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Abstract—A fully-digital wideband joint communication-radar
(JCR) at the millimeter-wave (mmWave) band will simulta-
neously enable high communication and radar performances
with enhanced design flexibility. In this paper, we present a
measurement platform with a software-defined architecture to
evaluate and demonstrate the performance of these JCR systems
using real channel measurements. We develop this platform by
extending a mmWave communication set-up with an additional
full-duplex radar receiver and by capturing the MIMO JCR
channel using a moving antenna on a sliding rail. To characterize
the JCR performance, we conduct indoor experiments and apply
traditional/advanced processing algorithms on the measured
data. The results demonstrate that our testbed at 73 GHz with
2 GHz bandwidth can capture the JCR channel with high
range/direction estimation accuracy. The comparison between
the communication and radar channel shows the potential for
improving JCR performance by exploiting the antenna diversity
due to widely-separated communication and radar receivers.

Index Terms—Millimeter-wave MIMO, joint communication
and radar, fully-digital waveform, experimental demonstration

I. INTRODUCTION

A joint communication and radar (JCR) system that uses a
common transmit (TX) signal will enable hardware/spectrum
reuse with significant benefits in cost, size, and power con-
sumption. To meet the demanding requirements of next-
generation applications, such as autonomous driving [1] and
smart connected devices [2], a JCR system would need to
achieve high data rate communication and high resolution
sensing with a wide field-of-view (FoV), and low latency. A
millimeter-wave (mmWave) MIMO JCR with a fully digital
TX and receive (RX) processing is a solution to simultane-
ously realize enhanced communication and radar performance
with increased design flexibility in terms of waveform and
beamforming techniques for futuristic systems.

The prior approaches on mmWave JCR systems are mainly
classified as either radar-centric or communication-centric [3].
The radar-centric JCR approach, however, suffers from low
data rates because their waveforms spread the communication
signal to avoid disturbing the radar properties. In [4]–[7],
theoretical frameworks for communication-centric mmWave
JCRs were developed by exploiting the preamble of the
mmWave WLAN standard for high-resolution radar sensing.
The IEEE 802.11ad standard, however, supports mmWave
analog beamforming that leads to a large trade-off between
communication and radar performances.

Because of hardware limitations, prototyping at mmWave
has been difficult, especially for mmWave communications.
The recent wideband mmWave communications testbeds either
exist at 60 GHz [8], [9] or 71-76 GHz band [10]. Recently, [8]
investigated the applicability of the IEEE 802.11ad technology
at 60 GHz for communications on a vehicular testbed using
Tensorcom 802.11ad module. In [9], the feasibility of IEEE
802.11ad-based radar in the range domain was performed
indoors using a Dell laptop with IEEE 802.11ad functionality
at 60 GHz. The testbeds developed in [8], [9], however,
used analog beamforming and was not fully programmable.
Additionally, the strong atmospheric absorption at 60 GHz
makes it difficult for future outdoor-to-indoor communications,
when compared to 71-76 GHz [11]. The existing mmWave
testbeds with software-defined radio architecture and fully
digital waveform generation/processing have demonstrated
gigabits-per-second communication data rate at 71-76 GHz
band [12], [13].

In this paper, we present a MIMO JCR testbed at 71-76
GHz band with 2 GHz bandwidth to demonstrate and eval-
uate the performance of a communication-centric mmWave
JCR. To our knowledge, this is the first wideband MIMO
JCR testbed with software-defined architecture and a fully
digital waveform generation/processing at 71-76 GHz band.
We develop this testbed by extending the National Instruments
(NI) mmWave platform for 5G communications [10], [12]
to a JCR mmWave testbed with a full-duplex radar receiver
with several digital receive channels. To perform MIMO radar
characterization of the communication-centric JCR testbed,
we conduct experiments using a trihedral corner reflector. We
also perform simultaneous joint communication-radar channel
measurements to explore the similarities and dissimilarities
between the communication and radar channel. We apply tradi-
tional as well as advanced receive processing techniques. Our
results show the high-resolution channel estimation capability
of the JCR system with a wide FoV.

II. THEORETICAL BACKGROUND

We consider a mmWave joint communication-radar sys-
tem, where a full-duplex source transmits a JCR waveform
to a communication receiver, while simultaneously receiving
echoes from the surrounding targets and clutter, as shown in
Fig. 1. Digital beamforming is used on the RX using a b-
bit ADC per antenna. We assume the RX antenna array is a
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Fig. 1. A full-duplex joint communication-radar scenario, where first a
source vehicle sends preamble to the communicating target vehicle, while
simultaneously receiving the echoes of the surrounding objects in the presence
of self-interference.

uniform linear array (ULA) with M elements and an inter-
element spacing of ≤ λ

2 , where λ is the carrier wavelength.
The JCR transmit and radar RX antennas are assumed to be
closely separated such that they will see the same location
parameters (e.g., azimuth/elevation angle and range) of a target
and aid in providing isolation for full-duplex operation. The
single directional TX antenna is assumed to have a notch
in its antenna pattern aligned with the end-fire direction,
allowing further suppression of direct self-interference due to
full-duplex operation. The communication receiver is widely
separated from the JCR transmitter.

We consider a single carrier physical layer TX waveform
structure with µ fraction of preamble symbols and 1 − µ
fraction of communication data symbols in a coherent pro-
cessing interval of T seconds, similar to the mmWave WLAN
standard [14] and 5G experimental testbed [12]. We consider
the preamble of length N consists of codes that posses good
correlation properties for radar detection and communication
channel estimation and is denoted by a vector t. Some
examples include Zadoff-Chu sequence used in LTE and Golay
complementary sequences implemented in 60 GHz WLAN.

The radar channel is assumed to consist of L paths with
channel vectors h` ∈ CM×1 that comprise of line-of-sight
(LoS) and non-LoS reflections from near-by objects along with
the residual self-interference, as shown in Fig. 1. The circulant-
shift matrix of the training sequence vector t is denoted by
GT, where the `th row of GT is obtained by circularly shifting
t by `. Denoting w as the noise vector, FM ∈ CM×M as the
DFT matrix, the `th virtual channel coefficient vector x` =
FMh`, the virtual channel matrix X = [x0, · · · ,xL−1], the
complex-baseband received radar signal after discarding the
cyclic prefix can be represented as

y = (GT ⊗ FM)vec(X) +w. (1)

The communication received signal model can be similarly
written as (1) with different channel parameters.

III. MEASUREMENT JCR PLATFORM

In this section, we describe both the hardware and soft-
ware platform developed for our mmWave JCR testbed. First,
we developed a full-duplex single-input-single-output (SISO)
JCR set-up by extending the bi-static NI experimental 5G

TABLE I
HARDWARE SPECIFICATIONS FOR OUR MMWAVE JCR TESTBED

Frequency band 71-76 GHz

Bandwidth (W ) 2 GHz

Sampling rate (Ts) 1.536 GHz

DAC 14 bit with 3.072 GSps

ADC 12 bit with 3.072 GSps

Sliding rail length 21 cm

communication testbed. Then, we extended this set-up for
a single-input-multiple-output (SIMO) mmWave JCR channel
sounding system.

JCR TX

Communication TX + radar 
TX/RX chassis

Communication 
RX chassis

Radar RX

Communication RX

Fig. 2. The mmWave joint communication and radar set-up with mono-
static radar and bi-static communication in a SISO configuration. The radar
and communication functionalities share a common fully-digital waveform to
enable hardware/spectrum reuse. The radar is in a full-duplex mode and the
interference between the radar TX and RX depends on the distance between
them or the isolation provided by the objects between them.

The mmWave JCR testbed in a (SISO) set-up with 2 GHz
bandwidth is shown in Fig. 2. This set-up extends the mmWave
communication testbed developed by NI [10] for JCR func-
tionality in a full-duplex configuration. We developed the JCR
testbed using two NI PXIe-1085 express chassis. One of the
chassis acts as the source JCR that consists of a communica-
tion transmitter and radar receiver and the other chassis acts as
the destination communication receiver. Each chassis houses
NI PXIe-8135 controller, NI PXIe 7902 FPGA for baseband
TX/RX processing, NI PXIe 3610 DAC module, NI PXIe 3630
ADC module, and NI PXIe 3630 for IF up-/down-conversion.
The IF/LO module is connected to mmWave TX/RX head(s)
for up-/down-conversion to 71-76 GHz band and then these
mmWave heads are connected to the horn antennas for over-
the-air JCR transmission. The two chassis can be synchronized
using a Rubidium clock. The specifications for these modules
are given in Table I.

We have also synthesized a SIMO testbed by moving the
TX antenna on a slider using a stepper motor to collect RX
signals with multiple TX-RX inter-spacing for communication
and radar receivers simultaneously, as shown in Fig. 3. The
inter-distance between any two consecutive TX locations is
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Fig. 3. Sliding motor to simulate multiple antennas with digital RF chains.

kept less than or equal to half of the carrier wavelength to
avoid any grating lobes. The smaller the inter-distance, the
better the beamforming shape. The number of locations of the
TX on the slider dictates the aperture length of the synthetic
antenna, the resolution in the angle domain, and the far-field
distance. For each TX location, the transmitter sends several
training sequences and then wait to RX echoes for a predefined
time interval before moving on to the next step. The time
interval between two TX locations is kept large enough to
avoid any target range ambiguity. Due to the time-domain
channel reciprocity, the channel obtained using multiple TX
locations and a fixed RX location will equivalently represent
the channel that could have been obtained using multiple RX
antenna locations with a fixed TX antenna location. Therefore,
moving the JCR transmitter to several locations with fixed
RX antennas for radar and communication, we equivalently
obtain the SIMO channel for both radar and communication
simultaneously. In this paper, we use our mmWave SIMO JCR
testbed for static joint communication and radar testing. This
testbed, however, can be extended for dynamic scenarios using
smaller time intervals between steps and enhanced processing
such as used in inverse synthetic aperture radar [15].

Zadoff-Chu training sequences of length 2048 are used
in our mmWave JCR testbed. The received raw signal y
from the RX mmWave head of our real-time JCR sounding
testbed is used for evaluating the performance of radar offline
through emulations. We employ both traditional FFT-based
processing and advanced sparse reconstruction using the gen-
eralized approximate message passing (GAMP) algorithm with
expectation-maximization (EM) and a Bernoulli Gaussian mix-
ture (BG) model assumption of the channel coefficients [16]
to estimate the channel in range-angle domain, which corre-
sponds to the virtual channel matrix X in (1).

IV. EXPERIMENTAL RESULTS

In this section, we describe different experiments conducted
using our fully-digital wideband mmWave testbed for the
performance evaluation of JCR at 73 GHz. First, we conduct
an experiment to demonstrate the SIMO feasibility. Second,
we conduct simultaneous radar and communication channel
estimation to explore receiver diversity.

To demonstrate the feasibility of the SIMO mode of our
developed mmWave JCR testbed, we used an RX horn antenna
with 10 dBi gain and a corner reflector of 8.1 cm edge length

JCR 
Testbed

Corner 
Reflector

Wall

Fig. 4. Experimental setup to demonstrate SIMO feasibility.
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Fig. 5. SIMO antenna pattern obtained corresponding to the corner reflector.

at a distance of 2.6 m near the boresight, as shown in Fig. 4.
The directionality of the horn antenna at RX provides some
suppression from the nearby clutter, self-interference due to
the full-duplex operation, as well as it increases the gain
of the received signal. The number of steps collected is 29
with 1.69 mm spacing, which is less than half of the carrier
wavelength of 4.1 mm. Fig. 5 depicts the antenna pattern
synthesized using the channel impulse response corresponding
to the corner reflector for the six consecutive acquisitions. We
can see from Fig. 5 that the resulting antenna patterns are
close to the ideal pattern at 91.5 degrees with omnidirectional
antenna elements. A similar SIMO antenna pattern is observed
for the SIMO communication. The slight deviation from the
ideal pattern is due to the phase noise of the NI mmWave
hardware or due to the directionality of the horn antenna used
at the receiver.

We perform simultaneous communication and a radar chan-
nel measurement campaign using the JCR sounding platform
at 73 GHz in the same indoor lab as in Fig. 4. Using
simulations, [17] had shown that the radar channel estimate
can be exploited to reduce the overhead of the communica-
tion beam-alignment for analog-beamforming architecture at
a different mmWave frequency. We, however, explore the re-
ceiver diversity for joint communication and radar system that
transmits the same waveform with a fully-digital architecture
using real channel measurements. The JCR transmitter and the
communication receiver were separated by 1.7 m. We moved
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Fig. 6. The radar channel in the range-azimuth domain estimated using the FFT-based processing and the GAMP algorithm with a sparsity constraint. In the
radar channel, the full-duplex effect is observed around 0 m along with reflections from surrounding objects, such as the communication receiver at 1.75 m.
The channel estimated using GAMP-based processing in (b) detects the full-duplex effect and the surrounding objects with a higher dynamic range than the
FFT-based processing in (a).
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Fig. 7. The communication channel in the range-azimuth domain obtained using the FFT-based processing and the GAMP algorithm with a sparsity constraint.
In the communication channel, the LoS path between the communication transmitter and receiver is observed at 1.75 m. The LoS path is much stronger than
other reflections suggesting that the mmWave communication channel is LoS-dominated.

the TX with 15 steps on the sliding rail. The radar receiver
was located at the same place as the JCR transmitter, as shown
in Fig. 3. There was no blockage between the radar and the
communication receiver. The directivity of the horn antenna
reduced the reflections from the surrounding objects. The wall
was behind the communication receiver at 5 m. Between the
wall and communication receiver, there was a metallic chassis
placed vertically at 3.6 m.

Figs. 6(a) and (b) show the estimated radar channel in
the range-azimuth domain using the traditional FFT-based
and advanced EM-BG-GAMP processing with a sparsity con-
straint. We observe the full-duplex effect in the FFT-based
radar channel image. We use this full-duplex reference as the
zero range reference. We also observe that the direct path

corresponding to the communication receiver is at 1.75 m and
-8.4 degrees. The wall reflection is more spread as compared
to the communication receiver around 4.98 m because of its
spatial extent and strong multipath effect due to the large
radar cross-section. We also see the reflection of the metallic
chassis at 3.613 m. We see that EM-BG-GAMP processed
radar image with the sparsity constraint in Fig. 6(b) achieves
a higher dynamic range with reduced sidelobes than the FFT-
based radar image in Fig. 6(a). The GAMP processing detects
the full-duplex effect, communication receiver, as well as the
wall without any false detections.

Figs. 7(a) and (b) show the estimated communication chan-
nel in the range-azimuth domain using the traditional FFT-
based and advanced EM-BG-GAMP processing with a sparsity



constraint. We can see the line of sight (LoS) path between
the communication transmitter and receiver at 1.75 m and 8.4
degrees. Other reflections in the communication channel seem
much weaker than the line-of-sight channel. This suggests that
mmWave channel at small distances without blockage is LoS-
dominated.

On comparing Figs. 6(a) and (b) with Figs. 7(a) and (b),
we see that the communication receiver is reflected at the
same range as the radar, while the azimuth angle is same
in magnitude but with opposite sign. This suggests that LoS
targets in the two-way radar channel and the LoS path in
the one-way communication channel can have a one-to-one
relation. For multi-path reflections, however, the relation could
be more complex, such as wall reflections. We also observe
that sometimes the reflections in the radar channel might not
have an equivalent in the communication channel or vice versa.
For instance, there is no full-duplex effect observed in the
communication channel because our communication receiver
is far away from the JCR transmitter as compared to the
radar receiver. The delay spread for estimated radar channel
in Fig. 6(b) is higher than the communication channel in
Fig. 7(b). We also see that there is more multipath near the LoS
path between communication receiver and JCR transmitter in
the communication image as compared to the radar image.
This could be due to the lower path-loss of these multi-path
reflections in a one-way bi-static communication channel as
compared to the two-way mono-static radar channel. Addi-
tionally, the resolution of the radar image is higher than the
communication channel due to the two-way path delay instead
of the one-way path delay. Therefore, Figs. 6(a) and (b) and
Figs. 7(a) and (b) suggest that joint radar and communication
channel estimation would improve both radar channel estimate
as well as communication channel estimate by taking into
account the receiver diversity that results in the similarities
and dissimilarities between these channels for LoS path, multi-
path, and blockage effects. They also suggest that the radar and
communication channel impose a bit different requirements for
their joint waveform design.

V. CONCLUSION

We developed a fully-digital joint communication-radar
sounding testbed with SIMO functionality and software-
defined architecture at 73 GHz with 2 GHz bandwidth. For the
demonstration and evaluation of our SIMO JCR measurement
platform, we conducted experiments in the indoor setting
and applied both traditional FFT-based and advanced GAMP
processing. The results in this paper demonstrate the high-
resolution capability with a wide field of view of our low-
complexity wideband a fully-digital joint communication-radar
testbed. The GAMP processing technique provided enhanced
radar and communication channel estimates with a larger
dynamic range as compared to the FFT-based processing. The
insights in this paper can be taken into account for designing
a JCR waveform and developing receive processing for radar
and communication with improved performance.

In our future work, we will present low-complexity proof-
of-concept development for low-resolution JCR systems at the
mmWave band.
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A. Hammoudeh, and R. F. S. Caldeirinha, “Will COTS RF front-ends
really cope with 5G requirements at mmWave?” IEEE Access, vol. 6,
pp. 38 745–38 769, 2018.

[14] “Wireless LAN Medium Access Control (MAC) and Physical Layer
(PHY) Specifications. Amendment 3: Enhancements for Very High
Throughput in the 60 GHz Band,” IEEE Std. 802.11ad, 2012.

[15] C. Ozdemir, Inverse synthetic aperture radar imaging with MATLAB
algorithms. John Wiley & Sons, 2012, vol. 210.

[16] J. P. Vila and P. Schniter, “Expectation-maximization Gaussian-mixture
approximate message passing,” IEEE Trans. on Signal Process., vol. 61,
no. 19, pp. 4658–4672, Oct 2013.
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