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Abstract—Joint communications and sensing (JCAS) is po-
tentially a hallmark technology for the sixth generation mobile
network (6G). Most existing JCAS designs are based on digital
arrays, analog arrays with tunable phase shifters, or hybrid
arrays, which are effective but are generally complicated to
design and power inefficient. This article introduces the energy-
efficient and easy-to-design multi-beam antenna arrays (MBAAs)
for JCAS. Using pre-designed and fixed analog devices, such
as lens or Butler matrix, MBAA can simultaneously steer
multiple beams yet with negligible power consumption compared
with other techniques. Moreover, MBAAs enable flexible beam
synthesis, accurate angle-of-arrival estimation, and easy han-
dling/utilization of the beam squint effect. All these features have
not been well captured by the JACS community yet. To promote
the awareness of them, we intuitively illustrate them and also
exploit them for constructing a multi-beam JCAS framework.
Finally, the challenges and opportunities are discussed to foster
the development of green JCAS systems.

Index Terms—Integrated sensing and communications (ISAC),
joint communications and sensing (JCAS), multi-beam antenna
arrays, beam steering, beam selection, angle-of-arrival estimation

I. INTRODUCTION

Joint communications and sensing (JCAS), also known as
integrated sensing and communications (ISAC), has recently
attracted enormous attention from academia and industry [1]–
[3]. Performing communications and sensing with a single
set of spectral, waveform and transceiver resources, JCAS is
promising to substantially improve the spectral and energy
efficiency of future intelligent wireless systems whose intelli-
gence will inevitably rely on data acquisition via sensing and
communications (data transferring).

One of the most studied topics is JCAS beamforming
for steering dual-functional beams, some for communications
and others for sensing. Massive multiple-input multiple-output
(MIMO) arrays are extensively considered for JCAS beam-
forming, given the crucial role of massive MIMO in future
millimeter-wave (mmWave) and terahertz (THz) communica-
tions and sensing [4], [5]. Moreover, as it can be seen from
the recent JCAS overview/survey articles [2], [3], the majority
of JCAS beamforming designs are based on the massive
MIMO arrays with tunable phase shifters (PSs). The PSs have
limited phase resolution and constant amplitudes, which pose
challenges to finding the optimal phase configuration of a
massive MIMO array for JCAS beamforming.

The same problem has also been experienced with massive
MIMO communications in recent years. A viable solution
developed by the communication community is using multi-
beam antenna arrays (MBAAs) for analog beamforming [6]–
[10]. Such antenna arrays can simultaneously steer multiple

fixed beams using pre-designed and fixed analog devices,
such as lens or Butler matrix [6]. The beamforming features
of MBAAs will be introduced shortly in Section II. Their
power consumption is negligible, as compared to the phased
array with tunable PSs [7]. Moreover, the multi-beam nature
of the array can greatly simplify signal processing tasks,
such as beam synthesis and angle estimation etc. [8], [9].
However, these benefits of MBAAs have not been captured
and appreciated by the JCAS community yet.

This article aims to promote the awareness of MBAAs
in the JCAS community, potentially inspiring greener JCAS
solutions. We start by depicting the multi-beam function of
MBAAs in Section II. We then review in Section III several
signal processing designs/features, which, although developed
for communications originally, are highly useful to JCAS as
well. To demonstrate this, we jointly exploit those handy de-
signs/features for advancing a recently developed multi-beam
JCAS framework [11]. This will be elaborated in Section IV.
Applying a relatively new antenna array to JCAS inevitably
incurs challenges. We highlight some critical ones in Section
V, along with potential solutions and research opportunities.

The main contributions of the article include:
1) We illustrate the mechanism and key features of the

MBAA beamforming and compare MBAAs with the
phase shifter-based massive MIMO arrays in terms of
power consumption.

2) We intuitively introduce several interesting designs em-
ploying MBAAs in JCAS-critical topics, including beam
synthesis, direction estimation and beam squint effect.

3) We demonstrate the flexibility of applying MBAAs to a
JCAS transmitter by extending a recently develop multi-
beam JCAS framework [11]. In particular, we illustrate
both regular and random transmitting schemes and high-
light their pros and cons, in terms of receiving complexity,
power-angle relationship and communication secrecy.

4) We also discuss open issues of applying MBAAs to JCAS
and link them with prior designs which, though developed
for other applications, may enlighten potential solutions.

II. INTRODUCE MULTI-BEAM ANTENNA ARRAYS

As depicted in Fig. 1(a), an MBAA can be seen as an
analog beamforming device with two interfaces. One interface
consists of a number of beam ports, and the other is composed
of antennas. MBAA is also a reciprocal device, meaning that
it equally functions for transmitting and receiving. In the case
of transmitting, the signal input into a beam port is mapped by
MBAA onto radiating antennas. The specific mapping depends
on the antenna design. Since the discrete Fourier transform
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Fig. 1: The schematic diagram of an MBAA-based massive MIMO transceiver is shown in (a), where PD stands for power divider, PC for power combiner,
PS for phase shifters, RF for radio frequency, and DFT for discrete Fourier transform. Sub-figure (b) shows the PS-aided fully-connected hybrid array.

(DFT) is most widely employed for the signal mapping [6],
we mainly consider the DFT-aided MBAA in this article and
refer to the steered beams as the DFT beams.

Let the signals on all beam ports be collected by a column
vector x. An N -size MBAA applies an N -dimensional DFT
on the signal and then assigns the DFT results, as denoted by
y, to the radiating antennas. This can be expressed as y = Fx,
where F denotes an N -dimensional DFT matrix. Its (n,m)-th
entry can be given by e−j

2π(n·m)
N (n = 0, 1, · · · , N − 1; m =

0, 1, · · · , N − 1). Seemingly, each beam port is connected to
all antenna through phase shifters with the phases configured
based on a column of the DFT matrix. However, MBAAs have
substantially different implementations from phased arrays.

As depicted in Fig. 1(a), MBAA is typically implemented
through lens or the circuit-type beamforming network, such
as the Butler matrix [6]. A lens is a quasi-optical device and
can be made to focus the parallel waves onto its focal arc. By
placing the coupling antennas at carefully selected locations
on the focal arc [6], a full set of DFT beams can be steered.
Differently, a Butler matrix performs the DFT beamforming
by implementing the radix-2 fast Fourier transform (FFT)
using PSs and couplers. Note that PSs in the Butler matrix
are fixed at pre-computed values. Regardless of the practical
implementations, from the signal processing perspective, it is
convenient to treat an MBAA as a “black box”. It has equal
numbers of inputs and outputs, and performs DFT on inputs
to yield outputs.

Let us briefly describe the features of the DFT beams.
Before that, we clarify several definitions. We refer to the
angle between an incident path and the array baseline as
the physical AoA, as denoted by α; see Fig. 1(a). The
propagation distance between adjacent antenna is differed by
d cosα, where d is the antenna spacing. This further leads
to a phase difference between the two antennas, as given by
u = 2πd cosα/λ, where λ denotes the wavelength. We refer to
u as the beamspace AoA. Given α ∈ [0◦, 180◦] and d = λ/2,
we have u ∈ [−π, π] (radian). Unless otherwise specified, the
beamspace AoA is used by default in the following.

The spatial response of the n-th DFT beam can be obtained
by computing the discrete time Fourier transform (DTFT)
of the n-th column of the DFT matrix. The magnitude of
the spatial response, which is the beam pattern, has a form

of Pn(u) = sin(N(u−un))
sin(u−un) [8], where un = 2πn/N (n =

0, 1, · · · , N − 1). One can obtain the beam pattern expression
using the geometric series formula. Features of the DFT beam
are briefly summarized below.

1) At un, Pn(u) is maximized, and hence un is the pointing
direction of the n-th DFT beam.

2) Substituting u = un′ (∀n′ 6= n) into the beam pattern
expression, we obtain Pn(u) = 0; hence, all other beams
steer a null at the pointing direction of any DFT beam.

3) Since the nulls adjacent to the peak of the n-th beam
locate at 2π(n±1)/N , the first-null beamwidth is 4π/N .

4) Near u = un, (u−un) is small, and hence sin(u−un) ≈
(u−un) can be taken in the denominator of Pn(u). This
turns Pn(u) into a sinc function whose first sidelobe level
is well known to be about −13.2 dB.

One may refer to the top row of Fig. 2 to get a more intuitive
understanding of the above features.

In mmWave/THz communications and sensing, a (super)
large-scale antenna array is desired for compensating the
severe propagation loss. Consequently, we expect the number
of beam ports to be large (tens to hundreds). To connect the
beam ports with a digital processor, RF chains are required for
frequency conversion, analog-to-digital conversion, and low-
noise amplifier etc. Due to power and space limits as well as
implementation difficulties, the number of RF chains that can
be accommodated by a transceiver is generally much smaller
than the number of beam ports. Thus, we require some device
to connect the beam ports with RF chains, leading to the so-
called beam selection network in the literature.

Fig. 1(a) illustrates the beam selection network. Schemati-
cally, each beam port is connected to all RF chains through
a power divider/combiner (PD/PC); similarly, a power di-
vider/combiner is also attached to each RF chain. Each path
between a beam port and an RF chain has a 1-bit PS plus a
switch, where the 1-bit PS can shift the signal phase by either
0 or π. Therefore, if the switch is closed, the signal can go
through a beam selection path with either no change or a sign
reversal, leading to the beam selection weight of 1 or −1,
respectively. However, if the switch is open, no signal goes
through the path, making the beam selection weight become
0. In practice, only a small number of adjacent beams have to
be combined/splitted into, and the overall system can be sim-
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Fig. 2: Beam synthesis in MBAAs. The dimension of DFT beams is 16.
Note that the beam selection shown here is only for the sensing beam with
two non-contiguous wide mainlobes. The communication beam is obtained
by selecting the ninth DFT beam solely.

plified accordingly. This would simplify the implementation
significantly. If all PSs take zeros, the beam selection network
depicted in Fig. 1(a) becomes solely comprised of switches,
another popular structure in the literature [7].

Let us examine the power consumption of an MBAA in
comparison to that of a PS-aided massive MIMO array. The
latter, as mentioned earlier, has been widely employed for
JCAS designs so far. The diagram of the PS-aided massive
MIMO array is shown in Fig. 1(b). We see that the main
difference of the power consumed for analog beamforming in
an MBAA and a PS-aided massive MIMO array is NM times
the the power consumption difference between a 1-bit PS plus
a switch and a multi-bit PS. Here, N is the number of antennas
and M is that of RF chains.

Consider the typical values of 30 milliwatt (mW) for a 4-bit
PS, 5 mW for a switch and 5 mW for a 1-bit PS [5]. Also,
assume that N = 64 and M = 8. Then, a PS-aided massive
MIMO array can consume 10, 240 mW more than an MBAA
for analog beamforming, where 64×8×(30−5−5) = 10, 240.
The gap will be larger, if the PSs in a PS-aided massive MIMO
array have more than 4 bits, or more antennas are employed.

An advantage of PS-aided massive MIMO arrays is that they
have more degrees of freedom in configuring the phase shifters
for the beamforming that MBAA may not be capable of. For
example, given sufficient resolutions of phase shifters, a PS-
aided massive MIMO array can steer its beam to any direction
in [0, 2π]; in contrast, an MBAA has a limited number of
pointing directions, as illustrated earlier. If only one beam is
selected, a loss of beamforming gain, which is up to −3.9 dB,
can happen to an MBAA; see Fig. 2. As will be seen shortly,
this loss can be compensated by selecting more beams, yet at
a cost of widening beamwidth.

III. JCAS-CRITICAL DESIGNS AND FEATURES OF
PASSIVE MBAAS

We proceed to review some key designs and features of
MBAAs. Although they are developed recently for communi-
cations solely, they turn out to be powerful tools for multi-
beam JCAS designs, as will be clear in Section IV.

A. Flexible Beam Synthesis

Indicated by the recent overview articles on JCAS [1]–
[3], one of the extensively pursued JCAS designs is the
beamforming optimization for steering multiple beams, some
for sensing and others for communications. While complicated
optimization problems are often modeled and solved with
non-trivial effort for the PS-aided analog beamforming, some
simple beam selection can be performed in MBAAs for
flexible and versatile beam synthesis. We use the term “beam
synthesis” because we only select some beams of an MBAA
to synthesize another beam.

Consider the design of a beam with non-zero flat mainlobes
and zeros elsewhere. The number of mainlobes can be more
than one and the mainlobes can be non-contiguous in [0, 2π].
Fig. 2 exemplifies a desired beam with two non-contiguous
mainlobes indicated by shaded rectangles. According to [8],
the beam depicted above can be approximated by:
• Identifying the DFT beams whose superimposed main-

lobes cover an angular region no smaller than the main-
lobes of the desired beam;

• Selecting the identified DFT beams at a single RF chain
with any adjacent beams taking opposite signs. The signs
can be set using the 1-bit PSs in the beam selection
network illustrated in Fig. 1(a).

An intuitive reason for taking opposite signs is that any
adjacent DFT beams have opposite phases at the intersection
of their beam patterns. Mathematically, this beam selection
design can be derived based on the Fourier series expansion
of the wide beam to be designed [8].

A graphic illustration of the beam synthesis method is given
in Fig. 2. The mainlobes of DFT beams 1 ∼ 4 cover the
angular region of the left-mainlobe in the desired beam, and
DFT beams 12 ∼ 13 cover the right-mainlobe. These beams
are selected with non-zero weights, while all the other beams
are assigned with zero weights, as also depicted in Fig. 2. Zero
weights are set by opening the switches between the beam
ports and the RF chain; see Fig. 1(a). The synthesized beam,
as plotted in Fig. 2(lower), has two mainlobes as desired.

We note that the beam synthesized using two DFT beams
(e.g., the 12-th and 13-th beams in Fig. 2) has a mainlobe
shape similar to a DFT beam, yet wider and taller. This beam
turns out to be practically useful in the angle estimation, as to
be seen shortly. For convenience, we call it the base-2 wide
beam. As marked in the figure, a base-2 wide beam points
towards the intersection angle in the mainlobes of two adjacent
DFT beams. It has the beamforming gain of 2.1 dB at the
intersection angle, while the original DFT beams have the
gain of −3.9 dB. Thus, the base-2 wide beam improves the
beamforming gain by 6 dB.

B. Angle-of-Arrival (AoA) Estimation

The AoA estimation is a critical problem in both com-
munications and sensing. In MBAAs, we can only perform
AoA estimations using DFT beamforming results, which is
known as the beamspace-domain AoA estimation. Classical
estimation methods, e.g., super-resolution methods, have been
extended to the beamspace domain. These methods can be
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Fig. 3: AoA estimation using the base-2 wide beams, where the three beams
with solid curves are DFT beams, the dash curves are base-2 wide beams.

adapted for MBAAs. However, they generally use DFT beams
only and hence have not fully taken advantage of the benefits
promised by the beam synthesis in MBAAs. For example, the
synthesized base-2 wide beam can improve the beamforming
gain by up to 6 dB. Next, we review a low-complexity AoA
estimation method that exploits such advantage [8].

The method uses two base-2 wide beams to estimate the
AoA between the pointing directions of the beams. As illus-
trated in Fig. 3, A∼E are angles on the angle-axis. Beams-
A, B and C are used to synthesize two base-2 wide beams,
i.e., Beams-D and E. For ease of illustration, we denote the
signals received by Beam-D and Beam-E by xD = gDs
and xE = gEs, respectively, where gD and gE are the
beamforming gains of the two beams towards the incident
path, and s is the source signal carried by the path.

The method [8] first calculates the powers (absolute square)
of the signals received by Beams-D and E, and then calculates
the ratio of the power difference (∆) to the power sum (Σ).
The two steps are illustrated in Fig. 3. Since the source signal
s is common to xD and xE , taking the ratio will suppress s,
leading to ∆/Σ ≈ g2

D−g
2
E

g2
D+g2

E
. The approximation is due to the

inevitable additive noises in xD and xE . The ratio on the right-
hand side is a monotonic function of the angle between the
pointing directions of Beams-D and E; see the curve tagged
“∆/Σ” in Fig. 3. Moreover, the function can be analytically
modeled [8], as denoted by F (u). Then, the AoA u, as the
only unknown, can be uniquely solved from the equation
F (u) ≈ ∆/Σ. The less the noise power, the smaller the
approximation error is, and the more accurate AoA estimation
can be obtained.

C. Beam Squint Effect – a Curse or a Blessing

In theory, both communications and sensing need wide
frequency bands to enable high performances, such as large
communication capacity and fine sensing resolution. In prac-
tice, wideband signals are always accompanied by some chal-
lenging problems. Beam squint is one of them [12]. It refers
to the phenomenon that the pointing direction of an antenna
array changes with the working frequency. Consequently, the
beam squint effect prevents a wideband array from receiving
or transmitting a signal in the full frequency band towards
an intended direction. Nevertheless, proper designs exploiting
the beam synthesis reviewed earlier allow multi-beam passive
antenna arrays to well handle the beam squint and even take
advantage of it, as demonstrated below.

Consider a 128-dimensional MBAA that works in the fre-
quency band [0.9, 1], as normalized by the highest end. Apply
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Fig. 4: Illustrate the impact of beam squint in (a) and the unique spatial-
frequency pattern of a wideband MBAA in (b).

the beam synthesis method reviewed in Section III-A by select-
ing Beams-64 to 115 at a single RF chain. Beam-n denotes the
n-th DFT beam. The beamforming gain (in amplitude) of the
synthesized beam is displayed in Fig. 4(a) by scaled colors. We
see that the mainlobe of the synthesized beam indeed covers
the angular region of the selected DFT beams at the highest
frequency. However, the beam squint effect gradually shifts
the mainlobe rightwards, as the frequency decreases.

The maximum number of beams shifted over the whole
frequency band can be quantified [9]: Beam-n at the unit
frequency becomes Beam-x at the lowest normalized frequency
denoted by ρ(< 1), where x is the rounding of n/ρ. For
example, Beam-64 selected at the unit frequency becomes
Beam-71 at the normalized frequency of 0.9, where 71 is the
rounding of 64/0.9. In light of the above rule, to circumvent
beam squint when transmitting/receiving a full-band signal
to/from the pointing direction of Beam-x, we can have an RF
chain select all the beams from Beam-n to Beam-x, instead
of Beam-x itself.

In MBAAs, the beam squint effect can also be exploited for
fast locating the AoA region of an incident path. We elaborate
this using the example in Fig. 4(a). Based on the beamforming
gain values, we can divide [0, 2π] into four regions, as marked
in Fig. 4(a). It is obvious that the beamforming gains for
all angles in Region-1 (or 3) are small (or large) over all
frequencies; see representative curves “Beam-40” and “Beam-
80” in Fig. 4(b). Indicated by the features, the AoA of an
incident path is most likely in Region-1 (or 3), if the signal
power detected in the synthesized beam is all high (or all
low) in the whole frequency band; otherwise, the signal may
impinge from angles in Region-2 or 4.

The unique spatial-frequency patterns in Region-2 differen-
tiate the region from all others. From the curve tagged “Beam-
68” in Fig. 4(b), we see that the beamforming gain is small
(large) in the lower (higher) end of the frequency band. Other
beams in Region-2 have similar patterns, but the frequency
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Fig. 5: Sub-figure (SF) (a) illustrates
the two types of JCAS beams; their
average power gains (APGs) over the
whole angular region [0, 2π] (radians)
are compared in SF (b); SF (c) shows
the APGs of the type-1 JCAS beam
towards communication (0 deg) and
a sensing direction (180 deg) versus
the number of simultaneously selected
beams (denoted by x); and SF (d) il-
lustrates the amplitudes of the type-2
JCAS beam gains over [0, 2π] (radians)
and 50 time units.

point where the beamforming gain substantially changes is
different for each beam in Region-2 [9]. Namely, each beam
in Region-2 is associated with a unique pattern depicting how
beamforming gain changes over frequencies. If the signal
power detected in the synthesized beam matches a known
pattern, e.g., the curve “Beam-68” in Fig. 4(b), the incident
path is most likely covered by the mainlobe of the beam.
Similar to Region-2, there are also unique spatial-frequency
patterns in Region-4, as exemplified by the curve “Beam-123”
in Fig. 4(b). One may refer to [9] for a complete wideband
beam training scheme employing the above insights.

IV. A FRAMEWORK OF MULTI-BEAM DESIGN IN JCAS

Exploiting the designs/features illustrated above, we can
advance the multi-beam JCAS framework recently developed
in [11] using MBAAs. In the framework, a single RF chain
drives two narrow beams, one for point-to-point data com-
munications and the other performing sequential scanning for
sensing. MBAAs can readily steer two such beams. They
can also perform more flexible and versatile beamforming for
JCAS. From the transmitter perspective, two general types of
JCAS beams can be steered by MBAA:
• Type-1. Regular beam synthesis for sensing: While a

single DFT beam is selected for communications, another
beam, either narrow or wide, can be synthesized for
probing a sensing volume. An example of the type-1
JCAS beam is demonstrated by the solid curve in Fig.
5(a), where the communication beam points towards the
zero degree, and a base-4 wide beam is synthesized for
sensing using the method in Section III-A.

• Type-2. Random beam selection for sensing: The sensing
beams are randomly selected from the DFT beams that
are not assigned for communications. An example is
given in Fig. 5(a). With the zero-th DFT beam kept for
communications, a random selection of four out of other
beams is performed, leading to the beam pattern depicted
by the dash curve.

Utilizing the beam synthesis method illustrated in Section
III-A, the type-1 JCAS beam can be exploited for a bi-/multi-
section spatial search for target localization; see [8], which has
a logarithmic time complexity. In contrast, the conventional
sequential beam scanning has a linear time complexity [11].
Moreover, enabled by the AoA estimation method reviewed in
Section III-B, the bi-/multi-section spatial search can stop at
the base-2 beams, and the received signals can be used for the
accurate AoA estimation. In addition, when wideband signals
are available, the beam squint effect, as described in Section

III-C, can be exploited for ensuring the type-1 JCAS beam to
cover the sensing direction with the whole frequency band.

For the type-2 JCAS beam, the random spatial sampling is
performed, and hence the compressive sensing techniques may
be applied for JCAS. Note that specific JCAS schemes using
the two types of beams have not been developed in the litera-
ture yet. More details of the research challenges/opportunities
regarding this will be provided in Section V. Here, we unveil
more features of the two JCAS beams.

With the same number of DFT beams selected, the two
types of JCAS beams have similar average power gain over
the sensing region regardless of their substantially different
sensing beams. The average power gain is the squared beam-
forming gain averaged over a period of observation time. To
illustrate the point, we fix the communication direction at
the zero degree and perform sensing in the whole angular
region [0, 2π]. A total of 16 DFT beams are adopted, and
four beams are selected for sensing in both types of JCAS
beams. The indexes of the four beams in the type-1 JCAS
beam cyclically increase by one for each new time unit; for
example, [12,13,14,15] for the first time unit, [13,14,15,0] for
the second and so on. For the type-2 JCAS beam, the indexes
of the four DFT beams selected for sensing are randomly taken
from [0, 15] in each time unit. Calculating the average power
gains of the two types of JCAS beams over 1, 000 time units,
we obtain the two curves in Fig. 5(b). We can see the similar
average power gain distribution of the two types of beams.

For both types of JCAS beams, there is a non-trivial trade-
off between power gains for communications and sensing
caused by the number of simultaneously selected beams, as
denoted by x for convenience. An intuitive reason is that all
the selected beams connected to the same RF chain share the
signal power evenly through a power divider; see Fig. 1(a). To
illustrate the trade off, we re-perform the simulation for Fig.
5(b) with x taking from 2 to 15. Fig. 5(c) plots the power gains
in the directions of the communication user (zero degrees) and
of sensing (180 degrees), as x increases. We see that the power
gain for sensing (communications) increases (decreases) with
x. Interestingly, the two curves have substantially different
changing rates against x, particularly around their intersection.
Thus, there may be an optimal trade-off to be discovered.

While the type-1 JCAS beam exposes the communication
information to potential eavesdroppers, the type-2 JCAS beam
naturally enhances the physical-layer secrecy. In the single-
RF chain case considered here, the same signal is used for
communications and sensing. Thus, the type-1 JCAS beam can
expose communication signals to potential eavesdroppers, due
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to its regular (hence traceable) beam scanning. In contrast, the
random selection in the type-2 will scramble the amplitudes
and phases in non-communication directions, which makes it
challenging, if not impossible, for an eavesdropper to recover
communication signals. Fig. 5(e) shows the absolute gain of
the type-2 JCAS beam over the whole angular region and 50
time units (each with a random selection of four DFT beams
for sensing and the zero-th DFT beam fixed for communica-
tions). It is clear that except in the communication direction
(the zero degree), the absolute gain randomly changes over
other angles and time units; namely, the communication in-
formation is fully scrambled in non-communication directions.
The phases of the beamforming gains are also random, which
is not shown here due to the limit on the number of figures.

V. CHALLENGES AND OPPORTUNITIES

While the flexible and versatile beamforming of MBAAs
demonstrated above using the existing techniques reviewed in
Section III, other key aspects of JCAS, including waveform
design, receiving algorithms, JCAS beam selections etc., have
not been explored yet. Challenges and potential solutions in
these topics are highlighted next.

1) Waveform Design: As reviewed in Section III, MBAAs
enjoy great flexibility in beam synthesis. Thus, we may use the
methods reviewed earlier to synthesize analog beams approx-
imating desired beam patterns and then focus on refining the
final beam in the digital domain only. In addition, the unique
spatial-frequency relation in MBAAs, as illustrated in Section
III-C, can be exploited to perform waveform design in the
joint spatial-/time-/frequency-domain.

When performing JCAS waveform design, we shall keep
in mind the non-trivial trade-off between communications
and sensing caused by the power allocation, as illustrated in
Section IV. Moreover, the mutual interference between the
two functions always has to be kept low. A joint space-time-
frequency precoding may be exploited to generate two orthog-
onal spaces for the waveform design of the two functions.
In addition, the communication secrecy constitutes another
trade-off between communications and sensing in MBAAs.
As observed in Section IV, more randomness in sensing
waveform can help protect communication information from
eavesdropping. This, however, can make the sensing receiver
design more complicated, as to be discussed shortly. It is
noteworthy that an increasing number of JCAS techniques
exploit the sensing results for enhancing the communication
secrecy1. This may be a way to relieve the secrecy constraints
during the waveform design.

MBAAs also bring new improvements/opportunities to the
radar-centric (RC) JCAS that embeds communication infor-
mation into existing radar waveforms [13]. First, the multi-
beam nature allows multiple communication users to be served
with different beams, which may be exploited for reducing
inter-user interference. Second, MBAAs offer a new way of
information modulation, i.e., beam hopping (BH), to further
improve the data rate. An example of BH is given below.

1Interested readers are referred to: https://www.comsoc.org/publications/
best-readings/integrated-sensing-and-communication-isac, for a summary on
the related literature.

Consider that there are three dominant paths covered by
different beams in a point-to-point communications. We can
select some of the beams for communications and use the
variety in the beam selection to convey more information bits.
In this example, we have 7(= C1

3 + C2
3 + C3

3 ) combinations
of beams, where Cy

x denotes the the number of combinations
of taking y out of x items at a time. Out of the seven beam
combinations, four best ones, which can be determined based
on some metric, e.g., maximum signal-to-interference ratio,
can be used for communications. The varying information bits
make the beams hop over communication symbols, hence the
name BH. Similar to BH, the antenna selection, another type of
index modulation, has been used for information modulation
in RC-JCAS [13]. These designs [13], [14] may enlighten the
development of BH-based RC-JCAS in MBAAs.

2) JCAS Receiving Design: Corresponding to the new
potential information modulation through BH, new algorithms
have to be developed for demodulating the BH-carried com-
munication information. The methods and analysis delivered
in [14] may serve as a good reference, though the work deals
with the beam index (de-)modulation for data communications.

For sensing, we can steer regular beams like in the type-1
JCAS beam. A bi-section or multi-section fast spatial search-
ing can be performed by coordinating the sensing beams at
the transmitter and the receiver. An example has been given
in Section IV. One may refer to [8] for a complete multi-
section spatial searching scheme in the narrowband case. One
may also refer to [9] for the wideband case, where the beam
squint effect illustrated in Section III-C is applied.

For the sensing receiving, we can also employ the random
sensing beam in the type-2 JCAS beam. As mentioned in
Section IV, the compressive sensing techniques can be em-
ployed for spatial localization. A similar scheme is developed
for the channel estimation in MBAA-aided massive MIMO
communications [7]. For sensing, we require not only spatial
information but also the target ranges, velocities and polarities
etc. Thus, more investigations are required either to extract
the time-frequency-domain target information based on the
spatial-domain compressive sensing results or to reformulate
multi-dimensional compressive sensing problems to factor in
all key target parameters; see [3], [14] and their references.

3) JCAS Beam Selection: Beam selection has been a hot
topic in MBAA-based data communications, where the design
goal is generally to maximize the communication sum rate.
The beam selection network, as illustrated in Fig. 1(a), only
has limited discrete states, making the beam selection problem
analytically intractable. The non-convex objective function and
feasible region make the beam selection problem NP-hard. Ex-
isting solutions, e.g., [7], [15], mainly resort to the sub-optimal
incremental or decremental search, having a computational
complexity proportional to the third power of the overall beam
number [15]. More research efforts are expected to further
reduce the beam selection complexity.

A key reason making the beam selection problem difficult
is that the user channels are not completely orthogonal in the
beamspace domain. Thus, a major task of beam selection is to
reduce inter-user interference without losing too much signal
power. Now, with radar sensing added, we have to further

https://www.comsoc.org/publications/best-readings/integrated-sensing-and-communication-isac
https://www.comsoc.org/publications/best-readings/integrated-sensing-and-communication-isac
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TABLE I: A Summary of Challenges and Opportunities Arisen from Applying Passive MBAAs to JCAS. References (Ref.) from other applications/background,
yet implying potential solutions, are also listed.

Technique Ability (A), Challenge (C), Opportunity (O) Potential solutions
Beam synthesis

(BSy)
(A1) Easy to steer multiple beams requiring no optimization; (A2) Beamwidths
and directions of different mainlobes can be individually controlled.

[10], reviewed in
Sec. III-A

AoA estimation (A) A pair of adjacent base-2 wide beams can accurately estimate AoA using
the received signal powers only.

[11], reviewed in
Sec. III-B

Beam squint
(BSq)

(A) Present a unique spatial-frequency pattern that can be analytically
described and exploited for e.g., AoA estimation.

[12], reviewed in
Sec. III-C

Waveform
design (WD)

(C) Analog beamforming is fixed, allowing only beamspace-domain WD; [2-4] and their
references(O1) BSy enables flexible and versatile analog beamforming;

(O2) BSq enables JCAS WD in a new joint spatial-frequency domain;
(O3) Introduce beam hopping, a new degree of freedom for RC-JCAS. [13], [14]

JCAS receiving

(C1) Demodulate information embedded in beam hopping; [13]
(O1) If using the type-1 JCAS beam, bi-/multi-section spatial searching may
fast locate targets in logarithmic speed; [10]

(O2) If using the type-2 JCAS beam, compressive sensing can be applied over
the space-time-frequency domain for target detection/estimation. [4], [9], [14]

Beam selection

(C1) Formulate JCAS beam selection problem by properly modeling
communications and sensing objectives; [3], [15]

(C2) Inter-function interference suppression; See references in
[2,3,14](O) Null-space WD may be resorted to facilitate beam selection.

Topic Challenge Opportunity Ref.

Waveform
design
(WD)

- Analog beamforming is fixed, allowing only
beamspace-domain WD;
- Power allocation, mutual interference and secrecy
need to be carefully addressed due to the trade-off
between sensing and communications; see Sec. IV.

- Beam synthesis reviewed in Sec. III-A enables
flexible and versatile analog beamforming;
- Beam squint reviewed in Sec. III-C enables the
joint spatial-frequency-domain WD for JCAS;

[2, 3, 11]
and their
refs.

- Introduce beam hopping, a new degree of freedom
for RC-JCAS. [13, 14]

JCAS
receiving

- Demodulate information embedded in beam
hopping; see [13] for communication-only designs;
- Receiving schemes to suppress inter-function
interference;
- Fast sensing detection and estimation in the
beamspace domain.

- Using the type-1 JCAS beam, bi-/multi-section
spatial searching may fast locate targets in
logarithmic speed;

[8]

- Using the type-2 JCAS beam, compressive sensing
can be applied over the joint spatial-time-frequency
domain for target detection/estimation.

[7, 11,
14]

Beam
selection

- Formulate JCAS beam selection problem by
properly modeling communications and sensing
objectives;
- Develop efficient algorithms to solve this non-
convex problem;

- Null-space WD may be resorted to facilitate beam
selection;
- Novel beam selection based on synthesized wide
beams.

[2], [3],
[15]

deal with inter-function interference. If the same waveform
is used for communications and sensing, we can extend the
previous beam selection algorithms [15] to JCAS by treating
sensing beams as communication beams. A lower bound
on the average power gain for sensing may be posed as
a constraint to ensure satisfactory sensing performance. If
different waveforms are allowed, we may consider designing
sensing waveforms in the null-space of the communication
waveforms [13], or vice versa, intertwining waveform design
and beam selection problems.

VI. CONCLUSIONS

We intuitively illustrated what an MBAA is and also several
JCAS-critical designs and features of the array. Exploiting
those designs/features, we demonstrated how MBAAs can ad-
vance a recently developed multi-beam JCAS framework using
their flexible and versatile beamforming capabilities. Further-
more, we elaborated the challenges of several key aspects for
comprehensively applying MBAAs to JCAS. We suggested
potential solutions to the challenges by highlighting existing
handy designs in different applications, as summarized in
Table I. The multi-beam array is promising for enabling easy-
to-design and energy-efficient green JCAS systems.
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