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Abstract—This study experimentally demonstrates a radar-
centric integrated sensing and communication (ISAC) system
that exploits the radar transmission parameters as modulation
indexes to communicate with the user devices while performing
short-range radar sensing. The center frequency, bandwidth,
and polarization of the transmitted radar chirps are used as
modulation indexes. The simulation results have been verified by
real-time over-the-air experimental measurements that have also
revealed the trade-off between the radar sensing performance
and communication data rate, depending on the radar waveform
parameters selected in the ISAC system. The proposed dual-
function radar and communication system was shown to reach
up to 10 Megabits/s throughput depending on the bandwidth and
centre frequency separations and chirp duration.

Index Terms—index modulation, integrated sensing and com-
munication, radar sensing, wireless communication

I. INTRODUCTION

The frequency spectrum is becoming increasingly more con-
gested and contested due to rapidly increasing bandwidth of
radar sensing and communication systems [1]. The integrated
sensing and communication (ISAC) systems that utilize the
same frequency resources for both operations are seen as key
solutions for the congested frequency spectrum problem. ISAC
systems can be designed as Radar-Centric or Communication-
Centric systems [2]. In the Radar-Centric ISAC systems, the
communication data is embedded in radar signals [3], while
Communication-Centric ISAC solutions exploit the commu-
nication signals for radar sensing [4]. In this study, we
have designed, implemented and demonstrated a Radar-Centric
ISAC system that enables communication functions in short-
range radar systems through index modulation (IM) within
frequency-modulated continuous-wave (FMCW) radar chirps.

The IM exploits various waveform features as modulation
indexes to modulate communication data [5]. For example,
selections of antennas, subcarriers, time slots or other sig-
nal features can be exploited as indexes [6]. IM does not
require special waveform types and may be implemented
without significantly changing the signals, hence it has been
recently considered to modulate communication data within
radar waveforms [7]–[13]. For instance, Huang et. al proposed
multi-carrier agile joint radar-communication (MAJoRCom)
system which jointly utilize the antenna and carrier frequency
selections of radar waveforms to modulate data [7]. Moreover,
Ma et. al proposed a method that works with FMCW signals
[9], which makes use of the active antenna index and carrier
frequency selection of the FMCW signals to convey data to the

users. In the aforementioned IM-based ISAC studies [7]–[13],
it is usually assumed that the channel state information (CSI)
is perfectly known by the communication receivers, hence it
is possible to take advantage of multiple antennas and phase
diversity as IM indexes because they can be decoded using the
CSI. However, the CSI may not be accurately estimated owing
to the nature of wideband radar waveforms, thus such ideas
are difficult to implement in real-time ISAC systems where the
channel might change rapidly, making the CSI estimation chal-
lenging using radar waveforms. Consequently, we investigate
the use of the polarization of the radar signals as an IM index,
which is easier to estimate than the antenna selection index at
the receiver node. The polarizations of the received signals
can be estimated at the receiver without requiring a precise
CSI, thanks to the polarization diversity. The proposed ISAC
method makes use of continuous waveforms (i.e., FMCW),
hence it can be used in self-driving vehicles or other short-
range sensing applications.

This study proposes and demonstrates a radar-centric ISAC
approach through IM to transmit data without significantly
affecting the radar performance. The features of the FMCW
chirps are utilized as IM indexes to convey data within chirps
at relatively high data rates. Making use of both vertical (V-
pol) and horizontal (H-pol) polarizations for radar sensing
also enables the radar to acquire more information about the
targets because some target features may be better acquired
in one specific polarization and dual-polarized radar may also
provide a higher SNR [14]. The UCL ARESTOR platform [15]
was used as the experimental platform to verify the proposed
ISAC concept. The ISAC transmitter was implemented on
one ARESTOR platform to transmit modulated FMCW chirps
and the second ARESTOR platform was used to receive
the chirps and decode the received data. The ISAC setup
was tested in field trials with moving and static targets. The
proposed method provides a low hardware complexity ISAC
architecture because it does not need multiple antennas and
CSI. Moreover, only a single digital block, RF chain and dual-
polarized antenna are sufficient to transmit ISAC waveforms.

The contributions of this study are summarized as:
• This study proposes a novel IM-based ISAC architecture

by making use of a dual-polarized antenna. In the previ-
ous studies, polarization is not considered as an index.

• This study experimentally shows the trade-offs between
the radar sensing performance and communication data
rate depending on the radar waveform parameters.
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Fig. 1: IM-based FMCW ISAC system.

II. SYSTEM MODEL

The proposed ISAC system employs the features of FMCW
chirps as IM indexes to convey communication data while
carrying out short-range radar sensing as the primary function
as shown in Fig 1. The bandwidth (BW ), polarization (P ), and
carrier frequency (fc), of the FMCW chirps are used as indexes
to modulate the communications data. An FMCW chirp is
given by

u(t) = Ae−jπ(2fct+ρt2), t ∈ [0, Tc] , (1)

where A(t), fc and Tc are the amplitude, carrier frequency
and the sweep duration of a chirp, respectively. Moreover,
ρ = BW/Tc is the slope of the chirp with BW being the
bandwidth of the chirp. The chirps are transmitted either in V-
pol, H-pol or both (V-pol and H-pol) antennas. Accordingly,
the transmitted nth signal consisting of chirps in V-pol and
H-pol with IM indexes is given by

Xn = uV
n (t) + uH

n (t)

= AV e−jπ(2fV
c t+BWV /Tct

2)

+AHe−jπ(2fH
c t+BWH/Tct

2), (2)

where t ∈ [0, Tc], and superscript V and H denote the polar-
izations of the modulation indexes A, fc and BW . Moreover,
AV ∈ {0, 1} and AH ∈ {0, 1} indicate if a chirp is transmitted
in the corresponding polarization during the nth transmission,
resulting in the polarization index pn = {V,H, V H}.

A. Radar Signal Processing and Target Detection

The radar signals reflected from the targets are processed
via standard FMCW radar processing techniques [16]. The
processing starts with mixing the return signal with a replica
of the transmitted signal. The result of the mixing process is a
beat signal, and its frequency indicates the range of the target
the return has been reflected from, and it can be estimated by
spectral analysis. The spectral analysis is carried out in the
ARESTOR hardware. Details of the ARESTOR FMCW radar
implementation can be found in [17].

B. Communication Data Modulation

The bandwidth, carrier centre frequency and polarization
of the chirps are used as IM indexes for data modulation.

Fig. 2: IM-based ISAC transmitter architecture.

Assuming that the carrier frequency fc of the chirps is varied
by ∆f steps between f(min) and f(max) as

f(min) ≤ f(min) + k∆f ≤ f(max), (3)

where k = 0, 1, ...,K − 1 denotes the index of the carrier start-
ing frequency and K is the total number of center frequency
indexes, hence, fc = f(min) + k∆f . The set of bandwidth
options for the chirps is defined as

BW(min) ≤ BW(min) + l∆BW ≤ BW(max), (4)

where BW(min), BW(max), ∆BW and l = 0, 1, ..., L− 1
are the minimum bandwidth, maximum bandwidth, band-
width spacing and bandwidth index and L is the number
of bandwidth indexes, and the bandwidth of the chirp is
BW = BW(min) + l∆BW . Only three polarization states
are considered, namely only vertical (V), only horizontal
(H) polarizations or both (VH), therefore, the number of
polarization indexes is P = 3.

C. ISAC Transmitter Architecture

In addition to the dual-polarized transmit antenna, the radar
node is also equipped with a dual-polarized radar receive
antenna to simultaneously receive radar returns for radar
sensing. The radar waveform is transmitted either in the V-
pol, H-pol or in both polarizations during each chirp duration.
The transmitter architecture employed at the radar node is
shown in Fig. 2, where a single digital block and RF chain
are utilized to serve both V-pol and H-pol channels using an
RF switch that switches between V-pol and H-pol. Assuming
that L bandwidth, K centre frequency, and three polarization
(V, H, VH) options are available, then the number of bits can
be transmitted in each chirp duration by the proposed IM is
given by,

Nbits = ⌊log2(3KL)⌋ (5)

where ⌊.⌋ is the floor function. Furthermore, the communica-
tion throughput of the ISAC system is given by

Rcom =
1

Tc
Nbits(1− γ), (6)

where Tc and γ denote the chirp duration and symbol error
rate (SER), respectively.

D. Communication Receiver Architecture

During the nth transmission, the signals received at the
communication receiver in V-pol and H-pol are given by

SV
n (t) = uV

n (t) ∗ hV (t) + uH
n (t) ∗ hHV (t) + nV (t), (7)

SH
n (t) = uH

n (t) ∗ hH(t) + uV
n (t) ∗ hV H(t) + nH(t), (8)



Fig. 3: IM-based ISAC receiver architecture.

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

n (t)
denote the chirps transmitted in V-pol and H-pol channels
as given by (2). Moreover, hV (t) and hH(t) denote the V-
pol and H-pol channels between the ISAC transmitter and
communication receiver, and hHV (t) and hV H(t) denote the
polarization leakage channels between the V-pol and H-pol
antennas. In addition, nV (t) and nH(t) denote the complex-
valued additive white Gaussian noise (AWGN) with zero mean
and variance σ2

n as CN
(
0, σ2

n

)
in the V-pol and H-pol at the

receiver, respectively.
The proposed communication receiver has a two-stage ar-

chitecture as shown in Fig.3. In the first stage, the polarization
of the received chirp is estimated by comparing the received
signals in H-pol and V-pol channels to a threshold. The
threshold of the polarization detector, Tpol, is determined as

Tpol = σ2
n + psig/β + α2

pol, (9)

where σ2
n is the noise variance and β is a coefficient that needs

to be optimally selected with regard to the polarization leakage
αpol and noise variance σ2

n. 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)} during the nth transmission

is transformed into the frequency domain using the Fourier
transform as

Wn =

∫ ∞

−∞
Sn(t)e

−j2πftdt, (10)

where 0 ≤ t ≤ Tc for each chirp. The fast Fourier transform
(FFT) is used to perform Fourier transform. After FFT, the re-
ceived signals are normalized before estimating the bandwidth
and center frequency indexes.

In the second stage, the bandwidth and the center frequency
indexes of the received chirps are estimated using a maximum
likelihood estimator. This is expressed as

arg min

(k̂n, l̂n)

||Wn −F||2, (11)

where F = {W(1,1), · · ·W(k,l), · · · ,W(K,L)} is the set of
chirps (i.e., code-book) consisting of all possible bandwidth
and center frequency combinations, and ||.||2 denotes the L2

norm. Furthermore, Wn is the nth received radar chirp in
the frequency domain and (k̂n, l̂n) is the estimated centre
frequency and bandwidth indexes of the nth radar chirp.
Including the estimated polarization index (p̂n), the indexes
of the nth chirp are estimated as (p̂n, k̂n, l̂n) and then these
indexes are decoded to the corresponding communication
symbol.

Fig. 4: UCL ARESTOR Multifunction RF Platform

III. ARESTOR RF SENSOR HARDWARE PLATFORM

The hardware used in experimental measurements was
the UCL ARESTOR platform [15]. ARESTOR is a Radio
Frequency System on Chip (RFSoC) [18] system based on
the Xilinx ZCU111 as shown Fig.4. The ARESTOR platform
has been developed at UCL to provide a flexible, highly
configurable RF sensor that is capable of operating in multiple
sensing modes. These modes might be operated serially by
reconfiguring the device as necessary on-the-fly, or multiple
modes can be operated in parallel. For instance, ARESTOR
can be used an FMCW active radar concurrently operating
with a passive radar implementation in different frequency
bands [17]. The characteristics of the RFSoC device used on
the ARESTOR are shown in Table I. Additionally, ARESTOR
has been equipped with 32 GB DDR RAM.

TABLE I: Features of ARESTOR RFSoC

No of DAC / ADC Bits 14 / 12-bit
No of channels DAC / ADC 8 / 8

ADC Sample Rate 4.096 GSPS
DAC Sample Rate 6.554 GSPS

System Logic Cells (K) 930
System Memory (MB) 60.5

DSP Slices 4272
Processors Arm Cortex-A53 + Arm Cortex-R5

In addition to the high-speed hardware architecture, the
ARESTOR platform consists of an ecosystem which provides
in-built tools, written in Python, which automatically configure
and build the design elements to form the final desired system.
The ARESTOR ecosystem consists of a number of standard
modules which may be connected together to form the desired
radar blocks such as the signal de-ramping process and deci-
mation blocks. This paper presents the first published results
of the use of the ARESTOR platform for ISAC applications.

IV. EXPERIMENTAL SET-UP

The measurement setup is shown in Fig. 5, where dual-
polarized radar transmit antenna, communication receive an-



Fig. 5: Field trials of the proposed architecture.

TABLE II: The number of bits transmitted per radar chirp
within 2.4 GHz ISM band with different ∆BW and ∆f
values.

∆BW ∆f Ncons Nbits

5 MHz 5 MHz 3 ∗ 30 6 bits
2 MHz 2 MHz 3 ∗ 126 8 bits
2 MHz 1 MHz 3 ∗ 245 9 bits

tenna, static and moving targets are presented. The moving
target was walking towards 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 ISAC node to perform radar sensing and transmit commu-
nication data, and the second ARESTOR platform was used
as the communication receiver. Experimental measurements
were conducted in a farm to avoid interference from other
RF transmitters in 2.4 GHz ISM (industrial, scientific, and
medical) band. Moreover, open field measurements provides
line-of-sight dominant links which are generally desired for
radar measurements.

Two synchronised FMCW processing chains were imple-
mented in the ARESTOR to provide the V-pol and H-pol
channels at the ISAC node. Another two separate processing
chains were implemented for the dual-pol captures at the
communication receiver node. The proposed ISAC system is
designed to operate in 2.4 GHz ISM band, accordingly, the
generated waveforms must be entirely within this ISM band,
i.e. between 2400 MHz to 2483.5 MHz [19]. Moreover, the
bandwidth of the transmitted radar chirps were between 40
MHz and 55 MHz. Consequently, the number of waveforms
in the code-book are restricted by the centre frequency spac-
ing (∆f ) and bandwidth spacing (∆BW ) owing to these
frequency spectrum limitations. Table II presents the experi-
mentally tested waveform bandwidth spacing, centre frequency
spacing and channel (dual or single) combinations and result-
ing modulation constellation size (Ncons) and corresponding
number of bits (Nbits) that can be transmitted within in each
radar chirp.

(a) V-pol receiver

(b) H-pol receiver

Fig. 6: Example signals received by V-pol and H-pol commu-
nication antennas.

V. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the communication data rate and radar
sensing performance of the proposed ISAC system have been
evaluated via simulations and real-time over-the-air experi-
mental measurements performed using the ARESTOR plat-
form [15]. Fig. 6 shows the example signals received at V-
pol and H-pol communication antennas when three different
index-modulated chirps are transmitted by the dual-polarized
ISAC antennas. In this example, the 1st and 3rd chirps are
transmitted by the H-pol ISAC antenna while the 2nd chirp is
transmitted by the V-pol ISAC antenna. The signals received at
communication V-pol and H-pol channels are clearly seen and
their centre frequency and bandwidth indexes can be estimated
by the proposed receiver architecture. Moreover, a polarization
leakage between the antennas is observed, which is anticipated
as the polarization of the antennas are not perfect and there
might be a misalignment between the transmit and receive
antennas, causing some level of polarization leakage. This
polarization leakage is also modeled in simulations using the
channel model given by (7) and (8).

The proposed ISAC platform has been evaluated by sim-
ulations and experimental measurements performed in the
scenario illustrated in Fig. 5 in a farm to avoid possible
interference from other devices operating in 2.4 GHz ISM
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Fig. 7: Measured and simulated throughput of the proposed
ISAC system.

band. Fig. 7 illustrates the measured and simulated throughput
of the received communication data. These results have shown
that the ISAC system delivers a reliable data communication
even in very low SNR values. Experimental measurements and
simulations results showed a good agreement and they have
proved that the proposed ISAC architecture can work even
with -10 dB SNR at the communication receiver. This provides
a significant improvement compared to the previous studies
such as [9], where higher SNR is required for communication.

Reducing the chirp duration allows the ISAC system to
achieve a higher throughput as shown in Fig. 7, however this
is at the expense of radar performance as observed in Fig. 8.
Fig. 8 presents the radar range image of the static and moving
targets from V and H polarized antennas from experimental
measurements. Both targets are clearly observed in Fig. 8a,
b, and c (Tc = 100 µs and Tc = 50 µs) although there
are some fluctuations that are mainly caused by the varying
bandwidth of the FMCW chirps. Fig. 8c and d show example
radar range images obtained from V polarized antenna with
Tc = 10 µs and Tc = 50 µs chirp duration, respectively. 1

Fig. 8 shows that when Tc = 100 µs or Tc = 50 µs both
static and moving targets can be detected and their ranges
can be estimated. On the other hand, when Tc = 10 µs, the
shorter range static target is still detectable, but the detection
of the moving target becomes more challenging as its range
increases. Shorter chirp length results in reduced SNR as well
as impacting the maximum radar range in the implemented
FMCW radar due to filtering effects of the radar receiver.

The trade-off between the radar sensing performance and
communication throughput is illustrated in Fig. 9, where the
chirp duration (Tc) causing a trade-off between the commu-
nication and radar. Shorter chirp duration allows the ISAC
system to transmit data at higher throughputs (i.e., up to 10
Megabits/s) while it causes a decrease in the radar SNR.

1The H-pol radar images are not shown for Tc = 10 µs and Tc = 50 µs
for the sake of brevity as it is given for Tc = 100 µs.

(a) V-pol Radar Image with Tc = 100 µs.

(b) H-pol Radar Image with Tc = 100 µs.

(c) V-pol Radar image with Tc = 50 µs.

(d) V-pol Radar image with Tc = 10 µs.

Fig. 8: V-pol and H-pol range images.
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Fig. 9: The trade-off between radar and communications.

However, this trade-off does not consider integrating multi-
ple chirps, which is expected to improve the radar sensing
performance when shorter chirps are employed by integrating
multiple of them for radar sensing. This will be investigated
in future studies. These simulation and measurement results
have shown a good agreement and given an insight into
the performance of the proposed ISAC system. Moreover,
measurements also were also used to experimentally evaluate
the radar sensing performance. Depending on the application,
a suitable chirp duration can be chosen to satisfy the radar and
communication requirements of the application. For instance,
if it aims to detect a large target –resulting in high SNR radar
returns– then a short chirp duration can be selected to increase
the communication data rate.

VI. CONCLUSION

This study has proposed a radar-centric FMCW ISAC
system with low hardware complexity, and evaluated its com-
munication and radar sensing performance by both simulations
and experimental measurements. Making use of bandwidth,
centre frequency and polarization of the chirps as indexes,
communication throughputs of up to a 10 Megabits/s is
achieved. This study has also experimentally demonstrated
the trade-off between the communication data rate and radar
performance, which is caused by chirps parameters. Future
research will aim to improve the communication and radar
performance by enabling both polarization channels at the
same time and investigate radar signal processing techniques
to mitigate the impact of the varying chirp parameters on the
radar sensing.
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