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Abstract—We consider a joint communications and sensing
(JCAS) system operating at mm-waves that jointly maximizes
both functionalities’ performance. Firstly, we propose a novel
multibeam algorithm for JCAS systems, providing multiple si-
multaneous transmit beams to support efficient communications,
while a separate beam simultaneously senses the environment.
The proposed algorithm simultaneously implements interference
control to mitigate possible interference stemming from the com-
munication beam, while effective self-interference cancellation
suppresses the direct transmitter–receiver leakage. Secondly, the
joint waveform is optimized through the minimization of delay
estimation error, which also ascertains that the performance
of the communication system is at an acceptable level. The
results showcase the trade-off between the performance of the
communication system and the sensing functionality, but also
demonstrate the high performance of the proposed JCAS system.

I. INTRODUCTION

Joint communications and sensing (JCAS) technology is be-
coming an important and timely research area which efficiently
exploits both communication and sensing functionalities shar-
ing the same resources, e.g., frequency bands, waveforms
and hardware [1]–[3]. Millimeter-wave (mm-wave) frequency
bands (30−300 GHz) have been normally preferred for JCAS
operation due to their large available bandwidths, enabling
high peak data rates for communications and highly-accurate
range measurements for sensing [4]–[6].

Due to the use of same resources by the JCAS systems, new
design challenges arise, demanding novel methods to facilitate
the joint operation [3], [7]. Especially, in-band full-duplex has
been identified as a key enabler of this technology, allowing
to suppress the self-interference (SI) between transmitter (TX)
and receiver (RX), allowing to sense the environment while
concurrently providing communication links [8]. In addition,
alternative beamforming methods are required to facilitate
more flexible architectures that can simultaneously perform
communication and sensing with multiple beams [9], [10].

In mm-wave orthogonal frequency-division multiplexing
(OFDM) JCAS systems, communications might not always
need the total available bandwidth, and the unused spectrum
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Fig. 1. Considered joint system with multiple beams for communication and
sensing functionalities.

could be then filled with optimized data to further improve
the sensing performance. Depending on the proportion of
the unused bandwidth that is filled, a trade-off between the
two functionalities is observed and optimized joint waveform
design is required for both to work in tandem with sufficient
performance [11], [12].

In this article, we study mm-wave JCAS system design.
First, a multibeam algorithm is discussed which optimizes
both the TX and RX beamformers to have multiple beams for
communications and sensing. This optimization significantly
suppresses the SI arising from the full-duplex operation and
further improves the sensing performance by minimizing the
reflections from the communication beams by implementing
beamforming nulls in both frequency and angular domains.
Secondly, we propose joint OFDM waveform design through
filling the unused subcarriers with optimized symbols. These
‘radar subcarriers’ are observed to minimize the delay estima-
tion error, while also minimizing the peak-to-average power
ratio (PAPR) of the waveform.

II. SYSTEM MODEL

We assume that the communication and radar function-
alities are performed in the same JCAS system using the
same joint OFDM waveform, as illustrated in Fig. 1. This
waveform, optimized by considering both communication and
radar performance, is transmitted to simultaneously sense the
environment with a directive beam at angle θr while another
beam at angle θc is dedicated for communications.



The TX waveform is considered to be the same for both
beams. It has M OFDM symbols, each having N subcarriers
with frequency spacing of ∆f . We consider that each OFDM
symbol has a fixed number of communication and radar
subcarriers, and they are randomly distributed throughout the
frequency domain by the communication scheduler. The total
communication and radar subcarriers of the whole frame are
given by Nc and Nr, respectively, with Nc +Nr = NM . The
sets of frequency-domain symbols on communication and
radar subcarriers are given by Xc and Xr, and (Xc)n,m =
Xc,n,m and (Xr)n,m = Xr,n,m, with n and m denoting the
subcarrier and OFDM symbol indices, respectively.

We consider planar wavefront and assume separate uniform
linear arrays (ULAs) for TX and RX with L antenna elements
uniformly spaced at half the wavelength. Applying beamform-
ing in the TX side, the radiated signal in frequency domain
can be described as

xn,m = wTXn,m, (1)

where wT, Xn,m and xn,m refer to the TX beamforming
vector, a general frequency-domain TX symbol and the vector
of frequency-domain symbols corresponding to each antenna
element, respectively. The radiated signal propagates over-the-
air and interacts with the environment, producing reflections
that are collected by the RX array for sensing purposes.

For simplicity, we model the received spatial frequency-
domain symbols at the different RX antenna elements for a
single target reflection as

yn,m = baR(θR)aTT (θT)e−j2πn∆fτxn,m

+ HSI(fn)xn,m + vn,m, (2)

where b and τ model the attenuation factor and relative delay
of the considered target reflection. The TX and RX phased-
array responses are represented by aT(θ) and aR(θ), while θT
and θR denote the angle of departure and the angle of arrival,
respectively. The matrix HSI(fn) of size L × L models the
frequency-selective SI channel between different TX and RX
ports for the nth subcarrier at frequency fn. In particular, the
elements of {HSI(fn)}lR,lT with lR ∈ [1, L] and lT ∈ [1, L]
model the channel between the lTth TX and the lRth RX ports.
The noise vector is denoted by vn,m.

Similar to (1), beamforming is applied in the RX side, to
obtain the final receive frequency-domain symbols which are
used to estimate the target’s range as

Yn,m = wT
R yn,m. (3)

III. DESIGN FOR JOINT COMMUNICATIONS AND SENSING

We then propose joint design of the TX and RX beam-
forming vectors in order to address the SI and multibeam
challenges. We can identify the following beamforming re-
quirements for the TX and RX sides. The TX beamformer
needs to provide multiple beams for communication and sens-
ing, while in the RX side, a single beam is required to sense
the direction of interest. At the same time, the RX beamformer
needs to suppress the SI leakage and the interferences due to
the communication beam.

A. TX Beamforming Design

The TX beamformer needs to provide multiple beams for
communication and sensing. For that, communication wT,c and
radar wT,r beams are optimized separately, and then coherently
combined to obtain the final TX weights as [10]

wT =
√
ρwT,c +

√
1− ρwT,r, (4)

where 0 ≤ ρ ≤ 1 controls the power allocation between both
beams. In addition, the resulting vector is further normalized.
In the particular case of ideal ULAs [3], the optimal beam-
forming weights to create a beam at a desired direction θ are
calculated such that

wmax,l(θ) =
1√
L
e−j2π

υ
λ l sin θ, (5)

where l ∈ [1, L] refers to the antenna element index. The
parameters υ and λ denote the antenna separation and the
signal wavelength, respectively. Based on the receive spatial
signal (2), the TX and RX ULA array gains are expressed as

GT(θ) =
∣∣aTT (θ)wT

∣∣2 , GR(θ) =
∣∣wT

R aR(θ)
∣∣2 . (6)

B. RX Beamforming Design

In the RX side, a single beam is required to sense the
direction of interest, while SI and communication interferences
are effectively suppressed. It can be observed in (1)–(3) that
the SI signal depends on the SI matrix HSI(fn), but also
on the TX and RX beamforming weights. Therefore, the
proposed beamforming design will also minimize the SI signal
by optimizing the RX weights [13]. Based on (1)–(3), the SI
signal is efficiently canceled if

wT
R HSI(fn)wT = 0. (7)

However, JCAS systems are characterized by implementing
large bandwidths in order to provide high data rates and
highly accurate radar measurements. For this reason, we need
to implement a wideband SI cancellation (SIC) scheme that
includes nulls at multiple desired frequencies [7]

wT
R

[
HSI(φ1)wT, . . . ,HSI(φNfreq)wT

]︸ ︷︷ ︸
=X

= 0, (8)

where Nfreq denotes the number of frequency nulls at frequen-
cies φn′ , n′ ∈ [1,Nfreq]. Based on the Moore–Penrose pseu-
doinverse definition, the null-space projection (NSP) matrix
is derived from (8). Thus, the RX weights need to fulfill the
condition

wR = (I−XX+)T ŵR, (9)

where ŵR can be any arbitrary vector of size L. The operator
(·)+ refers to the pseudoinverse matrix. Similarly, we can
extend the NSP matrix to create a null towards the communi-
cation beam direction in the RX pattern as

X = [HSI(φ1)wT, . . . ,HSI(φNfreq)wT,aR(θc)]. (10)

We then formulate a generalized optimization problem for
designing the RX beamforming weights and derive its solution.



We consider the following constrained problem that maximizes
the RX gain (6) at the desired radar direction GR(θr) while
simultaneously implementing a NSP method to suppress the
SI (9) by optimizing the auxiliary vector ŵR as

max
ŵR

GR(θr)

s.t. ‖wR‖ = 1.
(11)

where ‖·‖ denotes norm operation. Finally, the optimum RX
beamforming weights are calculated as

wR =
((I−XX+)aR(θr))

∗

‖(I−XX+)aR(θr)‖
, (12)

where (·)∗ denotes the complex conjugation. We define the
average SIC among the considered frequency band as

CSI =
1

Q

Q∑
q=1

∣∣wT
R HSI(fq)wT

∣∣2 , (13)

where fq ∈ [27.75, 28.25] GHz for all the Q point frequencies
for which the array architecture is simulated.

C. JCAS Waveform Design

Since the radiated waveform is reflected from the targets
in the environment and received back at the JCAS system,
both functionalities effectively use the same waveform. Thus,
it can be jointly designed by considering both subsystems’ per-
formance. Combining (1)–(3) results in the relation between
a TX and RX frequency-domain symbol as [14]

Yn,m = bBFXn,me
−j2πn∆fτ + Vn,m, (14)

where bBF = bwT
R aR(θR)aTT (θT)wT denotes the effective

attenuation of the reflection after beamforming. For simplicity,
we assume bBF to be unity. Moreover, we neglect the SI in this
work for the JCAS waveform design. The parameter Vn,m
corresponds to the frequency-domain noise symbol.

The joint waveform is designed by minimizing the Cramer–
Rao lower bound (CRLB) of the distance estimate of the
sensing system. Based on [14], this can be represented as

CRLB(d̂) =
c2σ2

r

32π2(∆f)2

· 1∑M−1
m=0

( ∑
n∈Cm

n2|Xc,n,m|2 +
∑

n∈Rm
n2|Xr,n,m|2

) ,
(15)

where c, CRLB(d̂) and σ2
r are the speed of light, the CRLB

of the distance estimate and the noise variance at the JCAS
RX, respectively. Here, Cm andRm denote the communication
and radar subcarrier indices for the mth OFDM symbol, with
Rm ∪Cm = {n|n ∈ [−N2 , ..., N2 − 1]}. As it can be observed
in (15), the CRLB only depends on the amplitudes of the
individual subcarriers, and those of the radar subcarriers can
be optimized to minimize the CRLB.
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Fig. 2. Illustration of TX and RX patterns of JCAS operation with communi-
cation and radar beams at θc = −27◦ and θr = 0◦, respectively. In addition,
the SI frequency response for different number of frequency nulls Nfreq is
shown.

The objective for optimization is written as

min
Ar

CRLB(d̂)

s.t. Pr = Pt − Pc,

0 ≤ An,m ≤ Amax,m ∈ [0,M − 1], n ∈ Rm.

(16)

Here Ar is the matrix of radar subcarriers’ amplitudes. Pt, Pr
and Pc are the total TX power, total radar and communication
power, respectively. The individual and maximum amplitudes
for a radar subcarrier are given by An,m = |Xr,n,m| and Amax.

The first constraint allocates some power for the radar
subcarriers, and this is proportional to Nr

NM . The maximum
amplitude of a radar subcarrier is controlled through the
second constraint. The number of activated radar subcarriers
is given by Pr

|Amax|2 . The rest of the radar subcarriers will be
empty. From (15), it is evident that for minimum CRLB, these
activated radar subcarriers have the highest n indices. This
means that those should reside on the edges of the spectrum.

Once the indices of the activated radar subcarriers are fixed,
along with their amplitudes, the phases of them could be
freely modified, since that will not affect the CRLB. Therefore,
the phases are then optimized to minimize the PAPR of the
TX waveform. For this, phases of activated radar subcarriers
within each OFDM symbol are optimized to minimize that
particular symbol’s PAPR, which ultimately minimizes the
PAPR of the total frame.



IV. NUMERICAL RESULTS AND ANALYSIS

A. JCAS Beamforming and Cancellation Results

Numerical evaluations are next carried out to demonstrate
the performance of the proposed beamforming method. In the
following results, a realistic linear patch antenna array with 32
adjacent elements is simulated with the electromagnetic sim-
ulation software CST Studio Suite. The elements of this array
are equally divided into TX and RX arrays with the first 16
elements assigned for the TX and the last 16 elements assigned
for the RX. In addition, this simulated array incorporates the
mutual coupling effects that model the SI in a band with center
frequency of 28 GHz and bandwidth of 500 MHz considering
Q = 501 discretized and equidistant frequencies.

Concrete examples of the TX and RX patterns are presented
in Fig. 2(a), illustrating the multibeam operation with commu-
nication and sensing beams at θc = −27◦ and θr = 0◦, respec-
tively, while a single frequency null at the center frequency
is implemented. In the TX side, two beams with the same
amplitude (ρ = 0.5) are generated in the desired directions.

In the RX side, we identify two different beamforming
cases. In the first case (8), a single beam is provided in the
sensing direction while the interference due to communication
beam is not considered. In the second case (10), the com-
munication beam interference is addressed by implementing
a null in the RX pattern in the communication direction θc.
This angular null efficiently suppresses possible non-desired
reflections that can potentially degrade the overall sensing
performance. In addition, the SIC performance of the proposed
NSP method is analyzed by showing the system’s SI frequency
response for different number of frequency nulls Nfreq. As
shown in Fig. 2(b), increasing the number of nulls at different
frequencies, improves the SIC performance in the considered
frequency band.

Figure 3 analyzes the performance of the proposed beam-
forming in terms of three different metrics: the average SIC
in the whole band, CSI, the RX gain in the radar direction,
GR(θr), and the RX communication gain GR(θc). For this
simulation, we consider a fixed communication beam θc =
−30◦ and a variable radar beam direction θr from −60◦ to
60◦. Different beamforming configurations are investigated,
analyzing the cases with and without communication beam
suppression while varying the number of frequency nulls.

As it was expected, the average SIC is improved when the
number of nulls is increased as shown in Fig. 3(a) for all
the considered sensing directions. However, in Fig. 3(b) we
can observe a small degradation of the radar RX gain when
the number of nulls is increased. This degradation results
in a reduction of the target’s received power and thus a
worse sensing performance. Therefore, we identify a trade-off
between these two metrics. Finally we analyze the RX commu-
nication gain in Fig. 3(c), showing the potential improvement
of implementing communication beam suppression in the NSP
method as described in (10). In general, we can observe an
improvement around 20 to 30 dB in terms of communication
beam suppression when comparing the two RX options.
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Fig. 3. Performance of the proposed multibeam method in terms of (a) average
SIC and (b) RX radar gain and (c) RX communication gain. Beamforming
without and with communication beam cancellation for fixed θc = −30◦
while varying θr for different number of frequency nulls Nfreq is shown.

B. JCAS Waveform Optimization Results

For the numerical results, the parameters of the waveform
used are: M = 64, N = 128, ∆f = 120 kHz and
Pt = 39 dBm. Then, the CRLB optimization is performed
for different communication loading values Nc/(NM), and
Fig. 4(a) illustrates the effect on the root CRLB of the
distance error. In the unoptimized case, the radar subcarriers
are considered to be empty, thereby the total TX power
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Fig. 4. Effect of the optimization on the (a) distance errors, in terms of the
theoretical CRLB and the practical RMSE and (b) PAPR of the waveforms
due to the phase optimization of the radar subcarriers.

is allocated only to the communication subcarriers. In the
optimized case, the TX power is split between radar and
communication subcarriers, with a power spectral density
difference between a radar and communication subcarrier of
3 dB. It can be observed that the root CRLB is minimized due
to the optimization.

Simulations are then performed to evaluate the effect of
optimization on a practical scenario. For this, a point target
is placed at varying distances, estimating its range using
subcarrier-wise radar processing [14]. This is done for many
iterations to calculate the root mean square error (RMSE)
of distance. Figure 4(a) also depicts this, indicating that the
optimization allows to reduce the RMSE of distance also in a
practical scenario.

Finally, Fig. 4(b) shows the effect of optimizing the phases
of the radar subcarriers on the PAPR of the waveform. It can
be observed that the PAPR of the waveform increases from
the unoptimized case, due to the CRLB optimization. This
increase is higher for lower communication loading values. In
both these cases, the phases are considered to be uniformly
distributed between 0 and 2π. Next, the phases of the radar
subcarriers are optimized numerically using fminunc function
in MATLAB, which performs unconstrained optimization. It
can clearly be observed that this allows to reduce the PAPR of
the generated waveform. Better PAPR minimization happens
when there are more degrees-of-freedom for the optimization,
viz., when there exist more radar subcarriers. Additionally,
we have performed the same optimization in (16) for the
velocity estimate, and it also showcases similar performance
improvement, demonstrated in our related work in [7].

V. CONCLUSION

This article discusses solutions to the challenges in mm-
wave JCAS system design. A novel multibeam algorithm
is presented which simultaneously allows to perform both
communication and sensing. The algorithm suppresses the SI
by imposing frequency nulls, and by increasing the nulls, con-
siderable SIC of ca. 100 dB is achieved. Additionally, this also
minimizes the reflections from the undesired communication
directions, allowing better sensing performance. Moreover,
a joint OFDM waveform for the JCAS system is designed
through minimizing the CRLB of the distance estimate, which
allows to reduce the estimation error of the sensing system,
while also minimizing the PAPR of the generated waveform.
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