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Abstract—Joint communications and radar sensing (JC&S) is
expected to be one of the key features in next-generation wireless
communication systems, and one of the main enablers for this
is the availability of very wide bands in the millimeter-wave
(mmWave) frequencies. Most of the literature has investigated
different aspects of JC&S by means of theoretical or simulation
studies. However, before this concept is fully understood and
applied in practice, prototyping and large-scale experiments are
needed. In this paper, we present two mmWave demonstration
testbeds and discuss the measurement results for JC&S.

Index Terms—communications, sensing, JC&S, mmWave,
testbeds.

I. INTRODUCTION

Joint communications and sensing systems (JC&S) have
attracted a lot of attention in recent years [1]–[6]. Such systems
are expected to mitigate the spectrum scarcity problem and to
enable usage of the radio resources as well as the hardware
more efficiently. However, the different specifications of com-
munications and radar systems also pose challenges to this
joint design.

Most of the research in this field has concentrated either on
the design of waveforms or on investigating different signal
processing techniques [1], [3]–[6]. However, the prototyping
of JC&S systems, especially at mmWave frequency bands, is
still very limited in the literature [7], [8].

In this paper we describe experimental platforms that were
deployed in our premises to test and validate JC&S con-
cepts. We used two different setups: a beamforming setup
at 26 GHz and a 71–76 GHz E-band setup, both using
frequency-modulated continuous wave (FMCW), or chirps, as
waveforms, as they offer good radar detection properties and
efficient hardware implementation, and are, for these reasons,
commonly employed in existing radar systems. Chirps can also
be employed for communications [9], and both setups are also
capable of characterizing communication links [10], [11].

The beamforming setup is used in one of the 5G mmWave
bands for demonstrating angle detection based on beam steer-
ing. Section II-A presents a theoretical overview of beamform-
ing for mmWave radar, and a hardware setup for beamforming
studies at 26 GHz is described in Section III-A. The related
angle detection results are discussed in Section IV-A.

The E-band setup demonstrates GHz-bandwidth radar de-
tection and communication using modulated chirps. In Section
II-B a chirp-based waveform for JC&S is discussed. Section

III-B describes the 71–76 GHz setup, and the radar detection
results are presented in IV-B.

II. OVERVIEW

A. Radar with mmWave and beamforming

Consider a uniform linear array (ULA) of antennas with
NT elements spaced by ∆, such that the array steering
vector is a(θ) ∈ CNT×1, [a(θ)](nt)

= e−j2πnt
∆
λ sin(θ), for

nt = 0, 1, · · · , NT–1. In analog and hybrid beamforming, an
orthogonal codebook W ∈ CNT×NT can be designed [12] to
provide spatial resources for serving the data communications
of multiple users. The radiation pattern of the i-th beam is
A(θ, i) = aT (θ)wi, where wi ∈ CNT×1 is the i-th beam.
We employ a low-complexity analog codebook design, in
which a Butler-matrix phase-shift network connects NT signals
ports to the antenna array using delay lines forming fast
Fourier transform (FFT) butterfly graph. Therefore, [wi](nt)

=

e
j2πnt

i−0.5−NT/2

NT , i = 1 · · ·NT.
The beams can be shared for simultaneous communications

and radar in different directions [13]. Moreover, the radar
function can be integrated with the beam search to construct a
radio map that can be used to reduce the beam training over-
head [14]. We consider a mono-static radar system, where the
transmit (Tx) and receive (Rx) front-ends are collocated and
tuned to the same beam. The area is scanned by transmitting
a probing signal, whose baseband representation is denoted as
x(t). For a given beam, the baseband received signal, after
propagation through P paths, is given by

yi(t) =

P∑
p=1

ρpe
φpwH

i a(θp)a
T (θp)wi︸ ︷︷ ︸

hi,p

x(t− τp) + zi(t) + vi(t),

(1)

where ρp is a gain that depends on the antenna gains, on
the transmit power, on the p-th reflector geometry and on
the distance dp between the reflector and the transmitter.
Moreover, θp denotes the angle, and τp = 2

dp
c is the delay.

vi(t) denotes the additive noise, and zi(t) the self-interference,
arising from a leakage of the transmit signal. The overall
complex gain for path p is denoted as hi,p. The angular
resolution depends on the beam width, which is influenced
by the number of antennas and their patterns. In general,
increasing the number of antennas in the ULA increases the
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angular resolution. The range estimation resolution depends
on the signal bandwidth, i.e., ∆dp = c

2B . For instance, 150
MHz are needed to achieve a resolution of 1 m. Therefore,
a narrowband signal can be first used to scan for targets in
the space. Once targets are detected in a certain beam, the
beam switches to wideband fine resolution mode. The self-
interference can be expressed as zi(t) = hi,0x(t), where
hi,0 is an attenuation factor. Thus, the discrete signal can be
expressed as

yi[n] =

L−1∑
l=0

h[l]x[n− l] + vi[n], (2)

where h[l] is the discrete channel corresponding to

h[l] =

P∑
p=0

hi,pβ

(
l

Fs
− τp

)
. (3)

Here, β(τ) is the impulse response of the baseband transmis-
sion low-pass (LP) filter , and Fs is the sampling frequency.

In this paper, we focus on detecting the targets with narrow-
band signals, such that there is only one significant channel
tap, i.e. yi[n] = hx[n] + vi[n].

B. Waveforms for JC&S

Here we present the waveform that is used in the mmWave
setup. A joint design of communications and radar system al-
lows a more efficient use of spectrum and hardware resources.
However, different requirements between radar and communi-
cations systems make the design of a single waveform for both
applications quite challenging. In fact, the majority of existing
approaches exploit modifications of either communications or
radar waveforms for the co-design [1], [5], [8], [15], [16].
Others investigate the possibilities to design the waveform
flexibly without relying on traditional communications or radar
waveforms [2], [7].

A widely used communications-based method is to uti-
lize orthogonal frequency-division multiplexing (OFDM) sig-
nalling for radar [1], [15]. However, the performance is slightly
degraded with this approach in comparison with dedicated
radar waveforms [4], [17]. For instance, the authors in [17]
have shown that OFDM-based radar is more susceptible to
interference compared with FMCW, which is traditionally
used for radar system, especially automotive applications.
When compared with FMCW, OFDM also requires a more
complex transceiver for several reasons: i) it has a higher peak-
to-average power ratio (PAPR); ii) because of the required
digital processing, a higher sampling rate at the analog-to-
digital converter (ADC) is required; and iii) it requires a better
rejection of the self-interference, demanding a full-duplex
transceiver. Moreover, the communications systems aim at
maximizing information-theoretic capacity, thus employing
techniques enhancing the capacity of the communications sys-
tems, such as beamforming, which was explained in Section
II-A. This may, on the one hand, make target detection harder
in case of radar systems, but, on the other hand, allow for a
better spatial resolution.

Another common alternative is to embed communications
signals into traditional radar waveforms [5], [8]. In general,
this method cannot support high-data-rate transmission with-
out several major modifications. For instance, the authors
in [5], [8] have employed the chirp sequence as a carrier
and modulated the communications symbols by frequency
shift keying (FSK). However, this approach comes at a cost
of a lower spectral efficiency. This problem can be solved
efficiently by higher modulation orders and/or by overlapping
several chirps to increase the spectral efficiency while preserv-
ing the good properties of chirps for sensing. In fact, a study
in [9] shows that we can transmit at the Nyquist signalling
rate or higher for chirp-based communications using proper
equalization methods.

An emerging approach that can trade off the requirements
of both communications and radar without being constrained
to the existing systems is to design JC&S systems at mmWave
frequency. The fact that this frequency band provides not
only larger bandwidth but also finer resolution, thus has great
potential for both high-data-rate communications and high-
accuracy sensing. In fact, the demonstration or deployment of
this approach is still limited partially due to cost and hardware
capability [6], [7], [18], [19]. In this regard, our research helps
to demonstrate the concept and contribute to the understanding
of the performance of the mmWave JC&S in practice.

In our mmWave JC&S testbed we follow the approach of
modulating chirps for communications, with a series of un-
modulated non-overlapping chirps transmitted in the beginning
of the frame [20]. More specifically, we consider binary phase
shift keying (BPSK) modulation for the communications and
the modulated signal is defined as u(t) = ξs(t) where ξ = ±1

and s(t) =
√

Eb
τd
ejπµt

2

, |t| ≤ τd
2 is a complex baseband

chirp signal; Eb and µ are the symbol energy and the chirp
slope, respectively; B is the bandwidth and τd is the chirp
duration. As a result, we can express the joint radar and
communications signal as follows

w(t) =

(ι−1)∑
m=0

s(t−mτd)︸ ︷︷ ︸
Radar

+

(κ−1)∑
k=0

u(t− ιτd − kτd)︸ ︷︷ ︸
Communications

, (4)

where the first summation and the second one are for the radar
and communications, respectively. The former is then used
both for channel estimation in the communications link and
for radar detection. At the receiver, we may express the filter
output as

y[n[= w[n] ~ h[n], (5)

where the impulse response h[n] represents channel and re-
ceive filter. Note that we present only the performance of radar
detection of two testbeds in this paper due to space limitation.

III. DEMONSTRATION PLATFORMS

A. 26 GHz mmWave

1) Hardware Setup: We use a similar setup as in [21],
which employs the beamforming Butler matrix developed in
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Fig. 1. Beams radiation patterns.

[10]. This matrix consists of Nt = 16 signal ports connected
to a ULA of NT = 16 quasi-yagi antenna elements with
half-wavelength spacing. A fixed beam is associated with
each signal port, enabling a simplified beam switching. The
radiation pattern of individual beams is shown in Fig. 1.
However, that system has been tested for communications
only, and, in this paper, we evaluate the sensing function as a
preliminary step before elaborating further JC&S approaches.
As sketched in Fig. 3, the system consists of the baseband unit,
which is a mixture of FPGA and PC responsible for the digital
signal processing. The intermediate frequency (IF) signal is
processed with the radio frequency (RF) frontend of Ettus
USRP X310 software defined radio (SDR) platform, which
provides digital interface to the baseband unit, and coaxial
cable interface to the mmWave front-end. The Tx mmWave
front-end converts the IF signal centered at fIF = 2.4 GHz
to the carrier frequency of the Butler matrix fc = 26 GHz.
The up-converted signal is routed to the antenna elements after
being amplified with a power amplifier (PA). The Rx fronted
amplifies the signals received at each antenna by means of
a low noise amplifier (LNA), the output signal of the Butler
matrix is converted to the IF signal.

The Tx and Rx antennas are collocated and aligned along
the z-axes with a spacing of 50 cm to reduce the cross talk,
which is further reduced by shifting the Rx array along the
x-axes by −8 cm at the expense of angular misalignment
between transmitter (TX) and receiver (RX), since ideally both
antennas should be at the same x-axes. In the right side of
Fig. 2, we evaluate the misalignment error for a fixed target
at located at (x, y) within the area in which the experiments
are performed. The graph shows that the angular error is less
than 2◦ in that area. With this setting, the signal-to-noise ratio
(SNR) of the direct Tx-Rx link is less than 7 dB when there
is no target.

2) Transmitted Signal and SNR Estimation: The sequence
used in the 26 GHz system is similar to the one used in
the channel sounding measurements of the Online Wireless
Testbed [22] located at the TU Dresden. This signal consists
of a sequence of down-chirps, up-chirps and zeros. The chirps
are followed by a sequence of zeros that is used to estimate
the noise level, and, consequently, the SNR can be measured.
A very similar configuration of the channel sounding mea-
surements of [22] is used. In particular, 5 sequences with
64 baseband samples of down and up-chirps are followed by
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Fig. 3. 26 GHz mmWave setup for Radar function.

a sequence of 320 zeros samples. In this setup, one chirp
sequence is generated based on the Zadoff-Chu sequence. The
only modification from [22] is that here a cyclic prefix (CP) of
16 samples is introduced before the first down- and up-chirp
sequences, respectively.

In summary, in the radar experiment of this paper, we em-
ploy the aforementioned chirp sequences and SNR estimation
approach of [22] for each beam combination of the mono-
static radar setup depicted in Fig. 3. In this way, the transmit
signal is reflected with relatively high power when there is a
target in a given angle, which can be detected by the SNR
estimation.

B. 71-76 GHz E-band

In this subsection, we describe the hardware and software
utilized for our proof-of-concept at E-band. More specifically,
we use a NI mmWave system consisting of two PCI extensions
for instrumentation (PXIs): one has a combined transmitter and
a radar receiver, the other is a communications receiver. The
transmitter and the receivers are connected to E-band mmWave
heads (see Fig. 4). The code and the firmware are developed
in Python and LabView, respectively.

The measurement setup is shown in Fig. 4. The setup
consists of NI 3647 TX (71 to 76 GHz Up converter), NI
3657 RX (71 to 76 GHz Down converter), PXIe-3620 ( 8.5 to
13.5 GHz IQ modulator/demodulator), PXIe-3610 (baseband
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generator), PXIe-3630 (baseband digitizer) and PXIe-7902
(FPGA processing unit). The system is integrated with NOFFZ
application programming interface (API) and controlled by
Python programs developed jointly by NOFFZ technologies
and the Barkhausen Institut. The sampling rate supported
by PXIe-3630 and PXIe-3610 is 3.072 GS/s and the maxi-
mum bandwidth supported meeting all specifications given in
datasheet [11] is 2 GHz. The mmWave heads are connected
to WR-12 pyramid horn antennas (SAR-1532-12-S2) from
Eravant. The antennas with typical 15dBi gain have 3-dB
beam bandwidths of 30◦ and 32◦ in E-plane and H-plane,
respectively.

Fig. 4. Set up of mmWave
transceiver system at 71-76 GHz

Fig. 5. Experimental scenario for
E-band

IV. MEASUREMENT RESULTS

A. Detection of target direction in 26 GHz

The goal of this experiment is to check the visibility and
challenges of using the 26 GHz mmWave platform for radar
detection. In this initial result, we focus on scanning to detect
the existence of targets and measure the SNR corresponding
to the reflected signal, as described in Subsection III-A, where
a relatively small bandwidth of 10 MHz has been considered.
The results are shown in Fig. 6, where 5 scans are performed.
In each scan a target is placed in a different position, as
illustrated in Fig. 3. In each scan, the SNR is measured for
each beam. As it can be seen, when there is a target in
the given beam direction, the SNR significantly increases.
Although the SNR increases when the target is closer, it is
difficult to accurately determine the distance with respect to
the reference point, because the gain also depends on the
alignment with the center of the beam and on the radar cross-
section of the target. For instance, the measured SNR is 21.4
dB for the target placed at position P1, which is distanced
by 1 m from the radar unit, whereas at position P2, with 2 m
distance, the SNR drops by 3.7 dB in comparison to P1. At P3,
distanced by 3 m, the SNR drops 7.3 dB in relation to P1. As
expected, the target at positions P1, P2 and P3 produces a high
SNR with beam 8, which has a small angle deviation from the
center. Regarding points P4 and P5, the reflected signal returns
with high SNR at beams number 4 and 12, respectively, which
matches the position of the targets.

Another interesting outcome of this experiment is that the
threshold for correct decision can be determined. As one can
observe from Fig. 6, this threshold is approximately 9 dB such
that the reflected signal has significantly more power than
the self interference. That is, even where there is no target
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TABLE I
EXPERIMENTAL PARAMETERS

Parameters Value
Chirp bandwidth 500 MHz
Chirp duration 1µs

Carrier frequency 73.5 GHz
Sampling frequency 1 GHz
Transmit gain −20 to 25 dB
Attenuation 52.6 dB
Cable loss 3.87 dB
Receive gain 45 dB
No. of preambles 8

No. of communications chirps 50

at a particular direction, there is still a considerable amount of
signal which excited the receive mmWave antenna. The high
self-interference makes it harder to accurately detect targets at
larger distances with narrow band probing signal.

In summary, these outcomes reveal that the 26 GHz
mmWave radar is applicable to target detection in the angle
domain. Nevertheless, this setup can be extended to estimate
the distance of the target, by increasing the transmit band-
width. In this case, a second tap of the discrete channel can
be theoretically estimated, whose position is proportional to
the target distance, while the first tap corresponds to the self-
interference.

B. E-band object detection

In this subsection, we provide some results regarding the
radar detection utilizing the platform at E-band. We use
a number of chirps for radar and the rest are modulated
for communications. For simplicity, we implemented BPSK-
modulated chirps for communications and the cell-averaging
constant false alarm rate (CA-CFAR) for radar. Note that the
input of the detector is the output of the match filter and thus
CA-CFAR is performed over the range. In the following, we
show some initial results regarding radar detection at mmWave
frequency. The experiments were carried out near the corner
of the lab, which has less clutter. We placed a reflector around
1.5 m away from the transmitter (see Fig. 5). The number of
reference cells and the guard cells for CA-CFAR detection
were set at 10 and 2, respectively. The other parameters are
detailed in Table I and the results are averaged over a large
number of experiments i.e., 1000. An attenuator is placed
between IF and RF stage in the transmitter chain and the cable
loss incurred from that connection is taken into consideration
and is given in Table I.
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In Fig. 7, we study the performance of the radar detection
using our aforementioned platform. Note that the probability
of detection is given by

PD =
ND
NT

(6)

where ND and NT represent the number of detected objects
and all the possible objects, respectively. As it can be seen in
Fig. 7, all the curves change from undetected state to detected
ones upon increasing the transmit power. Unsurprisingly, the
detection curves, as expected, move to a higher-power regime
when the false alarm rate decreases. As a result, our imple-
mentation shows consistent results with that of the literature
[23], [24].

Taking advantage of our implementation, we aim at ad-
dressing the challenges of mmWave systems such as path
loss, synchronization, channel estimation as well as other RF
impairments in the future work.

V. CONCLUSION

In this paper, we have presented our proof-of-concept
validation platforms for joint communications and sensing
systems, especially at mmWave bands. Initial results have
shown a good agreement with the existing literature. In fact,
the platforms will assist us to investigate intensively the
performance of the joint systems in practice. More importantly,
we can utilize our implementations to study the effects of a
real-life hardware and environment at mmWave frequencies,
as well as to develop solutions to these challenges.
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