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Abstract—Joint radar-communications (JRC) is considered to be
a vital technology in deploying the next generation systems, since
its useful in decongestion of the radio frequency (RF) spectrum
and utilising the same hardware resources for dual functions.
Using JRC systems for dual function generates interference be-
tween both the operations which needs to be addressed in future
standardization. Furthermore, JRC systems can be advanced by
deploying hybrid beamforming which implements fewer number
of RF chains than the number of transmit antennas. This paper
designs a robust hybrid beamformer for minimizing the interfer-
ence of a JRC transmitter via RF chain selection resulting into
mutual information maximization. We consider a weighted mutual
information for the dual function JRC system and implement a
common analog beamformer for both the operations. The mutual
information maximization problem is formulated which is non-
convex and difficult to solve. The problem is simplified to convex
form and solved using Dinkelbach approximation abased fractional
programming. The performance of the optimal RF selection based
proposed approach is evaluated, compared with baselines and its
effectiveness is inferred via numerical results.

Index Terms—Joint radar-communications, rate maximization,
hybrid beamforming, RF selection.

I. INTRODUCTION

It is expected that the fifth generation (5G) connections
will constitute towards 1.4 billion mobile devices by 2023
[1], and there will be 4.4 billion 5G subscriptions worldwide
presenting faster growth than previous generation standards
[2]. Integrated sensing and communication (ISAC) technology
provides a potential solution in sixth generation (6G) sys-
tems towards efficient use of hardware and spectral resources,
while decongesting the crowded sub-6 GHz spectrum used for
most of the mobile communications [3], [4]. In the scope of
ISAC, there are emerging joint radar and communications (JRC)
systems which accommodate multiple functionalities including
wireless communications and radar sensing, and resulting into
wide applications for future wireless, defence, aerial, space,
vehicular and internet-of-intelligent-things etc. [3]-[7]. For joint
JRC designs, there have been recent technical advancements
in terms of achieving energy and hardware efficient systems
[8]-[10]. The JRC systems have been also investigated for
optimal transmit waveform design with hardware efficient setups
using low complexity analog architecture [11], and information
embedding approaches for improved performance [12].
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Besides energy and hardware efficient designs of JRC sys-
tems, there has been recent attention on spectral efficiency
maximization such as in [7] where interference and hardware
distortion parameters are taken into account. There is indeed
requirement of also observing trade-off between the radar mutual
information and communication rate in mutual information of
JRC systems [10]. Furthermore, hybrid beamforming based
energy and hardware efficient designs incorporated with massive
multiple-input multiple-output (MIMO) antenna setup can ef-
fectively achieve high degrees-of-freedom while achieving low-
cost outcomes. However, the use of hybrid beamforming has
not been widely explored for JRC systems in the context of
mutual information maximization. The joint design of JRC using
a weighted mutual information while reduce the interference
occurring from each of the operations, can provide further
benefits in terms of effectiveness of such system. This urges
researchers to look into more robust hybrid beamformers that
take into account interference terms and achieve a spectrally
efficient JRC system.

Contributions: In this paper, we design a covariance-based
robust hybrid beamformer for dual function JRC transmission
that maximizes the mutual information via radio frequency
(RF) chain selection and minimizing the interference from one
operation on the other. JRC transmission employs a simplified
structure with common analog beamformer for both the oper-
ations. A joint mutual information maximization problem with
weighting is formulated which is non-convex and difficult to
solve. The optimization problem is approximated to convex form
for good performance using Dinklebach approximation based
fractional programming. It is important to note that the proposed
technique uses only the channel second order statistics and not
instantaneous channel which makes it more robust to channel
estimation errors. The numerical results are presented for the
proposed method which is compared with several baselines and
for different weighting factor values, to show the effectiveness
of the proposed optimal RF selection based approach.

Notation: The notation M represents matrix, m represents
vector, m is scalar entity, tr(.) and |.| represent trace and
determinant functions, (.)T denotes transpose, (.)", ||.|| and
|I-ll2 represent complex conjugate transpose, Frobenius norm,
and the Euclidean norm, respectively. The notation [M]m,;c is
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(m, k)-th element in matrix M and m,,, is m-th element of m;
I; is J-size identity matrix; I 7« x denotes column concatenated
matrix as [I; 0y« x]. C and R represent sets of complex and
real numbers, respectively, and £ denotes expectation operator.
The notation CA (m, n) denotes complex Gaussian vector which
has mean m and variance n.

II. SYSTEM AND CHANNEL MODELS

The considered system is composed of N antenna terminals
at both transmitter and receiver, which assists the downlink
communication between a base-station/transmitter and K users
(UE)/receiver, as shown in Fig. 1. The transmitter implements
a dual function JRC with hybrid beamforming which employs
baseband precoding and analog precoding. Note that the analog
precoder Fgg is joint for both radar-communications operation.
The transmit signal constitutes s = [ sf sf ]T, where sc €
C%> *! refers to the communication vector term and sg € C> %1
is for the radar operation.

The transmit signal x for JRC is,

x = FrpDs = Frp(Dcsc + Dgrsg) (1

where DV*¥ is a diagonal matrix with binary entries, repre-

senting the state of the switches; Frp € FN*N consists of a
network of phase shifters, where the elements of analog precoder
with constant-modulus entries.

The received time-domain baseband signal after the analog
combiner is represented as

y = Fhiix = Fl.HFReDs )
= FRpHFRrp(Dcsc + Dgsg) 3)
= FreHFrrDcsc + FrprHF ReDrsg, 0))

£yc Lyr

where H € CV*N represents the channel term.

Following that, we describe the general channel model that
can be used for both communication and radar operations. For
N, multipaths, the baseband channel matrix is represented as

N,

N X
H=—"——=) aagr(s))af(¢}), 5
m; l R(¢l) T((bl) ()
with «a; being the channel gain of [-th path, and N,
being the number of clustered multipaths. The term
ar(l) = %ﬁ[l,ej%dsmwn,,,_,ej<NT71)2T“dsin<¢;:>]T

represents the steering vector for transmission. The departure
angle is represented as ¢ with d being spacing between
antennas and A being wavelength. Similarly, the term ar(¢])
represents array response vector for receiver. The angle of
arrival is represented as ¢;. It is assumed that the channel
state information (CSI) of communication channel is known at
transmitter and UE sides. Furthermore, the antenna setup in (5)
follows an uniform linear array (ULA) configuration while the
proposed method is independent of antenna configuration, for
instance, it can also be applied to circular array and rectangular
array configurations.

RF Selection
Signal s with Switches Analog Precoder
—/ — RFChain = — u
SC - R Y R
Baseband ) ‘
Precoding Ly Frr  Np H
. . C
SR =
-"/—0 RF Chain = %

TX Antennas
Fig. 1: Robust hybrid beamforming for JRC transmission.

III. JRC MUTUAL INFORMATION MAXIMIZATION
A. Mutual Information

In this section we present mutual information expressions for
the dual function JRC system model where we consider two
of the possible cases: (i) with no impact of interference of one
operation over the other operation which presents an idealized
case, and (ii) while taking into account the impact of interference
of one operation over the other operation. The communication
spectral efficiency is well known in literature.

In terms of the literature surrounding radar mutual infor-
mation, reference [13] describes waveform design approach
while taking into account radar mutual information between
target reflections and target responses. Furthermore, the main
purpose of the radar mutual information is to evaluate the
radar performance, such as in [14], [15] mutual information is
described between target impulse response and echo/reflected
signal, provided there is prior knowledge of the dual function
JRC transmit signal or radar-only transmit signal. JRC systems
such as in [16], express the radar mutual information between the
signal and target impulse response of radar and communication
signals, while assuming that both radar and communication
signals partly have common information on the target. Next,
we consider joint channel capacity terms for JRC with no
interference (of one operation over the other operation) and with
interference scenarios.

1) Separate subsystems: Let us first consider the idealized
case where the two systems have dedicated separate hardware
that do not interfere with each other. The MUI can be expressed
as [17]:

1 1
I = log, |+ — HeScHE| + log, [1+ — Hy Sk HYJ, (6)

On

where 3¢, g are the covariance matrices of the precoder
outputs with ||Ec||? = ||Zr||? = Pnax/2. The term o2 accounts
for the noise variance.
2) Joint system for both operations: The MUI for this case
also includes the interference terms between the subsystems:
. 1
" =log, T+ mﬂgzcﬂd

1
+10g2 |I+ 0’27

HISHi| < 17 7
n+0_(2: R <R R‘_ ) ()
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where o3 corresponds to the radar interference while commu-

nication operation is taking place in the dual function JRC
system, and similarly o corresponds to the communication
interference to the radar operation, with 02 = |Hg X/ ?(|? and

02 = ||HcE]12/ %||2, respectively.

B. Problem Formulation

Using the (7), the problem of precoder design for maximizing
the mutual information is expressed as:

1
log, [T+ ————HcX-HH
21112%}21 og, [T+ o cScHc|

o2 +
+ log, [T+ ! He» HY|
o -
<) U%_'_U(Q: R2RHR
subject to ||Z]CH2 + HZ]RH2 = Prax- (8)

In this idealized case, the precoders can be designed so as to
nullify the interference of each other. Specifically, by setting

Eé/ ? = nullspace(Hg) and 211(/ % = nullspace(Hc),  (9)
then HpS¢/? = He /2 = 0, while
1/2 1a1/2 1/2 1a1/2
EC/ (EC/ )H = 2R/ (ER/ )H =L

Therefore, with perfect CSI knowledge for both communications
and radar we have: ™ = [°'. This case requires digital
beamforming, so as to implement the precoders in (9).

Note that, perfect CSI via channel matrix recovery is difficult
to be acquired, especially in the case of radars. However, a
rough knowledge of the targets positions could be utilized to
construct an estimation of the channel matrix for the radar
case. Specifically, exploiting the sparsity property of the channel
matrix in the beamspace domain, the positions of the non-zero
entries are related with the AoAs and therefore the positions
of the targets and the users. Given that the dimensions of the
MIMO array permits the distinction between the positions, then,
we could nullify each other in the beamspace domain.

On this premise, let ¢, Qr € {0, 1}V denote the binary
matrices with ones at the indices that correspond to the non-zero
values of the communications and radar channel beamspaces
respectively, i.e., FPHcF and FPHRF. In principle, this is
related with the geometric properties of the mmWave channels,
where the propagation paths correspond to groups of non-zero
entries for the beamspace channel. Thus,

Qc o (F'HRF) = Qg o (F'HCF) = 0, (10)

while Qc o (FHHF) = (FHHCF) and Q o (FHHF) =
(FHHRF). Therefore, the mutual information is expressed as
follows:

1
o5 + [[€Qc o (FTHRF)|?

1
Q FIHEF)12). (11
* o e e FHD)). an

1% —log, (1 + Q¢ o (FHHF)||?

C. Weighted MUI

Previously, it has been proposed a weighted MUI metric that
utilizes a weighting factor p € [0,1] for the MUI of each
subsystem, i.e.,

1 1
I"Y=2p1og, ‘I+07HCECH2 H2(1—p) log, |I+07HRERH§I|7
" ' (12)

and [P = J°' for p = 1. Note that the JRC weighting
term p describes the dominance of one operation over the
other, depending on its value between 0 and 1, i.e., p € [0,1].
For instance, when p value is high, JRC system prioritizes
communication operation and when p value is low, JRC system
prioritizes radar sensing operation. For p = %, it represents that
both the operations have same weighting in dual function JRC
system. Then, the problem of precoder design for maximizing
the weighted mutual information is expressed as follows:

1
2p1 I+ ———
ZI:??LZD:(RpOg2| +0%+0

sHeScHE|
R

1
5 o2 HrIrHY|
n C

subject to 2| Zc||? + 2(1 — p)|Zr]I* = Pnax-

+2(1 —p)log,y |I+

13)

Next, we present the robust hybrid beamformer design which
selects optimal RF chains for the weighted JRC system while
taking into account the impact of interference.

I'V. ROBUST HYBRID BEAMFORMER

Let us introduce a robust hybrid beamforming architecture
for a dual function transceiver, where the transceiver resources
that correspond to the analog beamformer can be dynamically
allocated for the communications and radar operations based
on the weighting factor p. Specifically, given that the analog
beamformer is represented by the matrix Frg € FN*N| p%
of its columns can be used for communications and the rest
(1—p)% for radar. The baseband part of the hybrid beamformer
is represented by Fgg, € CN*¥N. Considering consecutive
allocation, [Frg|;. o~ for beamforming of communications, and
[Fre|pn+1:n5 for beamforming of radar operation, assuming that
pN €1 is an integer.

Another way to represent the proposed resource allocation
is by using two diagonal and binary matrices, D¢ and Dg
with tr(Dc) = pN, and tr(Dr) = (1 — p)N. Thus, the
hybrid beamformer for each operation can be expressed as
Fc = FRFDCFBB,Ca and Fr = FRFDRFBB,R, with ||FCH%' =
Yica.Dclii = 2p and |[Fr[% = 3;cq,[Drlii = 2(1 — p).
Note that, Q- and Qg represent the sets with indices for the
non-zero entries of the beamspace channels, respectively for
communications and radar.

Thus, the MUI of (13) can be written as:

1 1

log, |T+ U—QHCFCFgHa + log, |T + U—QHRFRFEHI}Q (14)
1 H 1 H

=T+ 2pCTQHchl + logy [T+ 2(1 — p);QHRHR\- (15)
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If we consider the approximation log(1 + x)* =~ log(1 + ax),
then it can be shown that:

1 1
|I+2pa—2HcHg| + log, [T+ 2(1 —p);HEHR| (16)
n

n

1 1
~ 2plog, [T+ CTQHng +2(1 — p)log, [T+ — Hy Hg|

n Uﬂ

= [ (17)

where this approximation essentially expressed that, the weight-
ing of the analog beamformer can be viewed as weighting of
the MUL. In this manner, it is possible to define the interference
between the operations as:

O'l% = g{”HCFRFDRFBB,R”%‘} = tI‘(:R,C:FRF:DR]:T\Ilill:)7 (18)

which represents the interference of the radar into the communi-
cation operation with Rc = E{HYHc} is the covariance matrix
of the communications channel, with Fggr be an orthonormal
matrix.

Respectively,

0'(2: = g{”HRFRFDCFBB,C”%} = tI'(:R,R:FRFDC]:T\II—QIF)7 (19)

which respectively represents the interference of the communi-
cations into the radar operation, with Ry the covariance matrix
of the radar channel.

Therefore, the problem of precoder design for maximizing the
mutual information becomes:

1
ax2plogy I+ ——
FoFy | g2|+02+0

n

+2(1—p)log, I+

sHcFcFCH |
R

1
——  _HiFrFIHH
o2 +od RFRFg H|

subject to 2p||Fc|> 4+ 2(1 — p)|Fr*> = Prax. (20)

Considering that the RF front-end is composed by columns
of the DFT matrix, then it can be shown that there is an optimal
combination of columns that belongs to the nullspace of the
desired matrix. Specifically, let D¢, Dg € DV*V denote the
diagonal binary matrices, so as:

[(FDc)"Hg||%2 ~ 0 and ||(FDr)"Hc||2 ~0  (21)

where F = ¢ 7278 with E = [0,1,...,N — 1]T[0,1,..., N —
1]/N. Furthermore, by applying the hybrid precoder to the
combined channel, it nullifies the radar component. Indeed, by
using the properties in (21) we have:
(FD¢)"HH"FD( ~ F'H-HEF
(FDr)"HH"FDg ~ FPTHRH{F

(22)
(23)
The mutual information maximization problem (20) becomes,

1

log, (1 + FDc)"H|?
]gIclg%(R OgZ( U% T ||(FDC)HHRH2 ”( C) ||
1
+ FDg)"H|?
0_% ¥ ||(FDR)HHc||2 ||( R) || )
subject to D¢, Dy € {0,1}. (24)

- I
= Ideal
3o =% Approximation| |
=
S
IS
o
I
o
0.85 ‘ ‘ ‘ ‘ ‘ ‘ ‘
-10 5 0 5 10 15 20 25 30
SNR (dB)

Fig. 2: Ideal capacity and its approximation.

To solve (24) we proceed with a series of approximations which
will render the problem to a convex one.

Using the first order Taylor expansion for the logarithm,
log(1 + z) ~ x for x — 0, we have that:

1
log, (1 FDc)'H||?
OgQ( +U%+||(FDc)HHR||2||( C) ||
1
+ FDR)"H|]?
0721+||(FDR)HHCH2H( R) || )
1
~ FDc)PH|]?
o2+ (D2 | (P HI
1
(FDg)"H||? (25)

+
o2 & [ (FDVELC |

Indeed, in Fig. 2 we depict the mutual information (capacity)

between the initial (ideal) expression for the mutual information

and its approximation in (25), for N = 64 and D¢ = Dy = 1.

Next, the requirement for binary entries for the selection ma-

trices is relaxed to box constraint, i.e., [Dc]pn n, [DR]n,n € (0,1).
Then, the problem (20) can be written as:

1
B L (FD o) HR]2 |
1 Hyy(2
o EprEE | TPV
subject to [D¢]n.ns [Dr]n.n € (0,1).

(FDc)"H]”

(26)

We apply the Dinkelbach approximation to the fractional
problem in (26), deriving the following linear approximation:

max | (FDc)"H|? + || (FDg)"HJ|?
Dc,Dr

— kc(oy + [|(FDc)"Hg|*) — ke (o + ||(FDr)"Hcl|?)
subject to [Dc¢ly.n, [Drnn € (0,1). 27

Thus, we end up with the convex problem in (27), which is an
approximation for (20), and can be solved using any available
interior-point method (e.g., CVX [18]).

The overall algorithm is summarized in 1, which requires the
covariance matrices for the communications and radar channels.
The output are the diagonal matrices that maximize the mutual
information in (20). Note that, we use the function thres(-),,
which performs thresholding on the values of its input matrix.
The parameter p determines the thresholding lower bound for
the matrices D¢ and Dg. Next, we present the numerical results
to show the significance of our proposed method.
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Algorithm 1 Proposed Method

Input: R, R, Rk, p
Qutput: Diagonal binary matrices D¢ and Dy

I Tnitialize £ = &) = 1, F = ¢ 2B with E =
[0,1,...,N —1]70,1,..., N — 1]/N.

2forz_12 oy Imax do

3. = (FDC)HHH2 and c) = ||(FDg)"H|2

4: %) = o2 + ||(FDC)”HR||2 and nlg) = o2 +

H(FDR)HHCH2 o
5 maxp cg) /—i(cl_l)ng) s.t. [Dc¢ln,n € (0,1)
6: D¢ = thres,(Dc)
7
8

maxp, o) — g ng) st [Delun € (0.1)
: Dr= thresp(DR)
9: (1) = fq) and n(z) = (i)
e R

10: end for

V. SIMULATION RESULTS

We evaluate the performance of the proposed approach to
ensure the effectiveness of optimal RF selection method in a
JRC system with hybrid beamforming. For evaluation of the
proposed technique, we compare with the following baselines:

e No interference case, which represents the optimal upper
bound for the weighted MUI, which is expressed by (12).

o With interference case, which represents the lower bound
for the weighted MUI, assuming that no measure is taken
for interference mitigation.

e SVD nulling is also an idealized case where digital beam-
forming is performed, with perfect channel knowledge for
both communications and radar.

e Beamspace nulling represents a hybrid beamforming tech-
nique, with perfect channel knowledge.

For simplification, we assume that we have the same number
of users and targets, and their placement is equispaced and
alternatively.

Let us first depict the results for the MUI over the signal-
to-noise ratio (SNR), which is defined as SNR = . In Fig.
3, we show the MUI for the case of p = 1. Recalf that, the
weighting between the two MUI terms is a parameter that is
being defined by the user, depending on needs of the application.
Note that, for the two extreme cases, where p = 1 or p =
0, there is no interference, thus all techniques are expected to
behave similarly. The proposed technique follows closely the
other baselines, given that does not requires the instantaneous
channel matrices, thus, lags some performance at the higher SNR
regime.

In Fig. 4, we show the results for the case of p = 0.5, which is
the case with the maximum interference. The proposed technique
outperforms the other baselines for the low and medium SNR
regime, thus, is proved as more robust. The performance of the
SVD nulling is better for higher SNRs, while the Beamspace
nulling is lagging behind the other techniques.

3 Users and 3 Targets

6 Users and 6 Targets
25 5

20 r 20 r
c c
il il
é 15 f é 15 f
s 2 s 2
=) €
— 10f = L
< 0 < 10
=2 =2
=) =)
= =

5 51

0 1 L 0 . |

-20 0 20 40 -20 0 20 40

SNR (dB) SNR (dB)

----- Beamspace nulling
—#— Proposed - optimal RF selection

No interference
— — —With inteference
.......... SVD nulling

Fig. 3: Mutual information performance versus SNR for
different target and user scenarios, N = 32,p = 1.

3 User and 3 Target . 6 Users and 6 Targets

20 20

Mutual Information
Mutual Information

0 0
-20 40 -20 40

No interference
— — = With inteference
.......... SVD nulling

----- Beamspace nulling
—#— Proposed - optimal RF selection

Fig. 4: Mutual information performance versus SNR for
different target and user scenarios, N = 32, p = 0.5.

In Fig. 5 we show the results for the MUI over the number
of the antennas N, for the case of 6 users and 6 targets. As
the antenna size, and thus, the angle resolution, increases, the
performance of all techniques is improved. It is important to
stress out that the proposed technique has significant benefits
from larger antenna arrays.

Next, we evaluate the radar performance, in terms of Normal-

ized Received Power (NRP), defined as NRP = %.
F

In Figs. 6 and 7, we show the beampattern for two cases of p.

The radar channels have been constructed assuming that there

are 3 targets placed at angles 22,32 and 42 degrees.

VI. CONCLUSION

This paper designs a covariance-based robust hybrid beam-
former for JRC system which leads to maximization of the
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Fig. 5: Mutual information performance versus number of
transmit antennas at SNR = 15dB, p = 0.5.
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Fig. 6: Normalized received power performance,
p=0,N = 64,SNR = 5dB.

mutual information based on weighted dual function while
taking into account the interference of one operation to the
other. Fractional programming is used for obtaining optimal
RF chain selection leading the flexibility in hybrid beamformer
design. The proposed method shows high mutual information
performance for the JRC system and favourable normalized
received power when compared to the baseline cases. Different
weighting factor values are also considered for performance
evaluation. For instance, at SNR =15 dB and p = 0.5, we
can observe that the proposed method performs better than all
baseline cases except the “no interference” baseline which does
not take into account the impact of interference.
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