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Abstract—In this paper, we investigate the hybrid beamform-
ing problem in joint radar-communications at terahertz (THz)
bands. In order to address the extremely high attenuation at
THz, ultra-massive multiple-input multiple-output (UM-MIMO)
antenna systems have been proposed for THz communications
to compensate propagation losses. Further, we propose a new
group-of-subarrays (GoSA) UM-MIMO structure to reduce the
hardware cost. We formulate the GoSA beamformer design as
an optimization problem to provide a trade-off between the
unconstrained communications beamformers and the desired
radar beamformers. Numerical experiments demonstrate that the
proposed approach outperforms the conventional approaches in
terms of spectral efficiency and hardware costs.

Index Terms—Joint radar-communications, terahertz, hybrid
beamforming, ultramassive MIMO.

I. INTRODUCTION

The millimeter-wave (mmWave) spectrum has been exten-
sively studied to address the demands for high data rates
in the fifth-generation (5G) wireless communications [1, 2].
The maximum mmWave bandwidth being tens of GHz, it is
not possible to achieve data rates of the order of terabits-
per-second (Tb/s) without significantly enhancing the cur-
rent physical-layer efficiency. As a result, the future sixth-
generation (6G) networks are expected to exploit the THz fre-
quencies (0.3-10 THz) [3], where hundreds of GHz bandwidth
is available to facilitate Tb/s rates without dramatic efficiency
increase in the physical-layer. There is, therefore, considerable
interest in developing THz wireless solutions.

Higher bandwidths also result in improved radar range
resolution. At present, mmWave radars with a few GHz
bandwidths such as those used in automotive applications at
24 and 77 GHz are unable to yield high-resolution images
compared to the optical sensors. Higher operating frequency
have smaller antenna apertures and microwave components,
which is beneficial for radar deployment on cost and area-
sensitive platforms such as drones and ground vehicles. At
THz, the physical aperture of the antenna is expected to be
very small and the availability of large transmit bandwidth
has the potential to offer image resolutions closer to that from
the optical sensors.

For THz communications, high propagation losses and
power limitations are compensated by the beamforming gains
obtained through deployment of extremely dense nano-antenna
arrays [4], which may be based on graphene plasmonics [5] or
metasurfaces [6]. Analogous to the developments in mmWave

communications, [7] proposed a THz ultramassive multiple-
input multiple-output (UM-MIMO) architecture that employs
an array-of-subarrays (AoSA) of nano-transceivers to increase
the coverage and improve the data rates. Various follow-up
works (see, e.g., [4] for an overview) showed further UM-
MIMO enhancements through waveform design, beamform-
ing, and resource allocation.

With this recent rise of both radar and communications
applications at THz, it has been suggested [8] to integrate
radar sensing and communications functionalities in future
wireless THz systems to facilitate spectrum sharing, enhance
pencil beamforming, save hardware cost, and improve resource
usage. This follows recent efforts in realizing such joint
radar-communications (JRC) architectures at mmWave [2],
including for ultrashort ranges, joint MIMO-radar-MIMO-
communications, and distributed MIMO JRC [9]. In this paper,
we focus on a UM-MIMO structure for JRC at THz band.

Analogous to their massive MIMO counterparts at
mmWave, the UM-MIMO architecture implies that fully digi-
tal beamforming is infeasible because of huge associated cost,
area, and power. This necessitates use of hybrid beamforming
[10], wherein the signal is processed by both analog and digital
beamformer. Although some recent works [11] investigate THz
hybrid beamformer designs, they do not examine it in the
context of the recently proposed, practically feasible UM-
MIMO, and more so, its application in THz JRC.

To reduce the hardware complexity, we propose a group of
subarrays (GoSAs) structure, in which the antenna elements
in the same subarray are connected to the same phase-shifter.
Thus, the proposed structure employs even fewer phase-
shifters than that of fully-connected (FC) arrays or partially-
connected (PC) AoSA structures [12, 13], while providing
satisfactory radar and communications performance in terms
of the beampattern and the spectral efficiency, respectively. In
order to improve the radar performance, the higher degrees
of freedom (DoF) are provided by using PC GoSAs. Never-
theless, PC structure has poor spectral efficiency performance
compared to the FC array. Hence, we suggest a PC with over-
lapped (PCO) GoSA structure for performance improvement.
To design the hybrid beamformers based on the PCO structure,
we propose a modified version of the manifold optimization
(MO)-based alternating minimization (AltMin) technique [14],
which is originally suggested to solve the beamformer design
problem in FC arrays. Our numerical experiments show that



Fig. 1.
and vehicle-to-device (V2D) scenario, wherein a single THz radar-
communications unit, with a No = N, X N7 antenna array, is mounted
onto a vehicle to simultaneously transmit toward both communications re-
ceiver and vehicular targets.

A radar-communications system for a vehicle-to-vehicle (V2V)

the proposed approach has much lower hardware complexity
than the state-of-the-art techniques, while maintaining satis-
factory radar and communications performance.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a UM-MIMO architecture with a JRC system
for a vehicle to vehicle (V2V) and vehicle to device (V2D)
scenario, in which the transmitter (TX) senses the environment
via probing waveforms to the targets and communicates with
the receiver (RX), as illustrated in Fig. 1. The antenna arrays at
the TX and the RX employ graphene-based plasmonic nano-
antennas, which are placed on a metallic surface layer, with
a dielectric layer between them [7, 12]. The antennas form
a groups of subarrays (GoSAs) structure as each subarray
consists of Qx x @y uniform rectangular arrays (URAs) with
@ = QxQy antennas, as shown in Fig. 1. Also, there are
Nt = Nt Nt, and Nr = Ng,Ng, subarrays of size @
at the TX and RX, respectively, which form an N1tQ x NrQ@
UM-MIMO transceiver architecture. In each ()« X Q) subarray,
the antenna spacing along the 2- and y-axis are dy, d, and the
distance between each subarray are Ay, Ay, respectively.

In the downlink, the TX with Nt subarrays, each of which
has () antenna elements, aims to transmit Ng data streams
towards the RX in the form of s = [sy,...,sn.]T by using
hybrid analog digital beamformers with Ngr RF chains, where
E{ss"} = In, and Ng < Nyp. Due to beamforming at
subarray level, each subarray of size () generates a single
beam [7]. This is done by connecting the () antennas in
each subarray to a single phase-shifter to lower the hardware
complexity. Thus, the TX first applies an Ny x Ng baseband
precoder Fpp. Then, the signal is passed through an RF
precoder Frp € CNt*Nrr by employing Nt phase-shifters,
as shown in Fig. 2c. In conventional FC structure (see Fig. 2a),
each antenna is connected to Ngr RF chains while the AoSA
model in Fig. 2b has PC structure and it connects each RF
chain to N antennas in each subarray, where N = ]f,v—l; [12].
In this work, we propose a GoSA architecture, as shown in
Fig. 2c¢, in which Np(@ antennas are partitioned into Ngp
groups, each of which has N@Q antennas. Also, each group
consists of N subarrays of size (. We assume that the antennas
in each subarray are fed with the same phase shift to reduce
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Fig. 2. Hybrid beamforming-based transmitter structures for (a) fully con-
nected, (b) partially-connected array of subarrays (AoSAs) and (c) partially-
connected groups of subarrays (GoSAs) architectures.

the hardware complexity and power consumption, which is
critical in THz systems.

In the proposed GoSA model, the RF precoder has
unit-modulus constraints, ie., |[Frr)i;| = ﬁ as i €
{1,...,Nr}and j € {1,..., Ngr}, since Frr is constructed
by using phase-shifters. Furthermore, we have power con-
strained |[FrrpFpg|lx = Ns. Thus, the Nt x 1 transmitted
signal from the TX is given by x = FrrFpps.

Assuming frequency-flat fading single-carrier transmission
between the TX and RX [7], the received signal at the RX is

given by
y = vpHFrrFgps + n, (1

where y € CMr is the output of Ny subarrayed antennas
at the RX, p is the received power and n € CN® de-
notes the additive white Gaussian noise (AWGN) vector with
n ~ CN (0,021, ). H € CVr*Nt denotes the THz channel
matrix between the TX and the RX.

The structure of the THz channel matrix H is dominated
by the LoS paths while the non-LoS channel components are
small due to large reflection loses, scattering and refraction [7,
12]. In this work, we adopt the Saleh-Valenzuela (SV) THz
channel model channel [7, 15], wherein H is constructed by
the superposition of only LoS paths, i.e.,

L

H=17) aAr(0)AL(D), 2
=1

1/ % a; € C denotes the zero-mean Gaussian

complex channel gain with variance ogl corresponding to

the /th path. Similarly, ©; = {¢;,0,;} and ¥, = {¢;, 9}
denote the azimuth/elevation angle-of-arrival (AoA) and angle-
of-departure (AoD) of the received/transmitted paths at the RX
and the TX, respectively. Ag(0;) € CNr*@Q and A1 (¥;) €
CNtXQ are the steering matrices corresponding to the AoAs
and AoDs of the GoSAs, respectively, and they are defined as

ag 1(01) ap  (¥)
aTR.,NR(G)l) a%,NT(‘I’l)

where ag ,(0;) (ar,(¥;)) is Q x 1 steering vector cor-
responding to the antennas in the nth (mth) subarray for

where v =

ARr(6y) =



ne{l...,Ng} (m € {1,...,Ng}). The ith element of the
transmit steering vector ar ,,,(¥;) is given by [ar ,,,(T})]; =
ﬁ exp{—4 k] Q}, where A is the wavelength and
Km,i = [xm,i,ym,i,zm,ir denotes the position of the ith
antenna of the mth subarray in Cartesian coordinate system
and €; is a direction-dependent parameter defined as €2; =
[cos ¢ sin ¥y, sin ¢y sin ¥y, cos ¥;]T. The structure of ag(©;)
is similar to that of ar(¥;). Without loss of generality, we
assume that the antennas are perfectly calibrated against mu-
tual coupling and gain/phase mismatches. Then, the (n,m)th
element of H is given by
L
Hlpm =7 a1ara(01) © aq,, (V). )
=1
By connecting the () antennas in the subarrays to a single
phase-shifter, we are able to construct an Nt X Nyr, (instead
of Nt@ x Ngrp as in Fig. 2a and Fig. 2b) RF precoder, as
illustrated in Fig. 2c. Using partially-connected GoSA, the
associated RF precoder has the form of

uy 0 --- 0
0 u - 0

Frr = . € CNrxlNer - (5)
: 0 .. 0
0 0 UNgp

where u; € CV represents a portion N x 1 phase-shifter val-
ues with indices {(i—1)N+1,...,iN} fori € {1,..., Nrr},
where N = ]%TF Each entry of u; is then applied to @
antennas in N7 subarrays to steer the transmitted beams (see,
e.g., Fig. 2¢) so that a total of Np() antennas are fed.

To address the performance degradation due to GoSA, the
columns of Fry is designed with overlapping terms [16].
Assume @1; € CM to include the overlapped phase-shifter
terms, where M € [N, Np — Ngp + 1], for which M =
N provides non-overlapped PC structure as in (5) while
M = Np — Npp + 1 provides maximum overlap among
the phase-shifters. In this case, the performance improvement
is at the cost of using more phase-shifters. Nevertheless,
it still has lower number of phase-shifters as compared to
the partially non-overlapped case in conventional AoSA. The
use of PC/PCO GoSA structure provides higher DoF as
compared to the simple phased-array MIMO radar structure,
for which Ngr = 1 and we have a fully-connected MIMO
structure when Ngr = Nt. While MIMO radar outperforms
the phased-array in terms of angular resolution and DoF
for parameter estimation and parameter identification, phase-
array provides higher coherent processing gain and lower
computation and hardware complexity [17]. This complexity is
further reduced by using the GoSA structure by feeding each
of () antennas with the same phase shift. Thus, the partially-
connected GoSA provides a trade-off between the DoF and the
hardware complexity, both of which increase as Ngp — Nr.

In communications-only systems, the aim is to design the
hybrid precoders such that the spectral efficiency at the TX
is maximized [14, 18, 19], while there are also other related
performance metrics, such as energy-efficiency and minimum

mean-squared-error (MMSE). By decoupling the beamformer
design problem at the TX and the RX, the mutual information
at the TX is maximized instead of spectral efficiency, for which
a perfect combiner is assumed at the receiver [19]. Once the
transmitter is designed, the receive beamforming design is
done by using the MMSE as performance metric as in [14,
18, 19]. Then the mutual information of the communications
system is given by

P H mH grH
@HFRFFBBFBBFRFH .
(6)

We note here that the maximization of (6) is provided
by exploiting the similarity between the hybrid beamformer
FrrFpp and the optimal unconstrained beamformer F¢ €
CNtxNs_The latter is obtained from the right singular matrix
of the channel matrix H [14, 19]. The singular value de-
composition of the channel matrix is H = UHHVﬁ, where
Uy € CNrxrank(H) gnq Vi e CNrxrank(H) gpe the left
and the right singular value matrices of the channel matrix,
respectively, and IT is rank (H) x rank (H) matrix composed of
the singular values of H in descending order. By decomposing
11 and~VH as II = diag{H,ﬁ}, VH = [VH,VH],
where Vi € CNT*Ns | the unconstrained precoder is readily
obtained as F¢ = Vg [19]. Then, the maximization of (6) is
achieved by minimizing the Euclidean distance between F
and FRFFBB as

Z(Frr,Fgg) = log, [Ing +

min
Frr.Fep

s. t.: HFRFFBBH}' = Ns,

I[Frr]i | =

|IFreFee — Fcl| £

1 .
TNy Vi, j. (N

The goal of radar processing is to achieve the highest
possible SNR gain towards the direction of interest. The radar
first transmits an omni-directional waveforms to detect the
unknown targets within the angular space of interest in the
search phase, then it generates directional beams towards to
the targets for tracking purposes [17]. We assume a subarrayed
MIMO radar architecture with GoSAs, wherein each GoSA
is used to coherently transmit waveforms that are orthogonal
to the ones generated by other GoSAs, thereby, coherent
processing gain is achieved. Denote {®i,...,Px} as the
set of target directions (®; = (@, Jx)), then, the Ny x K
GoSA-MIMO radar-only beamformer is modeled as Fr =
blkdiag{vy,..., vk} similar to (5), where v € CK denotes
the values of the transmit steering vector ar(®;) € CNt
with indices {(k — 1)K +1,...,kK} for k = 1...,K and
K= %.It is possible to construct Fg via overlapped GoSA
with v, € CNT=K+1 for k € {1,...,K}.

The estimation of the target directions {®;}X | is per-
formed in the search phase of the radar. In this work, we
assume that search operation is completed and the direction
information of the targets is acquired prior to the beamformer
design. The beampattern of the radar with GoSA structure
is B(®) = Trace{AH(®)RAT(®)}, where R € CNt*Nr



is the covariance matrix of the transmitted signal, then the
design of the radar beampattern is equivalent to the design
of the covariance matrix of the radar probing signals subject
to the hybrid architecture of the beamformers. In case of a
single target scenario, the optimal beamformer is known to
be conventional nonadaptive beamformer, i.e., steering vector
corresponding to the direction of interest [16]. When there are
multiple targets, the covariance matrix of the transmitted signal
is utilized. In case of multiple targets in radar-only scenario
with hybrid beamforming, we define the covariance matrix of
the transmitted signal x as

R = E{xx"} = E{FrrFgpss"FsFiir},
= FreFppE{ss" }FFii;,
= FrpFppFRFiL, ®)

which requires the design of hybrid beamformers Frr, Fpp.
The hybrid beamformer design problem for radar-only sys-
tem is solved by minimizing the Euclidean distance between
FRFFBB and FRP as

i FrrFpp — FrP
L |FrrFBB rP|

s. t.: |[FreFBgllF = Ns,

1
[Frrlij| = T Vi,j, PP" =1y, (9
where the unitary matrix P € CK>s is an auxiliary variable
to provide a change of dimension between FrrFpp and Fr
without causing any distortion in the radar beampattern and
PP = Ig.

The aim of this work is designing the hybrid beamformer
FrrFpp to simultaneously maximize the spectral efficiency
of the communications link and provide as much SNR as
possible towards the radar targets by forming the beampattern
of the transmit antenna array. To jointly solve the problems in
(7) and (9), we formulate the following problem,

min
Frr,FgB,

s. t.: ||FRFFBB||]: = Ns,

1
Frpl | = ——
|[ RF]Z,jl m,
[Freli | =0, Vi,jeS, PPH=Iy,

P77||FRFFBB —Fcl7+(1 —n)||FreFps — FrP| 7

Vi,j €S,
(10)

where S and S denotes the set of non-zero and zero terms
in Frrp due to overlapped structure in (5), respectively. In
(10), 0 < 5 < 1 provides the trade-off between the radar
and communications tasks. If n = 1 (n = 0), (10) corre-
sponds to communications-only (radar-only) beamformer de-
sign problem. The optimization problem (10) is difficult solve
because of several matrix variables Fry, Fpg, P, and non-
convex constraints. A common approach is to use alternating
techniques, i.e., estimating the unknown variables one-by-
one while fixing the others. While this approach does not
guarantee the optimality, its convergence is proved in the
relevant literature, e.g., [14, 18, 20].

III. HYBRID BEAMFORMER DESIGN
Denote f(Fgrr, Fpp,P) as the cost function in (10), which
is rewritten as
f[(Frp,Fpg,P) =
[n[FreFes—Fcll|#+[|(1 —n)[FreFps — FrP]||7. (11)

Then, using triangle inequality, we get

f(Frp,Fpg,P) >
[n"FreFBB — nFc + (1 —n)FrrFpp — (1 — n)FrP| 7

= [|[FreFe — 7Fc — (1 — n)FrP| . (12)
Define Fog € CVT*Ns a5 the JRC beamformer as
Fcr =nFc + (1 —n)FrP, (13)
and define the new cost function f (Frr, Fpg,P) as
f(Frr,Fpp,P) = |[FrrFpp — Ferl|7, (14)

where we have f(Frr,Fgg,P) < f(Frr, Fgs,P) due to
(12). Then, we rewrite the optimization problem (10) in a
compact form as

i FrrFgpg — F

po D |[FrrFpB — Ferl 7

s. t.: ||FRFFBB||]~' = Ng, (15a)
1

Frrlii| = —, Vi,j €S, 15b
[Fnsls] = s ¥ (15b)
[Frrlij| =0, Vi,j €S, (15¢)
PP =1,,. (15d)

Now, the problem (15) looks similar to the communications-
only problem in (7), and is solved via alternating minimization
techniques suggested to solve (7), e.g., [14, 19]. In this case,
Frr, Fpp and P are estimated one-by-one while the others
are fixed. By fixing Frr and Fpg, P is found via the SVD
of the matrix FPH{FRFFBB, ie.,

P = Ulg,n.V, (16)

for which we have UXSVM = FHFRpFpp and Iy n, =
Ik, Ok x (Ns—K))- Similarly, when Fry and P are fixed, Fpp
is calculated as Fgp = FI{FFCRv and normalized as Fgg =
_VNs g

[[FrrFeB( F BB- . . . .

The main challenge in (15) is the estimation of Fry due to
unit-modulus constraints. In FC case, Fry is found via MO-
based techniques and the optimal solution is readily obtained
for PC structure via phase-rotation [14, 20]. However, the
design of Fryr for the overlapped case is not straightforward
due to the constraint (15¢). Thus, we propose a MMO-based
solution to account for (15c) in the following.

Assume that Fgp and P are fixed, then (15) is written in
vectorized form as

min ||GfRF — fCR”J—'
frr

S. t.: Viey,

1
[frrli| = s

\[frr)i| =0, Vi€V, (17)



Algorithm 1 Hybrid beamforming for joint UM-MIMO radar-
communications

Illpllt: 7, Fc, Fg.
Output: FRF’ FBB~
1: Initialize with random Fgrp €
CNrexNs and P € CK*Ns,
Fcr = nFc + (1 —n)FRP.
Construct $ and S depending on the structure of Fry.
while B _ L
P = Ulgyn,V, where USVH = FlFrpFpp.
Compute Fpp as Fpp = FRFFCR and normalize as
Fon = e fpers Fon-
7: Use S and S and find Frg with the MMO algorithm
in (15) and (17).
8: until convergence

(CNTXNRF, FBB c
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Fig. 3. Number of phase-shifters versus Np when @ = 20 for Ngp = 10.

where G = (FLp) ® Iy, € CNeNsxNeNer  fpp —
vec{Frp} € CNtNrr and for = vec{Fcr} € CNtNs, p
and V denote the set of non-zero and zero terms in frp,
respectively. The sizes of V' and V depend on the selection
of M. As an example, for Ny = 100, Ngr = 10 and
M = Ngrp(Nt — Nrp + 1), we have |V| = 910 and
|V| = 90. Now, the aim is to exclude the portion of G and frp
corresponding to V' and find the portion of frr corresponding
to V so that we employ MO accordingly and all the elements
of the unknown vector will obey unit-modulus constraints.
We present the algorithmic steps of the proposed method in
Algorithm 1.

IV. NUMERICAL EXPERIMENTS

In this section, we evaluate the performance of the proposed
hybrid beamforming approach for different array structures.
The communications performance of the algorithms is evalu-
ated in terms of spectral efficiency while the radar performance
is presented with the beampattern analysis of the hybrid
beamformers. Furthermore, we analyze the trade-off between
both tasks by sweeping 7 for [0, 1]. The hybrid beamformers
are designed for FC, PC and PCO array structures. The
proposed MMO-based approach is used to design PCO array.
Then, it is compared with the PC and FC arrays, which employ
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Fig. 4. Spectral efficiency versus SNR for hybrid beamforming when n = 0.5.

the MO-based alternating minimization (MO-AltMin) [14] and
triple AltMin (TAltMin) approach in [20], respectively, while
the fully digital unconstrained beamformers are used as a
benchmark [19].

In the simulations, unless stated otherwise, we select the
operating frequency as f. = 300 GHz, which is in low-THz
band (100 GHz - 1 THz) and applicable for long range radar
(LRR) (~ 150 m) [21]. We also select A = A, = A, =
A/2 and § = 6x = 0, = A/4. At the TX and RX, Ny =
NTy = 32 (NT = 1024) and NRX = NRy =9 (NR = 81)
subarrays are used, respectively, with Qx = Qy = 3 (Q = 9).
Thus, the resultant architecture forms a 7299216 UM-MIMO
transceiver. We assume that Ngrp = 16 RF chains are used
at the TX to transmit Ng = 4 data streams to the RX via
the THz channel which is assumed to include L = 5 paths,
where ¢, p; € [—150°,150°] and 6,9, € [70°,90°]. The TX
simultaneously generates beams towards both RX and K = 3
radar targets located at {(60°,70°), (110°,75°), (140°,80°)}.

Fig. 3 shows the number of phase-shifters with respect to
N for different array structures, i.e., AoOSA and GoSA. The
FC structures employ N1@QNgrr and N1 Ngp phase-shifters
for AoSA and GoSA, respectively, while the PC structures
are more efficient since only N1(@Q and Nt phase-shifters are
used for AoSA and GoSA. Compared to AoSA, the proposed
GoSA structure employs much less phase-shifters than that of
Ao0SA for Q > Ngp and they become equal if @) = 1. Thus,
GoSA is much more energy-efficient than AoSA.

Fig. 4 shows the spectral efficiency with respect to SNR
for hybrid beamforming when n = 0.5. We observe that
GoSA performs slightly lower than AoSA structure while
using ) = 9 times less phase-shifters, which significantly
lowers the hardware complexity of UM-MIMO system. While
PC structures have the lowest hardware complexities, they
perform the worst as compared to FC case. The GoSA with
PCO improves the spectral efficiency by employing relatively
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more phase-shifters which still less than that of AoSA. The
gap between the unconstrained (fully digital) and hybrid
beamformers is large due to the trade-off between radar and
communications tasks with n = 0.5.

In Fig. 5, the spectral efficiency is presented with respect
to 1, wherein we note that as n — 1, the spectral efficiency
for the FC, PC and PCO approaches to the performance of
unconstrained beamformer, i.e., Fc. When n — 0, then the RF
precoder Frr generates the beams towards the radar targets
only, thus the spectral efficiency is reduced. As a result, the
selection of n is critical. In practice, n is increased if the
communications task is more critical than tracking the targets
or when there is no target. Conversely, lower 7 is selected if
the radar task demands more resources, e.g., more transmit
power is required depending on the range of the radar targets.

V. CONCLUSIONS

In this paper, we introduced THz UM-MIMO JRC ar-
chitecture for hybrid beamforming. To lower the hardware
complexity critical in THz systems, we proposed GoSA UM-
MIMO architecture. We developed hybrid beamforming via
PCO structures to provide a trade-off between higher spectral
efficiency and hardware complexity in terms of the number of
phase-shifters. We evaluated the performance of the proposed
methods in terms of spectral efficiency and radar beampattern.
We demonstrated that GoSA provides less hardware complex-
ity compared to full array and AoSA structures.
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