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Abstract—To efficiently utilize the wireless spectrum and save
hardware costs, the fifth generation and beyond (B5G) wireless
networks envisage integrated sensing and communications (ISAC)
paradigms to jointly access the spectrum. In B5G systems, the
expensive hardware is usually avoided by employing hybrid
beamformers that employ fewer radio-frequency chains but at
the cost of the multiplexing gain. Recently, it has been proposed to
overcome this shortcoming of millimeter wave (mmWave) hybrid
beamformers through spatial path index modulation (SPIM),
which modulates the spatial paths between the base station
and users and improves spectral efficiency. In this paper, we
propose an SPIM-ISAC approach for hybrid beamforming to
simultaneously generate beams toward both radar targets and
communications users. We introduce a low complexity approach
for the design of hybrid beamformers, which include radar-only
and communications-only beamformers. Numerical experiments
demonstrate that our SPIM-ISAC approach exhibits a significant
performance improvement over the conventional mmWave-ISAC
design in terms of spectral efficiency and the generated beam-
pattern.

Index Terms—B5G, integrated sensing and communications,
massive MIMO, millimeter wave, spatial modulation.

I. INTRODUCTION

Radar and communications systems have witnessed tremen-
dous progress for several decades while exclusively operating
in different frequency bands to minimize the interference
to each other [1]. Modern radar systems operate in various
portions of the spectrum – from very-high-frequency (VHF)
to Terahertz (THz) [2] – for different applications, such
as over-the-horizon, air surveillance, meteorological, military,
and automotive radars. Similarly, communications systems are
progressing from ultra-high-frequency (UHF) to millimeter-
wave (mmWave) in response to the demand for new services,
massive number of users, and high data rate requirements for
the applications [3]. As a result, there has been substantial
interest in designing integrated sensing and communications
(ISAC) to jointly access the spectrum [1, 4–6].

Future wireless communications are also focused on tech-
nologies to improve improved energy/spectral efficiency
(EE/SE) [7]. In this context, index modulation (IM) is emerg-
ing as an attractive area of research because it offers both
better EE and SE over conventional modulators [8]. In IM, the
transmitter encodes additional information in the indices of the
transmission media such as subcarriers [9, 10], antennas [11,
12], and spatial paths [13–15]. In this paper, we focus on

spatial modulation (SM) in the context of mmWave multiple-
input multiple-output (MIMO) ISAC systems [1, 2].

In the mmWave-MIMO, hybrid analog/digital beamformers
are employed, where the number of radio-frequency (RF)
chains is much smaller than the antennas. While this saves cost
and power, its multiplexing gain is limited [7, 16]. The SM
techniques have been shown to be helpful in addressing this
problem. For SM-aided ISAC systems, [17] devised an SM ap-
proach, wherein the IM is performed over the antenna indices
to handle sensing and communications tasks jointly. In [18],
a spatially orthogonal time-frequency SM was suggested for
ISAC applications. This was further investigated in [19], which
employed SM over antenna indices for orthogonal frequency
division multiplexing (OFDM) ISAC with each subcarrier
assigned exclusively to an active antenna.

A more generalized scenario, i.e., spatial path index mod-
ulation (SPIM) was considered in [14]. Here, the indices of
the spatial paths were modulated to create different spatial
patterns for mmWave-MIMO. In [15], beamspace modulation
was exploited by employing lens arrays at both transmitter
and receiver. Moreover, SE was utilized as a performance
metric in [13] for analog-only beamforming. A distributed
machine learning approach was used in [20] for multi-user
SPIM in mmWave-MIMO. To sum up, the aforementioned
ISAC works [17–19] do not exploit the SPIM while they only
consider SM over antennas indices. Furthermore, the proposed
SPIM approaches [13–15, 20] consider the communications-
only scenario without considering the trade-off between the
radar and communications functionalities.

In this paper, we introduce an SPIM-based hybrid beam-
former design approach for ISAC. Our proposed beamformer
simultaneously maximizes the spectral efficiency at the com-
munications user over SPIM-aided signaling and achieves as
much signal-to-noise ratio (SNR) as possible for detecting the
radar target. The SPIM-ISAC analog beamformer comprises
radar-only and communications-only beamformers, which are
selected from different spatial patterns between the base station
(BS) and the communications user. The proposed design also
includes a trade-off parameter between communications and
radar sensing operations in the sense that the SNR at the
targets and users is controlled. In order to design the radar-
only beamformer, the target direction is estimated in the search
phase of the radar [21, 22]. Then, all possible spatial patterns
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are exploited from the estimated channel obtained via limited
feedback techniques [7, 23]. Once the radar- (e.g., target
directions) and communication- (e.g., path directions) related
parameters are collected at the BS, the hybrid beamformer is
designed for each spatial pattern in accordance with the trade-
off parameter. The effectiveness of the proposed SPIM-ISAC
approach is evaluated via numerical experiments and com-
pared with conventional mmWave-ISAC, whose beamformers
are designed in accordance with the strongest path between the
BS and the user. We have shown that a significant performance
improvement is achieved by the proposed approach in terms
of communications- and radar-related performance metrics.

Notation: Throughout the paper, (·)T and (·)H denote the
transpose and conjugate transpose operations, respectively. For
a matrix A and vector a; [A]ij , [A]k and [a]l correspond to
the (i, j)-th entry, k-th column and l-th entry, respectively. b·c
and E{·} represent the flooring and expectation operations,
respectively. We denote || · ||2 and || · ||F as the l2-norm and
Frobenious norm, respectively.

II. SYSTEM MODEL

Consider the transmitter design problem in an ISAC sce-
nario involving a communications user and a radar target with
SPIM (Fig. 1). The BS has NT antennas to jointly commu-
nicate with the user and sense the target via probing signals.
The user has NR antennas, for which NS data symbols s =
[s1, · · · , sNS ]T ∈ CNS are transmitted, where E{ssH} = INS .
Additionally, the spatial path index information represented by
s0 is fed to the switching network (Fig. 1) to randomly assign
the outputs of NRF RF chains to the M̄ taps of the analog
beamformer. Thus, the BS processes at most M̄ = M + 1
spatial paths, where M denotes the number of available spatial
paths for the user while a single path is dedicated to the target.
Note that the proposed system design is also applicable to
multiple targets.

Compared to the conventional mmWave systems, SPIM
has the advantage of transmitting additional data streams by
exploiting the spatial pattern of the mmWave channel with
limited RF chains, i.e., NRF ≤ M̄ [13]. For example, if
M = 1, i.e., NRF = 2, then SPIM reduces to conventional
mmWave ISAC design because there is only one choice of
transmission, i.e., one RF chain dedicated for radar target and
the another one for the communication user. Define the total
number of spatial patterns as [15]

K = 2

⌊
log2

(
M
N̄RF

)⌋
, (1)

where N̄RF = NRF−1, which indicates that the first column of
the analog beamformer is dedicated to radar sensing while the
remaining columns are employed for communications. Denote
the index set of possible spatial patterns by I = {1, · · · ,K}.
Then, the NT × 1 transmit signal for the i-th, i ∈ I, spatial
pattern becomes

x(i) = F
(i)
RFFBBs, (2)

Fig. 1. The SPIM-ISAC architecture processes the incoming data streams
and employs spatial path index information s0 in a switching network, which
connects NRF RF chains to M̄ = M + 1 taps on the analog beamformers
to exploit a single path for the radar target and one of the M spatial paths
for the communications user.

where FBB ∈ CNRF×NS is the baseband beamformer, and
F

(i)
RF = [fR, F̃

(i)
RF] ∈ NT × NRF is the analog beamformer

matrix containing the radar-only beamformer fR ∈ CNT and
F̃

(i)
RF ∈ CNT×(NRF−1) is the communications-only analog

beamformer for the i-th spatial pattern. Note that the ana-
log beamformer F

(i)
RF has constant-modulus constraint, i.e.,

|[F(i)
RF]i,j | = 1/

√
NT for i = 1, · · · , NT, j = 1, · · · , NRF.

A. Communications Receiver

Denote the direction-of-arrival (DoA) and direction-of-
departure (DoD) angles of the scattering paths between the
user and the BS by φ and θ, respectively. The corresponding
receive and transmit steering vectors is defined as aR(φ) ∈
CNR and aT(θ) ∈ CNT , respectively. Then, for a uniform
linear array (ULA) (with half-wavelength element spacing),
the n-th elements of aR(φ) and aT(θ) are

[aR(φ)]n =
1√
NR

exp{−jπ(n− 1) sin(φ)}

[aT(θ)]n =
1√
NT

exp{−jπ(n− 1) sin(θ)}. (3)

Then, the NR ×NT mmWave channel is

H =

M∑
m=1

γ̄maR(φm)aH
T(θm), (4)

where γ̄m ∈ C denotes the channel path gains for m =
1, · · · ,M .

In a compact form, the channel expression in (4) is [7]

H = PΛQH, (5)

where the matrices P ∈ CNR×M and Q ∈ CNT×M represent
the receive and transmit array responses for M paths, respec-
tively, and Λ ∈ CM×M is a diagonal matrix comprised of
path gains γ̄m =

√
γm as

Λ = diag{[√γ1, · · · ,
√
γM ]}, (6)

where γ1 > γ2 > · · · > γM ; in addition, we have P =
[aR(φ1), · · · ,aR(φM )] and Q = [aT(θ1), · · · ,aT(θM )].



Then, the NR×1 received signal at the communication user
for the ith spatial pattern is

y(i) = HF
(i)
RFFBBs + n, (7)

where n ∼ CN (0, σ2
nINR) ∈ CNR represents the temporarily

and spatially additive white Gaussian noise vector.

B. Radar Receiver

The aim of radar processing is to achieve the highest
possible SNR gain toward the direction of the target. Denote
the estimate of radar target direction by Φ and select the radar-
only beamformer as fR = aT(Φ). Then, using the hybrid
beamforming structure, the beampattern of the radar is

B(i)(Φ) = Trace{QH(Φ)R(i)
x Q(Φ)}, (8)

where R
(i)
x ∈ CNT×NT is the covariance matrix of the

transmit signal of the ISAC transmitter subject to the hybrid
architecture of the beamformers. For the i-th spatial pattern,
we have

R(i)
x = E{xxH} = E{F(i)

RFFBBssHFH
BBF

(i)H

RF }

= F
(i)
RFFBBE{ssH}FH

BBF
(i)H

RF

= F
(i)
RFFBBFH

BBF
(i)H

RF . (9)

To simultaneously obtain the desired beampattern for the radar
target and provide satisfactory communication performance,
the hybrid beamformer F

(i)
RFFBB should be designed accord-

ingly, as discussed in the following.

C. Problem Formulation

For ISAC beamformer design, F
(i)
RF, FBB, we minimize the

Euclidean distance between the ISAC beamformers and the
unconstrained beamformers. The fully-digital unconstrained
communication-only beamformer is Fopt ∈ CNT×NS , which
is obtained from the singular value decomposition (SVD) of
H [7]. Define the joint radar-communications beamformer [3]
as

FCR = ηFopt + (1− η)fRξ, (10)

where ξ ∈ C1×NS row vector providing the change of
dimensions between fR and FCR. In (10), 0 ≤ η ≤ 1 provides
the trade-off between the radar and communications tasks. In
particular, η = 1 (η = 0) corresponds to the communications-
only (radar-only) design problem.

By combining communications-only and radar-only designs,
the joint problem becomes

minimize
F

(i)
RF,FBB,ξ

‖FCR − F
(i)
RFFBB‖F

subject to: |[F(i)
RF]n,r| = 1/

√
NT,

F̃
(i)
RF ∈ A,
‖F(i)

RFFBB‖F = NS,

ξξH = 1, (11)

where A denotes the set of possible analog beamformers for
the SPIM.

The optimization problem in (11) falls to the class of mixed-
integer non-convex programming and computationally pro-
hibitive due to combinatorial subproblem for each spatial pat-
tern, and non-linear due to multiple unknowns F

(i)
RF,FBB, ξ.

Instead, we propose a low complexity approach by exploiting
the steering vectors corresponding to the path directions in the
following.

III. SPIM IN ISAC

The design of the analog beamformer F
(i)
RF requires the

knowledge of radar-only beamformer fR and communications-
only beamformers F̃

(i)
RF for i ∈ I = {1, · · · ,K}. In other

words, N̄RF columns of NT ×NRF analog beamformer FRF

are dedicated to the communications task, while a single
column, i.e., fR is dedicated to the radar operations.

A. Hybrid Beamformer Design

The ISAC hybrid beamformer is comprised of radar-only
and communication-only beamformers. In order to obtain the
radar-only beamformer fR, the target direction Φ is estimated
in the search phase of the radar. Then, the fR is constructed
as the steering vector corresponding to Φ [3, 24]. To this end,
the BS first transmits probing signals, for which the NT × 1
received array output at the BS is

ȳ(t) = aT(Φ)aT
T(Φ)r(t) + n̄(t), (12)

where t denotes the sample index for t = 1, · · · , TR, where TR
is the number of snapshots, r(t) is the reflection coefficient
from the target at direction Φ and n̄ ∈ CNT is the noise
term. Next, the BS utilizes the sample covariance matrix of
the received signal in (12) as

R̄y =
1

TR

TR∑
t=1

ȳ(t)ȳH(t), (13)

which is used to estimate Φ via both model-based techniques,
e.g., multiple signal classification (MUSIC) [21] and model-
free, deep learning based approaches, e.g., DeepMUSIC [22].
Then, the radar-only beamformer is selected as fR = aT(Φ̂).

The design of communications-only analog beamformer
F̃

(i)
RF requires knowledge of all scattering paths, which con-

stitute the array response matrix Q given in (5). In fact,
the channel parameters P, Λ, and Q are computed during
the channel estimation stage of the receiver via both model-
based [7, 23] and model-free techniques [25, 26]. These
estimates are then sent to the BS using limited feedback
techniques [7].

Once the beamformers - radar-only fR and communications-
only beamformers F̃

(i)
RF - are obtained, then the analog beam-

former is designed as

F
(i)
RF = [fR, F̃

(i)
RF]. (14)

Furthermore, the baseband beamformer is FBB =
blkdiag{(η − 1), ηINRF−1}, which allows the trade-off



between the radar and communications tasks. The trade-off
between the radar and communications tasks is controlled by
choosing η depending on the accuracy/importance of both
tasks in the ISAC system [27].

B. Performance Analysis

The radar sensing performance of the proposed SPIM-ISAC
system is quantified by computing the beampattern of the
hybrid beamformers (see Sec. IV-B). In order to evaluate
the communication performance, the mutual information (MI)
between the transmit and receive signals, i.e., x(i), y(i) is
utilized. In the following, we compute the MI expressions for
mmWave-ISAC and SPIM-ISAC, respectively.

Denote arbitrary hybrid beamformers by FRF and FBB. The
MI is computed as [7]

M = log2

(
det

{
INR

+
1

σ2
n

HFRFFBBFH
BBFH

RFHH
})

.

(15)

In the conventional mmWave systems, the analog beam-
former F̃RF relies on the selection of the strongest path for hy-
brid beamformer design [13, 28]. As an example, for a single
target and single user case, we have FRF = [aT(Φ),aT(θ1)],
where aT(θ1) corresponds to the strongest communication
path with path gain γ1. Similarly, the MI for mmWave-ISAC
system is computed for the spatial pattern i = 1 as

MmmWave = log2

(
det

{
INR

+
1

σ2
n

HF
(1)
RFFBBFH

BBF
(1)H

RF HH
})

. (16)

The computation of MI in (16) is computationally complex,
especially for large number of antennas. In the following
Proposition 1, we introduce a closed-form expression for the
asymptotic MI of the mmWave-ISAC system with massive
antenna array assumption, i.e., NT � 1.

Proposition 1. Consider the mmWave-ISAC system with mas-
sive antenna array deployment (i.e., NT � 1). Then, the MI
for conventional mmWave-ISAC system is

M̄mmWave = log2

(
1 +

η2γ1
σ2
n

)
, (17)

where γ1 corresponds to the strongest path gain.

Proof. Since only the strongest path is considered in
mmWave-ISAC [13, 28], the analog and digital beamformers

are FRF = [aT(Φ),aT(θ1)] and FBB =

[
(1− η) 0

0 η

]
,

respectively. Then, using the expression in (15, the asymptotic

MI for mmWave-ISAC is

M̄mmWave = log2

(
det

{
INR

+
1

σ2
n

H [aT(Φ),aT(θ1)]

×
[

(1− η)2 0
0 η2

]
[aT(Φ),aT(θ1)]

H
HH
})

= log2

(
det

{
INR

+
1

σ2
n

H

(
(1− η)2aT(Φ)aH

T(Φ)

+ η2aT(θ1)aH
T(θ1)

)
HH
})

. (18)

Using the orthogonality of steering vectors at different angles,
i.e., limNT→+∞ |aH

T(θ1)aT(Φ)| = 0, we get HaT(Φ) = 0NR
.

Then, (18) becomes

M̄mmWave = log2

(
det

{
INR

+
η2

σ2
n

HaT(θ1)aH
T(θ1)HH

})
,

(19)

where we have HaT(θ1) =
√
γ1aR(φ1)aH

T(θ1)aT(θ1) =√
γ1aR(φ1) with aH

T(θ1)aT(θ1) = 1. Hence, (19) becomes

M̄mmWave= log2

(
det

{
INR

+
η2γ1
σ2
n

aR(φ1)aH
R(φ1)

})
=log2

(
det

{
1 +

η2γ1
σ2
n

aH
R(φ1)aR(φ1)

})
(20)

= log2

(
1 +

η2γ1
σ2
n

)
, (21)

where, the equality in (20) utilizes the matrix determi-
nant property, i.e., det{IR + aR(φ1)aH

R(φ1)} = det{1 +
aH
R(φ1)aR(φ1)}. Furthermore, we have aR(φ1)aH

R(φ1) = 1.
This completes the proof. �

Proposition 1 allows us to compute the MI for mmWave-
ISAC system with low complexity via (17). In the following,
we introduce the computation of MI for SPIM-ISAC system.

The MI expression for SPIM-ISAC is obtained by taking
into account the received spatially modulated signal y(i).
Hence, we first compute the covariance matrix of y(i) as

Σi = HF
(i)
RFFBBFH

BBF
(i)H

RF HH + σ2
nINR

, (22)

which includes the effect of ISAC trade-off parameter η in
FBB. Then, the MI of the overall SPIM-ISAC system is
computed using the following asymptotic closed-form expres-
sion [13, 28], i.e.,

MSPIM

= log2

(
K

(2σ2
n)NR

)
− 1

K

K∑
i=1

log2

 K∑
j=1

det{Σi + Σj}−1
 ,

(23)

where i, j ∈ {1, · · · ,M} denote spatial path index.

IV. NUMERICAL EXPERIMENTS

We evaluated the performance of our SPIM-ISAC approach
with conventional mmWave-ISAC in terms of MI averaged
over 500 Monte Carlo trials. The number of antennas at the
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Fig. 2. MI versus SNR when the path gains γ1 = γ2 = 0.5 and the radar-
communications trade-off parameter η = 0.5.

BS and the users are NT = 128 and NR = 10, respectively.
We select the number of available spatial paths as M = 2
(M̄ = 3 and K = 2), and NRF = NS = 2. The target DoA
is Φ = 40◦ and path directions are drawn from [−90◦, 90◦]
uniformly at random.

A. Communication Performance

Fig. 2 shows the MI with respect to SNR (i.e., 1/σ2
n)

when γ1 = γ2 = 0.5 and the radar-communications trade-off
parameter is η = 0.5. We observe a significant improvement
in MI with our proposed SPIM-ISAC approach compared
to mmWave-ISAC even only M = 2 paths are available
for SPIM. The computation of mmWave-ISAC is obtained
both theoretically (i.e., (17) ) and numerically (i.e., (16)). We
observe that both simulated and theoretical curves match as
shown in Fig. 2.

The performance of SPIM-ISAC is only favorable only
when the path gains are comparable. In [13], it was shown that
MSPIM >MmmWave only if γ1 < 4γ2, where γ1 + γ2 = 1.
We validate our analysis as illustrated in Fig. 3, when SNR
is 20 dB and η = 0.5. The performance of SPIM-ISAC
significantly degrades as γ1 > γ2, for which mmWave-
ISAC always prefers the strongest path. We conclude that
SPIM-ISAC is favorable when the path gains are comparable.
When there is a significant gap between the path gains, then
mmWave-ISAC yields higher MI. Note that the performance
improvement obtained from SPIM-ISAC is limited to the num-
ber of available spatial paths in the environment. Furthermore,
higher MI is achieved by employing more RF chains at the
cost of higher hardware complexity.

B. Radar Sensing Performance

Next, we evaluated the MI performance with respect to
the radar-communications trade-off. In Fig. 4, the beampat-
tern of the proposed ISAC hybrid beamformer is shown for
η = {0, 0.3, 0.5, 0.8, 1} and γ1 = γ2 = 0.5, when i = {1, 2}
spatial patterns are used. In this scenario, the target is located

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

5

6

7

8

9

10

11

Fig. 3. MI versus the first path gain γ1 when SNR = 20 dB and η = 0.5.
Note that γ2 = 1− γ1.
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-60

-40

-20

0

20

35 40 45 50 55 60 65

-40

-20

0

20

Fig. 4. Azimuthal beampattern when i = 1 (top) and i = 2 (bottom)
for various values of the radar-communications trade-off parameter, η =
{0, 0.3, 0.5, 0.8, 1}. Here, the path gains γ1 = γ2 = 0.5.

at 40◦ while the BS receives the incoming paths from the
communications user at 50◦ (i = 1) and 60◦ (i = 2),
respectively. The beampattern becomes suppressed at the target
direction when η → 1. Conversely, the beampattern at the
user locations is minimized when η → 0. This illustrates the
effectiveness of our proposed SPIM-ISAC approach.

V. SUMMARY

We introduced an SPIM framework for ISAC, wherein the
hybrid beamformers are designed by exploiting the spatial
scattering paths between the BS and the communications user.
We have shown that a significant performance improvement is
achieved via SPIM-ISAC compared to conventional mmWave-
ISAC, wherein only the strongest path is selected for beam-
former design. We have evaluated the performance of our
SPIM-ISAC technique in terms of both communications (MI)



and radar (beampattern) performance metrics. The proposed
approach needs to be extended for a multi-target multi-user
scenario.
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[7] R. W. Heath, N. González-Prelcic, S. Rangan, W. Roh, and A. M.
Sayeed, “An overview of signal processing techniques for millimeter
wave MIMO systems,” IEEE J. Sel. Top. Signal Process., vol. 10, no. 3,
pp. 436–453, 2016.

[8] T. Mao, Q. Wang, Z. Wang, and S. Chen, “Novel index modulation
techniques: A survey,” IEEE Commun. Surv. Tutorials, vol. 21, no. 1,
pp. 315–348, 2018.

[9] T. Huang, N. Shlezinger, X. Xu, Y. Liu, and Y. C. Eldar, “MAJoRCom:
A dual-function radar communication system using index modulation,”
IEEE Trans. Signal Process., vol. 68, pp. 3423–3438, 2020.

[10] J. A. Hodge, K. V. Mishra, and A. I. Zaghloul, “Intelligent time-varying
metasurface transceiver for index modulation in 6G wireless networks,”
IEEE Antennas Wirel. Propag. Lett., vol. 19, no. 11, pp. 1891–1895,
2020.

[11] L. He, J. Wang, and J. Song, “Spatial modulation for more spatial
multiplexing: RF-chain-limited generalized spatial modulation aided
MM-Wave MIMO with hybrid precoding,” IEEE Trans. Commun.,
vol. 66, no. 3, pp. 986–998, 2018.

[12] J. A. Hodge, K. V. Mishra, and A. I. Zaghloul, “Reconfigurable
metasurfaces for index modulation in 5G wireless communications,” in
IEEE Int. Appl. Comput. Electromagn. Soc. Symp., 2019, pp. 1–2.

[13] J. Wang, L. He, and J. Song, “Towards Higher Spectral Efficiency:
Spatial Path Index Modulation Improves Millimeter-Wave Hybrid Beam-
forming,” IEEE J. Sel. Top. Signal Process., vol. 13, no. 6, pp. 1348–
1359, May 2019.

[14] Y. Ding, V. Fusco, A. Shitvov, Y. Xiao, and H. Li, “Beam Index
Modulation Wireless Communication With Analog Beamforming,” IEEE
Trans. Veh. Technol., vol. 67, no. 7, pp. 6340–6354, Mar. 2018.

[15] S. Gao, X. Cheng, and L. Yang, “Spatial Multiplexing With Limited
RF Chains: Generalized Beamspace Modulation (GBM) for mmWave
Massive MIMO,” IEEE J. Sel. Areas Commun., vol. 37, no. 9, pp. 2029–
2039, Jul. 2019.

[16] A. M. Elbir, K. V. Mishra, S. A. Vorobyov, and W. Heath Robert,
Jr., “Twenty-Five Years of Advances in Beamforming: From Convex
and Nonconvex Optimization to Learning Techniques,” ArXiv preprint
arXiv:2211.02165, Nov. 2022.

[17] D. Ma, N. Shlezinger, T. Huang, Y. Shavit, M. Namer, Y. Liu, and
Y. C. Eldar, “Spatial modulation for joint radar-communications systems:
Design, analysis, and hardware prototype,” IEEE Trans. Veh. Technol.,
vol. 70, no. 3, pp. 2283–2298, 2021.

[18] S. Li, W. Yuan, C. Liu, Z. Wei, J. Yuan, B. Bai, and D. W. K. Ng, “A
novel ISAC transmission framework based on spatially-spread orthog-
onal time frequency space modulation,” IEEE J. Sel. Areas Commun.,
vol. 40, no. 6, pp. 1854–1872, 2022.

[19] Z. Xu, A. Petropulu, and S. Sun, “A joint design of MIMO-OFDM
dual-function radar communication system using generalized spatial
modulation,” in IEEE Radar Conference, 2020, pp. 1–6.

[20] A. M. Elbir, S. Coleri, and K. V. Mishra, “Federated dropout learning
for hybrid beamforming with spatial path index modulation in multi-
user mmWave-MIMO systems,” in IEEE International Conference on
Acoustics, Speech and Signal Processing, 2021, pp. 8213–8217.

[21] R. Schmidt, “Multiple emitter location and signal parameter estimation,”
IEEE Trans. Antennas Propag., vol. 34, no. 3, pp. 276–280, 1986.

[22] A. M. Elbir, “DeepMUSIC: Multiple signal classification via deep
learning,” IEEE Sens. Lett., vol. 4, no. 4, pp. 1–4, 2020.

[23] O. E. Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, and R. W. Heath,
“Spatially sparse precoding in millimeter wave MIMO systems,” IEEE
Trans. Wireless Commun., vol. 13, no. 3, pp. 1499–1513, 2014.

[24] F. Liu and C. Masouros, “Hybrid beamforming with sub-arrayed MIMO
radar: Enabling joint sensing and communication at mmWave band,”
in IEEE International Conference on Acoustics, Speech and Signal
Processing, 2017, pp. 7770–7774.

[25] A. Abdallah, A. Celik, M. M. Mansour, and A. M. Eltawil,
“Deep learning-based frequency-selective channel estimation for hybrid
mmWave MIMO systems,” IEEE Trans. Wireless Commun., vol. 21,
no. 6, pp. 3804–3821, 2021.

[26] A. M. Elbir, K. V. Mishra, M. R. B. Shankar, and B. Ottersten, “A
family of deep learning architectures for channel estimation and hybrid
beamforming in multi-carrier mm-Wave massive MIMO,” IEEE Trans.
Cognit. Commun. Networking, vol. 8, no. 2, pp. 642–656, 2021.

[27] A. M. Elbir, K. V. Mishra, M. R. B. Shankar, and S. Chatzinotas,
“The Rise of Intelligent Reflecting Surfaces in Integrated Sensing and
Communications Paradigms,” IEEE Network, pp. 1–8, Dec. 2022.

[28] L. He, J. Wang, and J. Song, “Spatial modulation for more spatial mul-
tiplexing: RF-chain-limited generalized spatial modulation aided mm-
wave MIMO with hybrid precoding,” IEEE Trans. Commun., vol. 66,
no. 3, pp. 986–998, 2017.


	I Introduction
	II System Model
	II-A Communications Receiver
	II-B Radar Receiver
	II-C Problem Formulation

	III SPIM in ISAC
	III-A Hybrid Beamformer Design
	III-B Performance Analysis

	IV Numerical Experiments
	IV-A Communication Performance
	IV-B Radar Sensing Performance

	V Summary
	References

