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Abstract

In this paper, we discussed the beamforming schemes for
OFDM-based joint sensing and communication (OFDM-JSC)
system, which enable JSC system to use directional beams to
detect directions of interest, while communicating with one or
more downlink users, thus further enhancing the practicability
of JSC system. Specifically, we equip OFDM-JSC transmitter
with hybrid beamforming structure and digital beamforming

structure in SU-MIMO and MU-MISO scenarios, respectively.

For SU-MIMO JSC, we separately considered the hybrid
beamforming design with partially connected structure and
fully connected structure. For MU-MISO JSC, we separately
consider the beamforming design with total antenna array
transmit power constraint, and per antenna transmit power
constraint. For the four non-convex problems in above two
scenarios, we have designed corresponding low-complexity
JSC beamforming algorithms and we verified the
effectiveness of proposed schemes through numerical
simulation.
Keywords: Joint Sensing-and-Communication,

Beamforming, SU-MIMO, MU-MISO

OFDM,

1 Introduction

Since 5G communication [1] and mmWave radar [2] are
tending to operate in the same frequency band, using the same
equipment to achieve communication and sensing can
effectively reduce hardware redundancy and power
consumption, while avoiding electromagnetic interference,
thereby improving spectrum utilization, which known as Joint
Sensing-and-Communication (JSC), or Integrated Sensing-
and-Communication (ISAC). To materialize JSC system, the
integration of sensing and communication in waveform level
should be first resolved [3]. The famous integrated sensing-
and-communication waveform is OFDM [4]. Since JSC
system acts as both base station (BS) and radar, the
beamforming schemes solely for downlink communication or
radar sensing will no longer work for it. Specifically, in order
to improve radar sensing performance, it is desirable to
concentrate limited transmit power in directions which need to
be detected. However, if communication users are not located
in detection directions, then downlink communication
performance will suffer serious loss at this time. Conversely,
if the beamforming in JSC transmitter only serves the
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downlink communication, the echo signal power in detection
directions will be severely attenuated, especially when all
users are NLOS. The simplest solution is to make JSC system
emit an omnidirectional beam, or just serve users in detection
directions, which means a waste of system resources.
Furthermore, the communication and sensing services that
JSC system needs to provide vary by scenario. Even in the
same scenario, the communication and sensing requirements
that JSC system needs to meet may change over time. At one
moment, JSC system may need to communicate with more
users, while at another moment, JSC system may need to
detect more directions. Therefore, the beamforming design
specifically for downlink communication or radar sensing will
greatly reduce the comprehensive performance of JSC system.

In summary, the beamforming design for JSC system is a
problem worthy of study. [5] proposes a beamforming scheme
for JSC transmitter equipped with partially connected hybrid
beamforming structure in SU-MIMO scenario, however, it is
only for narrowband JSC system and its computational
complexity is relatively high. [6] proposes a beamforming
design for OFDM-JSC system, however it only focuses on
designing transmit beampattern and does not consider the
channel state information. [7-8] propose the beamforming
design for JSC transmitter in MU-MISO scenario, and they
both meet the sensing needs by unilaterally sacrificing a
certain communication performance. [9-10] propose the
beamforming design for JSC transmitter with analog
beamforming structure, which can provide a wide field of
view (FoV) for radar sensing. [11-13] provide a special
solution, where both communication module and radar
module use OFDM waveform, while communication signal
and radar signal, as well as communication antenna and radar
antenna, are independent of each other, which means the
communication module needs to use additional digital
precoding to offset the interference caused by radar signal. [14]
introduces RIS to assist passive beamforming for narrowband
JSC system in MU-MISO scenario. Here we propose a novel
beamforming design for OFDM-JSC system to meet the
changing needs of communication and sensing in actual
scenarios by flexibly adjusting the weights assigned to
downlink communication and radar sensing.

2 Hybrid Beamforming Design for SU-
MIMO JSC

2.1 System Model
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We consider an OFDM-JSC system in single-user MIMO
(SU-MIMO) scenario, whose transmitter equipped with N;
antennas ULA, and performs downlink communication with a
UE whose receiver equipped with N, antennas ULA. In the
meantime, OFDM-JSC system senses the surrounding
environment by pointing directional beams in N directions
of interest, and tracks the targets by receiving the echo signal.
The OFDM-JSC transmitter adopts hybrid beamforming
structure equipped with Nge RF chains, and both fully
connected structure and partially connected structure will be
discussed separately in the following. While fully digital
combining structure is considered in UE receiver, as shown in
Figure 1.
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Figure 1. Hybrid JSC beamforming in SU-MIMO scenario
2.2 Communication Model

Assuming the OFDM integrated sensing-and-
communication waveform [15] is used in above JSC system.
After the baseband demodulation operation in UE receiver, the
received symbol vector at kth subcarrier can be expressed as

y[KI=W* [KIH[K] Fre Fas [K]s[K]+W" [k]n[k]. M

Where k € X ={1,...,K} is the subcarrier index, and
suppose there are K subcarriers in total. s[k]=

T
s1[k], ..., swg [k]] € CNs*! denotes for the N, data streams

transmitted towards UE at kth subcarrier, which satisfies that
E{s[k]s![k]} = Iy, And to enable multi-stream
communication, Ny < Ngg < N, and N < N, should also
be satisfied. n[k] € C¥r*! represents the complex AWGN
vector at kth subcarrier, whose elements satisfy independent
and identically distribution ¢V (0, c2).

Fgp[k] € CNRFXNs s the digital beamforming matrix for
kth subcarrier and the fully digital combining matrix for kth
subcarrier in UE receiver is represented by W[k] € CNr*Ns,
In fully connected hybrid beamforming (HBF) structure, all
elements of the analog beamforming matrix Fgp €
CN*NRF need to satisfy unit modulus constraint as
|(Fre)ijl =1, i =1,..,Ny, j=1,..., Ngg.

While in partially connected hybrid beamforming (HBP)
structure, each of RF chain is connected to a subarray

. e N; .
consisting of N—t antennas. The corresponding analog

RF
beamforming matrix with block diagonal structure can be

expressed as [16]

rl 0 vee 0‘|
0 r 0

)y B e @
0 0 Ingp

T
I; = [exp (jg(i_l)NN_P:]:+1>, ., EXP (jHiNN_};>] €

Nt
(CN_RFXl,i =1,..,Ngg, and 6 stands for the phase of
corresponding phase shifter. And all non-zero entries of Fyp
should still satisfy unit modulus constraint.

It’s worth to emphasize that in the hybrid beamforming
structure, the analog beamforming matrix Fgg isshared by all
subcarriers, while the digital beamforming matrix Fggl[k] €
CNRFXNs s performed for each subcarrier [17]. Let P denotes
the average transmit power per subcarrier, for the whole
bandwidth we have the constraint Y csllFreFgglk]ll? =
K Pr. For partially connected hybrid beamforming structure,

we can also draw the conclusion that ¥ ,cs||Fsglk]ll? =
KNRpPT

N
H[k] € CVrNe | =1,...,K denotes for the frequency
domain channel matrix at kth subcarrier. Here we adopt the
wideband SV channel model with N clusters and Ny rays
within each cluster, which can be expressed as [17]

H[k] =

NtNr <N N H 26 1)(k-1
N;N;Zlfl ]=Rl al]ar(glr])at(efj) e ]K(l X ) (3)

NN, . . .
Where /Nt—Nr is a normalization factor to guarantee
CVNR

E[IH[k]lIZ] = N¢N;. a;; is the complex gain of jth ray in

i th propagation cluster following complex Gaussian

distribution a;; ~ CNV'(0,1). 6; and (9{]- denote discrete

azimuth AoA and AoD of jthray in ith cluster, respectively.
a,(65,) = ﬁ[l'e]’nsinefj' m'ejrc(Nr—l)sinG{j]T c

CNrX1 gnd at(eitj) = \/%t [1’ ejnsineitj' . ejn'(Nt—l)sinGitj]T c

CN*1 denote for normalized receive and transmit antenna
array response vectors, respectively. Note that perfect CSI is
assumed to be known in OFDM-JSC transmitter before hybrid
beamforming design.

2.3 Radar Model

The transmit beampattern of OFDM-JSC transmitter is
given as [18]

G(6,k) = a™ (0)R[k]a(6). (4)

a(0) is transmit antenna array response vector as
a(@) — [1,ej”5in9, ___,ejn(Nt—l)sinG]T € CNex1, (5)

Where 6 denotes for discrete azimuth angle, and
—90° < 0 <90°. R[k] € C¥*Mt js the correlation matrix of
baseband equivalent signal at kth subcarrier

R[k] = E(FreFgglkls[k]s" [k]Fis[k]FER)
= FrpFgg[K]E(s[k]s" [k]) Fip[k]FiE
= FreFgp[k]Fsp [K]FRE. (6)

We can observe from (6) that designing the transmit
beampattern is equivalent to designing the hybrid
beamforming matrix.
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Note that since we assume the carrier frequency of above
OFDM-JSC system is much larger than its bandwidth [19],
there is only a slight deviation between the antenna array
response of lowest frequency subcarrier and highest frequency
subcarrier [20]. Thus, we temporarily ignore the effect of
subcarrier frequency in (5).

3 Problem Formulation

3.1 Communication Sub-problem

With optimal fully digital combiner in UE receiver, the
spectral efficiency of OFDM-JSC system is given by [21]

SE = ~ YK_, log,

H H H o H
INS +W [k]H[k]FRFFBB[k]l;BB[k]FRFH [k]W[k]. @)

on

To maximize the spectral efficiency of OFDM-JSC system,
the hybrid beamforming matrix should be designed to
approximate the optimal fully digital beamforming matrix
Feom[k] € CV*Ns which can be obtained via singular value
decomposition (SVD) [22]

H[k] = U[KIE[k]V*[K]. ®)

Ulk] = [U[k],l_l[k]] € CNrxrank([kD) s the left singular
value matrix of channel matrix H[k], where U[k] € CNr>*Ns,
The optimal fully digital combining matrix for kth subcarrier
in UE receiver is given by W[k] = U[k].

V[k] = [V[k],\_l[k]] € CNexrank(HIkD s the right singular
value matrix of channel matrix H[k] , where V[k] €
CNe*Ns_ The optimal fully digital beamforming matrix for kth
subcarrier is given by F.,.,[k] = V[k].

For HBF-OFDM-JSC transmitter, the sub-problem for

downlink communication hybrid beamforming design can be
modeled as [22]

min FreFgglk] — F klllg. 9
FRF-{FBB[k]}keJ(ZREK” RF BB[ ] com[ ]”F ( )

s. t. ZkeKHFRFFBB[k]”Iz’ = KPr
|[FRF]i,j| =1,Vi,j

For HBP-OFDM-JSC transmitter, the constraints should
be changed due to the special structure of Frg. Thus, the
corresponding sub-problem for downlink communication
hybrid beamforming design can be modeled as

min YkexcllFreFaplk] — Feom [K]Il£- (10)
Fre.{FBB[K]} kex
KNRpP
D Y | [

|[FRF]i,j| =1,vije€ L_
|[FRF]i,j| =0,Vi,jEL
Where £ denotes for the set of hon-zero elements in Fgg
and £ denotes for the set of zero elements in Fgp,
corresponds to (2).

3.2 Sensing Sub-problem

Suppose that there are N, directions of interest which
need to be detected, the corresponding discrete azimuth angles
are {64,0,,..,0y,}. The baseline analog beamforming
matrix for MIMO-OFDM radar is given by

Fraa = [2(6),a(6,), ..., a(6y,,,)] € CNe*Near, (11)
a(gi) — [Lejnsinei, m,ejn(Nt—l)sinBi]T € (CNtXl,i —
1, ..., N, istransmit antenna array response vector. While for
the subarrayed MIMO-OFDM radar [23], the baseline analog
beamforming matrix with a block diagonal structure is given
by

a(6,) 0 - 0
0 a(@ 0
Fog = E (6) S | € CNo<Near | (12)
0 0 o a(eNtar)J
[ iTTsi jn:(&—l)sine- r ﬂx1
a(gi) =11, e]n’slnﬂi‘ o, € \Ntar ‘1 € CNtar =

1, .., Ngyp iS transmit antenna array response vector. The
sub-problem for radar sensing hybrid beamforming design in
OFDM-JSC transmitter can be modeled as

FRF'{Fg};[r,l(]}kEK Yrexc|IFreFaplk] — Fraq AlK] |l (13)

st AKIAM[K] = Iy,

Where A[k] € CNtarXNs | =1,...,K is the auxiliary
unitary matrix which can match the dimensions of
FrpFgplk] € CVoNs and F,,q € CNVt*Ntar without changing
the desired transmit beampattern.

3.3 Joint Optimization Problem

To solve the sub-problems for downlink communication
and radar sensing above, we formulate the JSC beamforming
design as a weighted minimization problem where the optimal
fully digital beamforming matrix and the baseline radar
beamforming matrix are respectively approached depending
on the weights assigned to downlink communication and radar
sensing. For HBF-OFDM-JSC transmitter, we construct the
beamforming problem as

KZke]({n”FRFFBB[k] — Feom[K]llF +
E.

(1 = M IFrpFaplk] — FraqAlK] Il £}
s.t. ZkeK”FRFFBB[k]HIZ? =KPr

|[Freli ;| = 1,Vi,)
A[k]A"[k] = 1y, .

min
Frr{FeBlk]Alk]}k

(14)

Correspondingly, for HBP-OFDM-JSC transmitter, we
construct the beamforming problem as

min FreFgglk] — F k +
FRF‘{FBB[R]‘A[R]}I{EKZkex{n” reFpg K] com k]llF
(1 — ) |[FreFgg[k] — FraqAlk]llr}
s.t. ZkeK”FBB[k]”%'
|[Frelij| = 1,Vi,j € L
|[Frelij| = 0, vi,j €L

_ KNRgPT
N
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A[KIAH[K] = T, (15)

n € [0, 1] isan artificially set weighting factor, which can
provide a trade-off between downlink communication and
radar sensing for OFDM-JSC system. If n =1 (n = 0), (14)
or (15) is equal to a communication-only (sensing-only)
hybrid beamforming problem.

4 Alternating Optimization

We propose low-complexity alternating optimization
methods in the following that can provide near-optimal
solutions to problem (14) and (15), through which Fgg,
{Feglk}kex, aswell as {A[k]}res are estimated one-by-one
while the others are fixed.

4.1 Alternating Optimization Algorithm for
HBP-JSC Transmitter

By fixing Frr and {Fgg[k]}rex, We first optimize
{A[k]}xex by solving the following problem

. _ 2
@l > vesclIFraaAlk]—FrpFgg K117
s.

t AKIAT[K] = 1y, (16)

Note that (16) is equivalent to an Orthogonal Procrustes
problem (OPP). And we can optimally solve (16) via singular
value decomposition (SVD) [24]

Ff 4 FreFpg[k] = UK]Z[K]VH [k]. 17)

Then the globally optimal solution of {A[k]}es is given
by

Alk] = U[k]tha]_stVH [k]. (18)
According to the triangle inequality of norm, we have

NIFreFpp[k] — Feom[k]llF + (1 — n)|[FreFgp k] —
FradA[k]”F

= ||n(FreFgglk] — Feom[k]) + (1 — 1) (FreFgplk] —
FradA[k])”F

= ||FreFpp[k] — nFeoml[k] — (1 — M) FraqAlk]ll . 19)

Then we can rewrite the objective function of (14) and
(15) as

Zkeg(”FRFFBB[k] — Fer[K]lI%. (20)

Where FCR[k] = nFcom [k] + (1 - n)FradA[k] € CNohs,
Note that when we fix {A[k]}xex, the matrix {Fcrlk]}resc is
also fixed. Then we substitute (20) into (15), and fix Fgg and
{A[k]}xesc, the optimization for {Fgg[k]}resx can be written
as

min FarFrrlk] — Fer[k]||%. 21
(FeplkD ke Zkej{” reFgg K] KNCRE) 1117 (21)
st Zke.’}(”FBB[k]“IZ? = %

The least squares solution of {Fgg[k]}ies in (21) is given
by

Feglk] = Fi-Fcglk]. (22)

Now we fix {Fgglkl}xex and {A[k]}rei, as well as
{Fcr[k1}res, and rewrite the optimization problem for Fgg in
a more compact form as

min || FrpFp — FCR”i- (23)
RF

s.t. |[Frelij| = 1,vi,j Eji
|[Frelij| = 0,vi,j € L

As we define
fBB = [IiBB[l];FBB[Z]:"':FEB[K]] € CNrrxKNs,
Fer = nFcom + (1 —n)F54A
= [FCR[l]xFCR[Z]x"'xFCR[K]] € CNo<KNs,
A= [A[l], ---,A[K]] € CNtar*KNs
Fcom = [Fcom[l]' ""Fcom[K]] € (CNtXKNS-
Due to the special structure of Fpp as (2), the near-
optimal solution of (23) can be obtained via phase rotation

(Frp)ij = €xp (1j * arg [(FCR)i,z(FBB)iD ,Vi,j € L.(24)

Where 1j stands for the imaginary unit. Lastly, in order to
guarantee the transmit power constraint in (15), we should
normalize the digital beamforming matrix as Fggl[k] =

PTNRr _Fgglk] JkeXK = {1; 'K} ) The
Nt ||FgglklllF

optimization algorithm for HBP-JSC beamforming is
summarized in Algorithm 1.

alternating

Algorithm 1. Alternating optimization algorithm to

solve (15)

Input: H[k] € CNr*Ne| F, . [k] € CNo*Ns| F_ 4 €

CNeNar 5 €[0,1], Pr, ke X ={1,..,K}
Output: Fgp € CN*NRF | Fpo[k] € CNRFXPs | €
x={1,..,K}

1: Initialize Fgp € CN*NRF Fgp[k] € CNRFXNs | €
KX ={1,.., K}

2. repeat

3: Compute A[k] € CNer*Ns | € % = {1, ..., K} by (18),
and construct Feg[k] = nFcomlk] + (1 — n)FqAlk]
eCVNs ek ={1,..,K}.

4: Compute Fgplk] € CVNRF*Ns | e 3¢ = {1,..., K} by
(22), and construct Fgg € CVNREXKNs -~ F.. € CNexKNs,

5: Compute Fgp € CNXNRF by (24).

6: until convergence

7: Normalize Fgglk] = /PTIZRF ”FZBBB[Z]”F,k

{1,.. K}

EX =

4.2 Alternating Optimization Algorithm for
HBF-JSC Transmitter

Now we discuss the alternating optimization to solve (14).
Similar to Algorithm 1, we first fix Fgp and {Fgglk]}resw,
then the globally optimal solution for {A[k]},es can also be
obtained via (18). Then we fix {A[k]}xexr as well as
{Ferlk1} ke ,» the alternating optimization for Fgrp and
{Fgplk]}kex in HBF-JSC transmitter can be modeled as
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i Fcr[k] — FrpFgplk]|I%. 25
Frr (Fan A cac Zke?C” crlk] — FreFplk]ll% (25)

s. t. Zkex”FRFFBB[k]”% = KPr
|[Frelij| = 1,Vi,)

Note that (25) is similar to the communication-only hybrid
beamforming problem in (9). Here we recommend PE-AltMin
Algorithm [25] to estimated Fpp and {Fggl[k]}xex when
{A[k]}es 1sfixed. We first fix Fgp and {A[k]}iex, as well
as {Fcrlk]l}kesx, and temporarily ignore the transmit power
constraint, then the unconstrained digital beamforming matrix

{Foplkl}kesxe can be obtained via singular value
decomposition (SVD)
Ferlk]Frr = ULKIZ[K]V [K]. (26)

Then the globally optimal solution can be obtained by
Fpp[k] = VIk]Iypexn, U™ [K]. @7)

After all the {Fpp[k]}res have been updated in parallel,
we can get the closed-form solution of Fge through

arg(Fee) = arg (2 _, FerlkIFfip[k]) (28)

Finally, in order to guarantee the transmit power constraint
in (14), we should normalize the digital beamforming matrix

as Fyplk] = L”FDD[k],k €K ={1,.. K} . The

"~ IFreFaalK]lIF
alternating optimization algorithm for HBF-JSC beamforming
is summarized in Algorithm 2.

Algorithm 2. Alternating optimization algorithm to
solve (14)

Input: H[k] € CNv>*Ne| F o [k] € CVo*Ns| F 4 €
CNeNar 5 € [0,1], Pr, k€KX ={1,..,K}
Output: Fgp € CN*NRF Fpo[k] € CNRFXPs | €
K ={1,.., K}

1: Initialize Fgp € CN*NRF | Fpp[k] € CVNRFXNs | €
K ={,.., K}

2: repeat

3: Compute A[k] € CNr>Ns k€ K = {1, ..., K} by (18),
and construct Fegr[k] = nF.omlk] + (1 — n)F.qA[k] €
CVoNs ke K ={1,...,K}.

4: Compute Fpp[k] € CVREXNs k€ 3¢ = {1, ...,K} by
@7).

5: Compute Fgp € CNeXNRF by (28).

6: until convergence

7: Normalize Fgglk] = ——— vPTFDD[k],k EX =
IFreFBBIK]IIF
{1,..,K}.

5 Beamforming Design for MU-MISO
JSC

5.1 System Model

Now we consider an OFDM-JSC system serving
Ny single receive antenna UEs, while steering probe beams
towards N, directions. It is worth noting that Ny < N,

must be satisfied. And different from SU-MIMO scenario, the
digital beamforming structure with N, antennas ULA is
equipped in JSC transmitter in multi-user MISO (MU-MISO)
scenario, as shown in Figure 2.

Target
([ ]

JSC system

Figure 2. JSC beamforming in MU-MISO scenario

After the baseband demodulation operation in uth UE, the
received symbol at kth subcarrier can be expressed as

yulk] = hy [k]F[k]s[k] + ny[k]. (29)

T

s[k] = [sl[k], ...,sNU[k]] €Vl ke K =
{1, ...,K?} denotes for the symbol vector transmitted towards
Ny UEs at k th subcarrier, which satisfies that
E{s[k]s?[k]} = Iy,. K isthe total number of subcarriers.

h,[k] € CY*M y =1, .., Ny denotes for the frequency
domain channel vector at kth subcarrier between JSC system
and uth UE. Then we can rewrite (29) into a more compact
form as

ylk] = H[k]F[k]s[k] + n[k]. (30)

H[k] = [hl[k]; h,[k]; ... hNU[k]] € CNuxNe s the
frequency domain channel matrix at kth subcarrier and
n[k] € CVu*1 represents the complex AWGN vector at kth
subcarrier, whose elements obey independent and identical
distribution CN (0, 52).

Note that digital beamforming matrix F[k] € CV*Nu js
performed for each subcarrier. Let P, denotes the average
transmit power per subcarrier, for the whole bandwidth we
have the constraint Zkean[k]H%r = KP;.

The correlation matrix of baseband equivalent signal at
kth subcarrier can be expressed as

R[k] = E(F[k]s[k]s" [k]F" [k]) (31)
= F[Kk]E(s[k]s" [k])F" [k] = F[k]F" [K].

The beampattern of JSC transmitter can also be obtained
through (4). We can observe from (31) that designing transmit
beampattern is equivalent to designing beamforming matrix.
Note that (30) can be rewritten as

ylk] = s[k] + (H[k]F[k]s[k] — s[k]) + n[k] (32)
s[k] + (H[K]F[k] — 1y, )s[k] + n[k].
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Notice that the second term above can be viewed as
multiuser interference. And the total power of multiuser
interference at k th subcarrier can be measured as

||H[k]F[k] — INU||i. The SINR for uth UE is [26]

E(Isy[k]1%) (33)

SINR, [k] = E(|hy, [k]F[K]s[k]-sy[K][2)+07

Then the spectral efficiency of JSC system is given by
SE = = YKy Tuly loga (1 + SINR,, [K]). (34)

For the sake of simplicity, we only use narrowband OFDM
as an example and omit the subcarrier index k in the
following. The channel vector between JSC system and uth
UE can be modeled as [27]

Ne «N
h, = N—;Ziflaf‘a”((?}‘),u= 1,...,Ny. (35)

Assuming the same number of propagation paths from JSC
transmitter to each UE, denoted by N¢. af is the complex
gain of ith path to uth UE following complex Gaussian
distribution a}* ~ €V (0,1). 6/ is discrete azimuth AoD of
ith path to uth UE.

uy _ 1 jsind* jm(Ng—1)sin@ T
a(@i)—ﬁ[l,el 0, .., et W sind ] e
CNt*1 denotes for normalized transmit antenna array response
vector. Note that the number of UEs and perfect CSI are
assumed to be known in JSC transmitter before beamforming
design.

5.2 JSC Beamforming Design with Sensing-and-
Communication Trade-off

Similar to (14) and (15), we provide JSC system with a
trade-off between radar sensing and downlink communication
by artificially defining the weight factor n € [0, 1]. We first
impose transmit power constraint over total antenna array,
then we construct the weighted minimization problem for JSC
beamforming as

. 2
min n|[HF = Iy, ||+ (1 = mIIF = F 3. (36)
s.t. ||F||2 =Py
Where F, € CVe*Nu s the digital beamforming matrix

corresponding to the baseline radar beampattern, which can be
constructed by

Fy = [Frad, Onex(vy—nean) | € CVOMY. (37)

Fraq € CVe¥Near js the analog beamforming matrix
corresponding to the baseline radar beampattern, which can be
constructed by the method similar to (11)

Frag = [3(91)'3(92): -..,a(QNtar)] € CNeXNtar (38)

Now we rewrite the objective function of (36) as

N|[HF =Ly, ||” + (1 = n)IIF = Kyll3. (39)
2
= [I[VnH: VT =01y JF = [y VT = 1Fo] I,

Then we define
A= [ﬁH; 1= ’7th] € (C(NU+Nt)XNt,
B = [\/EINU; \V 1 - nFo] (S ((:(NU+Nt)XNUl

The objective function of (36) can be rewritten as

|AF — B||% = tr[(AF — B)(AF — B)"]
= tr(FYA”AF) — tr(FZAYB) — tr(BAF). (40)

By defining A = A”A, B = A"B, and substituting (40)
into (36), we have

mFin tr(FAF) — tr(FB) — tr(BYF). (41)
s.t. ||F||2 = Py

Then the Lagrange Multiplier method is used to solve (41).
The Lagrangian function is defined as

L(F,2) = tr(F?AF) — tr(FA B)
—tr(B”F) + A(|[F[| — Pr). (42)

A is the Lagrange Multiplier. Then we take the derivative
of Lagrangian function (42) as

VL(F,2) = 2(A + My, )F — 2B. (43)

Then we can obtain the optimal digital beamforming
matrix F,p. by setting (43) equal to zero

2(A + Aopely, )Fopt — 2B = 0. (44)

+
Fopt = (A + Aopely,) B (45)

The second derivative of Lagrangian function (42) is
(A + Aly,). To ensure the existence of minimum point, the
second derivative of Lagrangian function, also known as
Hessian matrix, must be positive definite, which means that all
eigenvalues of matrix (A + Aopely, ) Must be greater than 0.
The eigenvalue decomposition (EVD) of matrix (A +
Aoptly,) is given by

(A + Aoptly,) = V(Z + Aopedy, )V (46)

Where A = VEV™! is the eigenvalue decomposition
(EVD) of matrix A, V € C’*Mt is a unitary matrix which
contains the eigenvectors of matrix <A, and satisfies V=1 =
V7. T = diag(Ay,A,, .., Ay,) € CVOMe s a diagonal matrix
whose diagonal contains the eigenvalues of matrix <4 and the
rest entries are all zeros. Correspondingly, the diagonal matrix
(Z 4 Aopely,) places the eigenvalues of matrix (A +
Aoptly,) ON its diagonal.

By defining the smallest eigenvalue of matrix A as Ay,
we have the conclusion that A, > —Anyn. By substituting
(45) and (46) into the transmit power constraint ||F||% = Py,
we have the following equation
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|G+ Aoptht)TB”i = vz + koptINt)_IV‘lﬂni
= ||v(z + Aoptht)_IVHB”i = || (z+ ?\OptINt)_lvHB”i
=y DG _ p (47)

e - =
=1 (Ropt+i)

Where D =VAB . Then we can construct a one-
dimensional search problem as

. Ne DI
o owtPr ¥ 2isi Gy, ¢ (49

S.t. = Amin < Agpt < 10

Here we can choose a suitable one-dimensional
optimization method, such as Bisection method or Golden
Section Search method [28] to solve (48), and then we can
substitute A,y into (45) to obtain F,p,c. The low-complexity
algorithm for JSC beamforming with total antenna array
transmit power constraint is summarized in Algorithm 3.

Algorithm 3. A low-complexity algorithm to solve (36)

Input: H € CNv*Ne| F_ 4 € CNeXNear | P 7 € [0, 1]

Output: F,,, € CVXNu

1: Construct  F, € CNe*Nu py (37).

2: Construct A € CWutNoXNe gnd B € C(Nu+NoxNy,
and construct A = A”A and B = A”B.

3: Use Golden Section Search to solve (48), and obtain

Aopt
4: Compute F,,. by (45).

On next stage, we consider JSC beamforming design with
transmit power constraint on per antenna, similar to (36), we
rewrite the weighted minimization problem as

. 2
min 7[|HF — Ly, || + (1 = )IIF = FolI3. (49)
s.t. diag(FF!) = ;—Tth
t

The corresponding F, can be obtained via (37). Then we

construct A € CNu+NoxNe  gnd B € C(Nu+NOXNu  ggain,
and rewrite (48) as
mFin |[AF — BJ|. (50)

s.t. diag(FF") = L1,
t

By temporarily ignoring the transmit power constraint on
per antenna, and define F7 = \/i—TFB € CNu*Nt we can also
t

rewrite (50) as

. P
min ” LF;AY — BY
Fp Nt

s.t. diag(FfFp) = I,

(51)

2
F
The Euclidean gradient of the objective function in (51)

can be calculated as 2 (\/P:T Fg AP — BH> \/EA.
Nt Nt

Here we recommend the complex oblique manifold
factory of MATLAB Manopt toolbox and Conjugate Gradient
algorithm to solve (51) [29]. In order to guarantee the transmit
power constraint on per antenna, the optimal digital

. . . P
beamforming matrix should be normalized as F,,; = /N—T F.
t

And we summarize the low-complexity algorithm for JSC
beamforming with per antenna transmit power constraint in
Algorithm 4.

Algorithm 4. A low-complexity algorithm to solve (49)

Input: H € CNu*Nt| F 4 € CNe*Near | P € [0, 1]
Output: F,, € CVXNu
1: Construct F, € CV*Nu by (37).

2: Construct A € CNU+NOxNe gnd B € CWu+NoxNy,
3: Compute Fg € CNu*Ne py solving (51), and

. P
normalize as Fop = /N—T FZ.
t

6 Simulation Results

6.1 Hybrid Beamforming Design Analysis for
SU-MIMO JSC

In this section, we will test the performance of Algorithm
1 and Algorithm 2 via Monte-Carlo simulation. Assuming
Ny =10 data streams at each subcarrier are sent from
OFDM-JSC transmitter with N, = 120 antennas and Ngp =
20 RF chains to a UE with N. = 40 receive antennas, while
the discrete azimuth angles of directions which need to be
detected are [—45°,0°,45°], respectively. We set the average
transmit power per subcarrier as P = 1W. And the total
number of subcarriers is K = 32. In our simulation, the
parameters related to channel model (3) are set as N =5
clusters with Ny = 10 rays in each cluster. And the discrete
azimuth AoAs and AoDs of each ray are generated through
Laplacian distribution with mean cluster angles, which are

independently and uniformly distributed over [—gg] And

the angular spread within each cluster is 10°. Note that we did
not set a strong LOS propagation path here.

For simplicity in following simulation, let we use
‘Optimal-FD’ to represent the spectral efficiency of OFDM-
JSC system with communication-only optimal fully digital
beamformer. And the baseline radar beampattern is denoted
by ‘Radar-only’. Then we denote the beamforming design for
OFDM-JSC transmitter with partially connected hybrid
beamforming structure and fully connected hybrid
beamforming structure as ‘HBP’ and ‘HBF”, respectively.

We first show the spectral efficiency of OFDM-JSC
system in Figure 3. It can be observed that OFDM-JSC system
will retain a poor communication performance when n = 0,
since at this time the beamforming in OFDM-JSC transmitter
is only designed for radar sensing. By rising the value of
weighting factor 5, a larger weight is assigned to minimize
the Euclidean distance between hybrid beamforming matrix
and the optimal fully digital beamforming matrix, thus the
spectral efficiency of OFDM-JSC system is also on the rise,
and gradually approaching the optimal fully digital
beamforming.
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Through Figure 3, we can also observe that HBF-OFDM-
JSC transmitter performs better than HBP-OFDM-JSC
transmitter in spectral efficiency when the weighting factor
n > 0. Especially when n =1, the spectral efficiency of
HBF-OFDM-JSC transmitter can almost approximate to the
optimal fully digital beamforming, while there is still a
significant gap in spectral efficiency between HBP-OFDM-
JSC transmitter and the optimal fully digital beamforming.
This is because that the HBF-OFDM-JSC transmitter is
equipped with more phase shifters than the HBP-OFDM-JSC
transmitter, which also brings higher hardware costs and
higher energy consumption, especially in massive MIMO
system.

85 T T .
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SNR [dB]

() Hybrid JSC beamforming achieved by Algorithm 1
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(b) Hybrid JSC beamforming achieved by Algorithm 2

Figure 3. Spectral
0,0.2,0.4,0.6,1

efficiency vs SNR, when n=

Figure 4 shows the associated beampattern of OFDM-JSC
transmitter. As we can observe that when n = 1, OFDM-JSC
transmitter cannot point its beams toward the directions which
need to be detected, since at this time the beamforming in
OFDM-JSC transmitter is only designed for downlink
communication. It needs to be emphasized that since we
assume that UE is NLOS, OFDM-JSC transmitter will not
directly point its beam directed at the UE even when 1 < 1.
As the value of 7 increases, the weight assigned to downlink

communication increases, while the weight assigned to radar
sensing decreases accordingly, which will cause the
beampattern of OFDM-JSC transmitter to gradually deviate
from the baseline radar beampattern. The specific
performance is that the main lobe gain gradually decreases,
and the side lobe gain gradually increases, while the main
lobes can still be aligned with the directions which need to be
detected, thus ensuring a certain radar sensing performance.
Through Figure 4. We can observe that when the weighting
factor n is fixed, the beam width of HBF-OFDM-JSC
transmitter is much narrower than that of HBP-OFDM-JSC
transmitter, which also brings much higher main lobe gain.
This is because that equipping fewer phase shifters limits the
degrees of freedom (DOF) of beamforming design in HBP-
OFDM-JSC transmitter.

------ Radar-only
e HBP, 7= 0
HBP, =02
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(a) Hybrid JSC beamforming achieved by Algorithm 1
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Beampattern (dBi)
7/
/

Azimuth Angle (°)
(b) Hybrid JSC beamforming achieved by Algorithm 2

Figure 4. Beampattern in azimuth plane, when n =
0,0.2,0.4,0.6,1

Then we reduce the number of antennas in HBF-OFDM-
JSC transmitter as N, = 40, and the corresponding simulation
results are shown in Figure 5. The result is obvious that HBF-
OFDM-JSC transmitter with N, = 40 can achieve the same
beam width as HBP-OFDM-JSC transmitter with N, = 120.
And we can also see that with different value of 7, the spectral
efficiency of HBF-OFDM-JSC transmitter with N, = 40 is
always higher than that of HBP-OFDM-JSC transmitter with
N, = 120. As we can summarize that, HBF structure can
provide much higher downlink communication and radar
sensing performance for OFDM-JSC system than HBP
structure. The only advantage of HBP structure is its lower
hardware cost, which will inevitably lead to performance loss.
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Figure 5. Hybrid JSC beamforming achieved by Algorithm 2,
when n =0,0.2,0.4,0.6,1 with N, =40

6.2 Beamforming Design Analysis for MU-MISO
JSC

In order to prove the effectiveness of proposed JSC
beamforming design in MU-MISO scenario, we present
numerical results in this section. In Monte-Carlo simulation,
we set N, = 20 antennas equipped in JSC transmitter and the
number of downlink single receive antenna UEs is set as
Ny = 4, the average transmit power is P, = 1W. And we set
the discrete azimuth angles corresponding to directions which
need to be detected as [—45°,0°,45°], respectively, which
means N, = 3. Suppose that QPSK modulation is used in
the JSC system. In channel model (35), the number of
propagation paths from JSC to each UE is setas N = 10, and
the discrete azimuth AOD of each path are independently

generated from uniform distributions over [—EE]. For

convenience in the following simulation, we use ‘No MI” to
represent the ideal situation in absence of multiuser
interference. Further, we denote JSC beamforming design
with total antenna array transmit power constraint and per
antenna transmit power constraint as ‘Total’ and ‘PerAnt’,
respectively.

We first show the spectral efficiency of JSC system in
Figure 6(a). It can be observed that by setting n = 0.4, the
downlink communication performance of JSC system will
suffer a certain loss. As the value of weighting factor n

increases, the spectral efficiency of JSC system is also on the
rise and gradually approaching the ideal situation without
multiuser interference, since greater weight has been assigned
to downlink communication and the multiuser interference
will be sufficiently suppressed.

Similar conclusions can also be drawn by analyzing the
BER of JSC system, as shown in Figure 6(b). As the value of
n increases, the bit error rate (BER) of JSC system drops
rapidly, and can even reach the ideal situation without
multiuser interference when 7 is large enough.
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Figure 6. JSC beamforming achieved by Algorithm 3 and
Algorithm 4, when 1 = 0.4,0.6,0.8
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Figure 6(c) shows the associated beampattern of JSC
transmitter. Similar to the SU-MIMO scenario we discussed
in previous subsection, when the value of weighting factor n
is on the rise, the transmit beampattern of JSC transmitter will
gradually deviate from the baseline radar beampattern. The
specific performance is that the main lobe gain gradually
decreases, and the side lobe gain gradually increases, while the
main lobes can still point to the specified directions which
need to be detected, thus ensuring a certain radar sensing
performance. It needs to be emphasized that although the JSC
beamforming with total antenna array transmit power
constraint and per antenna transmit power constraint can get
similar downlink communication and radar sensing
performance, the calculation complexity of Algorithm 4 is
much higher than Algorithm 3.

7 Conclusion

In this paper, we investigate the beamforming design for
OFDM-JSC system, which can simultaneously perform
communication and sensing. And we considered hybrid
beamforming structure and digital beamforming structure,
which are equipped on JSC transmitter in SU-MIMO and MU-
MISO scenarios, respectively. The spectral efficiency and
beampattern of JSC system achieved by proposed
beamforming methods are evaluated, and the simulation
results show that our proposed beamforming design can
provide excellent radar sensing and downlink communication
performance for JSC system in both SU-MIMO and MU-
MISO scenarios. More importantly, it enables JSC system to
timely meet the changing communication and sensing
requirements in practical application scenarios by properly
adjusting the weighting factor, especially in internet of
vehicles. In our future work, we will introduce mobile edge
computing (MEC) to assist multiple JSC systems in
beamforming, which will be called joint sensing,
communication and computation (JSCC).
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