating the
communication data on the chirps. An analytical expression
to calculate CRLB on the range for an FMCW radar is given
by [38]

CRLBr = 3c2
0

4π2ρNs B2
(8)

where ρ, c0 ≈ 3 × 108 m/s, Ns = 500 denote the SNR of
the radar returns, the speed of the waves (i.e., light speed),
and number of samples taken during the observation, respec-
tively [38]. This equation indicates that the range estimation
accuracy improves as the chirp bandwidth, SNR and number
of samples increase. It is worth noting that the unit of the
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Fig. 2. IM-based DFRC transmitter architectures: (a) single digital and RF
channel transmitter and (b) dual digital and RF channels model.

CRLB on the range is m2 since it indicates the lower bound
on the estimator error variance (σ 2) of range estimations.

D. Radar and Communication Transmitter

The radar node modulates the radar chirps using the IM
technique (polarization, center frequency and bandwidth) to
transmit data to communications users while performing sens-
ing using the same chirps. In addition to a dual-polarized
transmit antenna, the radar node also has a dual-polarized radar
receive antenna allowing simultaneous transmit and receive.
For each FMCW chirp, radar waveform Tx(t) is transmitted
either in V-pol or in H-pol or simultaneously in both polariza-
tions. The radar target detection is performed by processing
the radar returns from the target while the communication
users can decode the received radar signals by determining
the indexes of each transmitted FMCW chirps.

We consider two different transmitter architectures
employing either one digital and RF channel or two channels
as shown in Fig. 2. Therefore, the hardware complexity can
be reduced if necessary at the expense of communication data
rate as this will be shown in the numerical results. Fig. 2(a)
illustrates that a single digital block and RF chain are used to
serve both polarizations using an RF switch. In this case, only
one waveform can be transmitted in either H- or V-pols or in
both polarizations during one chirp duration. In the second
architecture given by Fig. 2(b), each antenna is connected
to independent digital blocks and an RF chain. Accordingly,
during a chirp duration, independent waveforms can be
transmitted in H- and V-pols. This enables higher data rates
compared to the first architecture at the cost of additional
hardware and hence consumes more power. Simultaneous
transmission of different waveforms in H- and V-pols has
the potential to severely impact radar performance since any
cross-polarization scattering will result in both waveforms
being detected by the receiver. For an FMCW radar, this could
result in false targets being created due to the scattered V-pol
waveform being deramped using the H-pol waveform or vice

versa. For a single-polarization radar receiver, for example,
H-pol, this can be addressed by only transmitting V-pol
waveforms whose instantaneous frequency is less than that
of the transmitted H-pol waveform. In this way, any signal
due to cross-polarization scattering will deramp to a negative
frequency and can be ignored. This strategy comes at the
cost of a reduced number of possible symbols, and therefore
reduced communications throughput. For a dual-polarised
radar receiver, the false targets will only appear in one
polarization (in the other they map to negative frequencies
and can be easily ignored), therefore they may be identified
and discarded without a loss in communications performance.

The radar receiver part is not shown in Fig. 2. A standard
dual-polarized receiver can be used with some additional
signal processing stages to mitigate the impact of the vary-
ing chirp bandwidth and center frequency as explained in
Section II-B. The first transmitter architecture transmits a
single chirp in each time block in either V, H, or both in
VH polarizations. Therefore, only a single digital-to-analog
converter and a single RF transmitter chain are required. This
enables a low-hardware complexity radar and communication
architecture. The second transmitter architecture transmits
two independent chirps in V and H pols, therefore, this
requires two DACs and RF chains. However, it achieves
higher throughput. Considering that L bandwidth and K center
frequency options are available to select to modulate the data,
then the number of bits that can be transmitted in each chirp
duration by the first transmitter architecture with three possible
polarization states (V, H, and VH) is given by the following
equation:

Nbits = �log2(3KL)� (9)

where �.� defines the floor function. On the other hand, the
number of bits transmitted by the second architecture, where
independent chirps are transmitted by H- and V-polarized
antennas simultaneously, is given by the following equation:

Nbits = �log2(K L)2� = �2 log2(KL)�. (10)

Moreover, the communication throughput is a function of the
number of bits correctly transmitted per second, accordingly
the throughput of the DFRC system is given by the following
equation:

Rcom = 1

Tc
Nbits(1 − γ ) (11)

where Tc and γ denote the chirp duration and symbol error
rate (SER), respectively. SER is affected by the SNR, � f , �B ,
and the interference between the two polarizations.

E. Comparison With Previous IM-Based DFRC Studies

In comparison with previous radar-centric DFRC stud-
ies [20], [21], [22], [23], [24], [25], [26], [27], [28], [29],
this study presents a reduced hardware complexity method
such that it does not need multiple antennas and multi-
ple analog and digital processing chains. It only needs a
dual-polarized antenna and one or two analog or digital
processing chains. Moreover, it does not require precise CSI
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TABLE I

COMPARISON OF IM-BASED DFRC STUDIES

as it utilizes polarization diversity instead of antenna diversity
as an index and avoids using phase modulation. Furthermore,
it can still achieve desirable data rates in comparison with other
radar-centric DFRC methods recently published, as shown in
Section V. This study also presented the real-world imple-
mentation of the proposed radar-centric DFRC method and
over-the-air experimental measurements to demonstrate its
communication and radar sensing performance. As a sum-
mary, Table I presents an overall comparison of this study
to the related IM-based DFRC studies published in the
literature.

III. COMMUNICATION RECEIVER ARCHITECTURE

The RF signals received by V-pol and H-pol communication
antennas are directly digitized by the high-speed analog-to-
digital converters (ADCs) of ARESTOR. After direct RF
digitization, down-conversion is digitally performed and then
digital signal processing is performed to detect the commu-
nication symbols. However, it is also possible to use conven-
tional analog down-conversion blocks to obtain the baseband
signals.

The wideband signals received in V- and H-pols at the
communication receiver during the nth transmission can be
given by the following equation:

SV
n (t) = uV

n (t) ∗ hV (t) + uH
n (t) ∗ hHV(t) + nV (t) (12)

SH
n (t) = uH

n (t) ∗ hH (t) + uV
n (t) ∗ hVH(t) + nH (t) (13)

where ∗ expresses the convolution operation, uV
n (t) and uH

n (t)
denote the chirps transmitted in V- and H-pols given by (2).
Moreover, hV (t) and hH (t) denote the channels of V and
H polarizations, respectively, between the radar transmitter
and communication receiver, and hHV(t) and hVH(t) denote
the cross-polarization channels between the V- and H-pols.
Moreover, nV (t) and nH (t) denote the complex-valued AWGN
in the V- and H-pols channels with zero mean and noise
variance pn as CN (0, pn).

A. Single Channel Baseband Receiver

The first receiver architecture considered is a two-stage
receiver that first determines the polarization of the received
chirps and then estimates the carrier center frequency and
bandwidth of the chirps by utilizing a single maximum likeli-
hood estimator as shown in Fig. 3(a). This approach provides a
low-computational complexity since the maximum likelihood
estimator is only performed in a single polarization and the

Fig. 3. IM-based DFRC receiver architectures: (a) polarization detection and
single maximum likelihood estimator and (b) two parallel maximum likelihood
estimators.

number of possible symbol combinations in this maximum
likelihood estimator is K L. Moreover, it requires only one
FFT after determining the polarization of the received signals.
The disadvantage of this method is that it cannot be used
when independent chirps are transmitted simultaneously in V
and H pols. Furthermore, it is more prone to noise and inter-
ference between the polarizations since the detection of the
polarization is performed by comparing the power of received
signals in V- and H-pols to a power threshold. It is difficult
to determine an optimum power threshold since it should
be determined by taking into account both cross-polarization
interference and noise, both of which may vary over time.

Fig. 3(a) illustrates the single maximum likelihood receiver
architecture, where the received signals from both polarization
channels are first processed by the RF chains and converted
into an intermediate carrier frequency. The detection of the
transmitted data is performed in two stages in order to reduce
the complexity. In the first stage, the polarization of the
received signals is detected by comparing them to the noise
level. This stage will return the polarization state of the
received nth chirp as p̂n.

Let us assume that the ratio of the polarization leakage
amplitudes between H- and V-pols is denoted by αpol, then
the threshold of the polarization detector, Tpol, is given by the
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following equation:
Tpol = σ 2

n + psig/β + α2
pol (14)

where σ 2
n denotes the noise variance and β is the ratio that

needs to be optimally selected with regard to the polarization
leakage αpol and noise variance σ 2

n . This is because the
received signal power is the combination of the received
signals from both polarizations and noise, and hence the
threshold should be adjusted with regard to the polarization
leakage. While determining the threshold Tpol, the first pulse
transmitted in either V-pol or H-pol can be used to estimate
psig to improve the stability of polarization detection. After
estimating the polarization of the received signal as p̂n ∈
{V , H, V H }, the received chirp Sn(t) ∈ {SV

n (t), SH
n (t)} in

either H-pol or V-pol during chirp duration Tc is converted into
the frequency domain using the Fourier transform as follows:

Wn =
∫ ∞

−∞
Sn(t)e

− j2π f t dt (15)

where 0 ≤ t ≤ Tc for each chirp. The FFT method is used
to take the Fourier transform of the received signals after
down-conversion. After FFT processing, the received signals
are normalized before detecting the bandwidth and center
frequency.

In the second stage, the bandwidth and the center frequency
of the received chirps are estimated by a maximum likelihood
estimator that compares this sampled data to the codebook
that contains all possible chirps with bandwidth and center
frequency combinations. This is expressed as follows:

arg min
(k̂n ,l̂n)

	Wn − F	2 (16)

where F = {W(1,1), . . . , W(k,l), . . . , W(K ,L)} denotes the set
of chirps (i.e., code-book) with all possible bandwidth and
center frequency combinations, and ||·||2 indicates the L2 norm
operation. Moreover, Wn denotes the nth received radar chirp
in the frequency domain and (k̂n, l̂n) denotes the estimated
center frequency and bandwidth indexes of the nth radar chirp.
Including the estimated polarization ( p̂n), the indexes of the
detected symbol can be given as ( p̂n, k̂n, l̂n) and this can be
de-mapped to the communication data. This receiver architec-
ture can be only used by the first receiver architecture as it
assumes that either the chirp is transmitted in one polarization
or the same chirp is transmitted in both polarizations.

B. Dual Channel Baseband Receiver

In the second approach, two maximum likelihood estimators
are performed in parallel as shown in Fig. 3(b), each estimator
is connected to one of the dual-polarized antenna channels
(V- and H-pols antennas). This method can be used with both
transmitter architectures as the chirps simultaneously trans-
mitted in both polarizations can be estimated. Each maximum
likelihood estimator searches for the correct symbol in the
codebook, i.e., center frequency and bandwidth combination
of the chirps received in V- and H-pols. Note that this
method requires that the FFT must be performed in both
polarizations before the maximum likelihood estimators while

in the previous method, the FFT needs to be performed in
either the V-pol or H-pol after estimating the polarization state
of the received chirp.

The Fourier transform is performed on the received nth
chirps in V- and H-pols to convert them into frequency domain
samples as follows:

W V
n =

∫ ∞

−∞
SV

n (t)e− j2π f t dt (17)

W H
n =

∫ ∞

−∞
SH

n (t)e− j2π f t dt (18)

where superscript V and H denote the polarizations. In the
second receiver architecture, illustrated by Fig. 3(b), two
maximum likelihood (ML) estimators concurrently operate
to estimate the transmitted communication symbols. Note
that in one of the polarizations, there may not be a trans-
mitted signal in the case of using the first transmitter
architecture as it may transmit in either of the polariza-
tion. Therefore, the set of waveform options (i.e., code-
book) should also include a no-transmission case as F =
{W(0,0), W(1,1), . . . , W(k,l), . . . , W(K ,L)} where W(0,0) denotes
that there is no chirp transmission. Two ML estimators can
concurrently operate to detect the symbols transmitted in V
and H polarizations as follows:

arg min
(k̂V

n ,l̂V
n )

||W V
n − F ||2 (19)

arg min
(k̂H

n ,l̂ H
n )

||W H
n − F ||2 (20)

and the ML estimators return the estimated indexes (k̂V
n , l̂ V

n )
and (k̂ H

n , l̂ H
n ) for the signals received in V- and H-pols, respec-

tively. The computational complexity of each ML estimator
is related to the number of possible symbols that can be
transmitted in each polarization, i.e., K L + 1. This receiver
architecture can demodulate the chirps transmitted by both
transmitter architectures shown in Fig. 2(a) and (b). After
estimating the indexes of the chirps using the aforementioned
single or dual baseband channel receivers, these indexes are
de-mapped to the communication symbols at the receiver.

IV. RF SENSOR HARDWARE PLATFORM - ARESTOR AND

EXPERIMENTAL SETUP

This section explains the RF sensor platform used in exper-
iments and gives the details of the over-the-air experimental
setup.

A. RF Sensor Hardware Platform - ARESTOR

The hardware used to experimentally validate this
dual-function concept was the UCL ARESTOR platform [33].
ARESTOR is a xilinx RF system on chip (RFSoC) [39] based
system that uses the Xilinx ZCU111 development board [40]
as its core, Fig. 4.

The RFSoC is a conventional field programmable gate
array (FPGA) providing a substantial programmable logic
(PL) fabric, and in addition the device includes high-speed
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Fig. 4. UCL ARESTOR System based on the Xilinx RFSoC ZCU111
Evaluation Board.

TABLE II

CHARACTERISTICS OF GENERATION 1 RFSoC DEVICE

ADCs and digital-to-analog converters (DACs). The ZCU111
development board contains a generation 1 RFSoC device
with 8 ADCs operating in excess of 4 G-samples/s,
and 8 DACs operating in excess of 6 G-samples/s. Later
generation devices provide expanded options including higher
sample rates and/or larger numbers of ADCs and DACs. The
characteristics of the RFSoC device used on the ZCU111 are
shown in Table II. In addition to the system memory present
on the RFSoC, the ZCU111 also provides two blocks of 4 GB
DDR memory attached to the PL and processing system (PS)
of the RFSoC, respectively. In ARESTOR, the PS DDR has
been upgraded to 32 GB.

The ARESTOR platform has been developed at UCL to
provide a flexible, highly configurable RF sensor capable
of operating in multiple sensing modalities. These modali-
ties might be operated serially by reconfiguring the device
as necessary on-the-fly, or given sufficient resources within
the device multiple modalities can be operated in parallel.
As an example, ARESTOR can support FMCW active radar
concurrently with a passive radar implementation in different
frequency bands with the use of an RF front end [36].

In addition to the evaluation hardware system the
ARESTOR platform consists of an ecosystem which provides
in-built tools which automatically configure and build the cho-
sen design elements to form the final personality of the system.
This relies heavily on a series of Python scripts which interact
with the Xilinx development tools. The ecosystem includes a
number of standard modules which may be connected together
to form the desired system such as FMCW active radar blocks

Fig. 5. Field trials of the proposed architecture.

which implement the signal de-ramping process, decimation
blocks which reduce the data throughput and passive radar
processing components, amongst others.

B. Experimental Set-Up

For this application, we use two ARESTOR platforms, one
to implement the FMCW active radar transmitter and receiver,
which is also communications source, and a second as the
communications receiver. Although the FMCW radar node
design was available from previous development the existing
design did not allow for changes in the signal parameters over
the course of a data capture, therefore further development
was required to enable chirp to chirp modification of the
signal parameters necessary for packaging the communications
payload. Another area where the standard FMCW processing
was not directly applicable is in the mapping of the de-ramped
return signal to the physical range of the target. The range
resolution and range cell extent are dependent on the band-
width of the transmitted signal, which in this scenario is in
turn dependent on the symbol being transmitted, therefore
the range cell size will vary from PRI to PRI. This effect
can be compensated for as described in Section II-B. The
standard FMCW radar processing operates in real-time on
the ARESTOR platform and can provide a real-time display
of the scene. However, the radar range correction processing
is currently implemented off-line, as is the communications
receiver.

The measurement setup is shown in Fig. 5, where the
dual-polarized radar transmits antenna, communication receive
antenna, and static and moving targets are shown. The moving
target was walking toward the radar and away from the radar
during measurements. Two ARESTOR platforms, shown in
Fig. 4, were used in measurements, the first one was used as a
radar node to perform radar sensing and transmit communica-
tion data, therefore, connected to two dual-polarized antennas
(radar and communication transmit antenna and radar receive
antenna), and the second ARESTOR platform was used as
the communication receiver, connected to the dual-polarized
communication receive antenna. During measurements, vari-
ous radar waveform parameters are tested and their impact on
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TABLE III

NUMBER BITS TRANSMITTED PER RADAR CHIRP FOR EXAMPLE
BANDWIDTH AND CENTER FREQUENCY SEPARATIONS

IN 2.4 GHz ISM BAND

the communication throughput and radar-sensing performance
are analyzed in this section. Experimental measurements were
performed on rural farmland to avoid interference from other
RF transmitters since the measurements are performed in
the 2.4 GHz industrial, scientific, and medical (ISM) band.
Moreover, the open field environment enabled us to per-
form LOS experiments, which is generally desired for radar
measurements.

Two synchronised FMCW processing chains were imple-
mented in the ARESTOR node to provide for the V- and
H-pols channels. The communications receiving node is based
on an ES mode in ARESTOR which gathers data at a selected
rate, decimating the data as necessary, and saving the results to
long term storage for off-line processing. Again two separate
processing chains were implemented for the 2-pol capture.
The longer term aim is for the signal processing for the
communications payload to be carried out within the platform
in real-time. This article represents the first published results
of the use of the ARESTOR platform for joint radar and
communications applications.

The proposed DFRC system is designed to operate in the
2.4 GHz ISM band, accordingly, the generated waveforms
must stay within this ISM band, i.e., between 2400 and
2483.5 MHz [41]. Moreover, the minimum and maximum
bandwidths of the transmitted radar chirps are determined
as 40 and 55 MHz, respectively. Therefore, the number of
waveforms that can be transmitted in each polarization are
restricted by the center frequency spacing (� f ) and bandwidth
spacing (�B) due to these frequency spectrum limitations.

Table III presents example waveform bandwidth
spacing, center frequency spacing and channel (dual
or single) combinations and resulting constellation size
(Ncons) and the corresponding number of bits (Nbits) that
can be transmitted within in each radar chirp. During
measurements, {�B = 5 MHz, � f = 5 MHz} and
{�B = 2 MHz, � f = 2 MHz} modes for dual channel
system; and {�B = 2MHz, � f = 2 MHz} and {�B =
1 MHz, � f = 2 MHz} modes for single-channel system are
experimentally performed and measured. Other modes given
in Table III require larger RAM than is available in ARESTOR
to store the entire set of chirp combinations as the entire
symbol-set should be stored for V- and H-pols, thus they
were not used in experiments. After verifying the simulations
by experimental measurements for the aforementioned modes,
other modes are realized in simulations. Table III indicates
that enabling the dual channel mode provides nearly a 50%

Fig. 6. Example received signals at H- and V-pols communication antennas
when three chirps are transmitted by the radar in either H-pol or V-pol.
(a) V-pol receiver. (b) H-pol receiver.

increase in the number of bits that can be transmitted using the
same bandwidth and center frequency separations (i.e., 9 bits
versus 13 bits for �B = 2 MHz and � f = 2 MHz case).
Only the dual channel receiver model presented in Fig. 3(b) is
used in simulations and measurements as the performance of
the single-channel receiver is limited and it cannot be used to
receive the simultaneously transmitted chirps in V- and H-pols.

Fig. 6 illustrates the example signals received at
V- and H-pols communication antennas when three different
index-modulated chirps are transmitted by the dual-polarized
radar antenna, i.e., first, second, and third chirps. In this
example, the first and third chirps are transmitted by the H-pol
DFRC antenna while the second chirp is transmitted by the
V-pol DFRC antenna. The signals received at communication
V- and H-pols antennas are clearly observed and their center
frequency and bandwidth can be determined by the proposed
receiver architectures. It can be seen that there is some leakage
between the polarizations such that V-pol or H-pol signals are
also received by the cross-polarized antennas. This is expected
as the cross-polarization isolation of any real antenna is not
perfect and there might also be polarization misalignment
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between the transmit and receive antennas, resulting in some
level of cross-polarization leakage. This polarization leakage is
also considered in simulations using the channel model given
by (12) and (13).

V. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the communication data rate and radar
sensing performance of the proposed DFRC system have
been evaluated via simulations and real-time over-the-air
experimental measurements performed using the ARESTOR
platform [33]. During measurements, ARESTOR platform
used for radar sensing performed direct digitization of RF
signals, digitally mixing down to baseband and correlating the
transmitted and received baseband signals to produce the beat
signals. Therefore, only range processing and visualization of
the radar images are performed off-line through the stored
measurement data. For the communications part, ARESTOR
platform performed direct digitization of the received sig-
nals and stored the down converted baseband signals at the
communication node. The maximum-likelihood estimators and
decoding of the communications data are performed offline by
a computer using the stored data. Note that it is also possible
to implement all digital signal processing on ARESTOR
platforms, and this will be investigated in a future study.
Measurements provided consistent results with simulations and
verified the communication and radar sensing performance of
the proposed system.

The performance of the proposed DFRC platform has
been evaluated by simulations and experimental measurements
performed in the scenario shown in Fig. 5 on a farmland to
avoid possible interference from other devices operating in the
2.4 GHz ISM band. Fig. 7 illustrates the measured and sim-
ulated throughput of the received communication data. These
results have shown that the dual channel system provided a
higher data rate and it can also operate in lower SNR per
channel compared to the single-channel system. This is mainly
due to simultaneously transmitting in both polarizations, even
though we transmit with the same power per channel, the
overall power consumption, and hence the combined SNR
of both channels at the communication receiver are higher
since both channels are continuously transmitting. Because,
the single channel system transmits chirps in either V-pol,
H-pol, or both polarizations, therefore, it does not utilize both
channels all time. Experimental measurements and simulations
results are in good agreement and they have proved that the
proposed DFRC architecture can work even with −10 dB SNR
at the communication receiver. This level of SNR performance
is due to the extra gain obtained by taking the FFT of the
chirps over multiple samples acquired by the ADCs for each
chirp before the maximum-likelihood estimator as shown in
Fig. 3. This FFT processing gain improves the communication
symbol estimation performance by suppressing the random
noise [42]. This provides a significant improvement compared
to the previous studies such as [23], where higher SNR is
required for communication.

Decreasing the chirp duration (i.e., PRI) allows the DFRC
system to achieve higher throughput as shown in Fig. 7,
however, this is at the expense of sacrificing some degree of

Fig. 7. Measured and simulated throughput of single RF and ADC channel
and dual RF and ADC channel radar and communication systems. (a) Single
RF and ADC channel system. (b) Dual RF and ADC channel system.

radar performance as observed in Figs. 8 and 9. Fig. 8 presents
the radar range image of the static and moving targets from V
and H polarized antennas from experimental measurements,
where the chirp duration is Tc = 100 μs. Both targets are
clearly observed although there are some fluctuations that
are mainly caused by the varying bandwidth of the FMCW
chirps. Note that the target is detected in both polarizations,
resulting in obtaining more information about the target, such
as some target features might be more visible in one of
the polarizations. Fig. 9 shows example radar range images
obtained from V polarized antenna with Tc = 10 μs and Tc =
50 μs chirp durations, respectively. The H-pol radar images
are not given here for the sake of brevity. It is seen that when
Tc = 50 μs both static and moving targets can be detected and
their ranges can be estimated. However, when Tc = 10 μs,
the shorter range static target is still clearly detectable, but the
detection of the moving target becomes more challenging as it
increases in range. Shorter chirp lengths result in reduced SNR
as well as impacting the maximum radar range in FMCW radar
systems. The bandwidth of the decimated de-ramped signal in
the current ARESTOR implementation limits the operational
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Fig. 8. V- and H-pols radar range measurement images with Tc = 100 μs.
(a) V-pol radar image. (b) H-pol radar image.

range of the radar with Tc = 10 μs to less than 30 m. This
range could be increased by changing the characteristics of
the decimation filters. This indicates the trade-off between a
higher data rate (short chirps) versus higher target SNR (long
chirps) and maximum detection range.

These simulation and measurement results have shown a
good agreement and give an insight into the expected per-
formance of the proposed DFRC system. Moreover, measure-
ments also enabled us to experimentally evaluate the radar
sensing performance. CRLB on the range of the target is
analyzed to provide an insightful understanding of the radar
performance of the DFRC system. Fig. 10 shows the CRLB
on the range of the single-channel DFRC, dual channel DFRC
and radar-only scenarios. In the DFRC scenarios, transmitted
chirps with bandwidths varying between 40 and 55 MHz were
used, as shown in Table III. In the radar-only case chirps with
a fixed bandwidth of 50 MHz were used. Due to varying band-
width, the CRLB on the range of the DFRC scenarios vary,
therefore mean values of 10 000 chirps are presented here.
It can be seen that the radar-only case reaches a lower CRLB,
hence a better range estimation, but the dual channel DFRC
can also reach a similar range estimation accuracy. The range
estimation accuracy of the single-channel DFRC is worse due
to having null chirps during the transmission depending on

Fig. 9. V-pol radar range measurement images with Tc = 50 μs and Tc =
10 μs. (a) V-pol radar image with Tc = 50 μs. (b) V-pol radar image with
Tc = 10 μs.

Fig. 10. CRLB on range as a function of chirp duration for DFRC and
radar-only cases.

the communication data modulation. Therefore, considering
that the communication throughput of the dual-channel DFRC
system is also higher than the single-channel system, both
radar and communication performance of the dual-channel
system is better than the single-channel mode. On the other
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Fig. 11. Radar return SNR and communication throughput as a function
of chirp duration. DC represents dual channel while SC represents single
channel.

Fig. 12. Trade-off between the maximum throughput, CRLB on range and
radar return SNR. (DC represents dual channel while SC represents single
channel in the legend).

hand, the advantages of the single-channel system are its
lower hardware and computational complexities and also lower
power consumption.

Moreover, we also analyzed the direct trade-off between the
radar sensing performance and communication throughput in
Figs. 11 and 12. Fig. 11 illustrates that chirp duration results
in a trade-off between the communication throughput and the
radar SNR. Shorter chirp duration enables the DFRC system
to transmit data at higher rates while it causes a decrease
in the radar SNR. However, this trade-off does not consider
integrating multiple chirps, which is expected to improve the
radar sensing performance when shorter chirps are employed
by integrating multiple of them for radar sensing. This could
be investigated in future studies. Depending on the application,
a single suitable chirp duration can be chosen to satisfy the
radar and communication requirements of the application.
For instance, if the DFRC system aims to detect only high
SNR targets, then a short chirp duration can be selected to
improve the communication throughput while satisfying the
radar detection performance, or vice versa. Moreover, the
DFRC system can be designed to adaptively operate such that

it can continuously adjust the waveform parameters based on
the previous sensing information it acquired about the envi-
ronment and communication users. Fig. 12 shows the relation
between the CRLB on the range, throughput and received
radar SNR of the DFRC system with different configurations.
It clearly shows that selecting a narrower bandwidth and
center frequency spacing allows the DFRC system to achieve
a better trade-off between communication and radar sensing
performance. However, this may also lead to a much larger
constellation size, and hence a higher computational com-
plexity of the ML estimators that are utilized to demodulate
the received communication data. The dual channel system
achieves a better trade-off than the single-channel system in
all scenarios simulated or experimentally measured in this
study since it simultaneously utilizes both antenna channels
to transmit independent chirps.

VI. CONCLUSION

This study has proposed an IM-based low hardware
complexity FMCW DFRC system and evaluated its com-
munication throughput and radar sensing performance by
both simulations and experimental measurements. Utilizing
dual-polarization antennas and employing bandwidth and
center frequency of the chirps as indexes, communications
throughputs of up to 17 Mb/s can be achieved. This study
has also experimentally demonstrated the trade-off between
the communication and radar performance caused by selecting
different chirp parameters. Future research may look to inves-
tigate and mitigate the impact of the varying chirp parameters
and chirp duration on the radar performance. The objective of
this would be to correct any undesired radar signal processing
effects from the waveform modulations as well as decouple
or relax the trade-off between the communication throughput
and radar sensing performance.
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