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Dynamic Array-of-Subarrays Architecture for
Wideband Multi-Antenna Systems

Seungnyun Kim ", Member, IEEE, and Moe Z. Win

Abstract—Recently, wideband beamforming realized by ex-
tremely large-scale antenna array (ELAA) systems have garnered
significant interest as a means to dramatically improve through-
put of next generation (xG) networks. However, traditional phase
shifter (PS)-based beamforming schemes might not work well in
wideband ELAA systems due to the beam squint effect, where
beams at different frequencies become misaligned. While the use
of true time delay (TTD) can mitigate the beam squint effect by
generating frequency-dependent beamforming vectors, the conven-
tional TTD-based beamforming schemes suffer from significant
array gain loss caused by the discrepancies between the desired
directional beams and the generated beams. This beam misalign-
ment issue becomes even more pronounced in the wideband ELAA
systems due to the nonlinear near-field characteristics described
by the spherical wave propagation. In this paper, we propose a
wideband dynamic array-of-subarrays (WDAoSA) architecture
that dynamically configures connections between TTDs and PS
subarrays using a switch network. By optimizing the subarray
connections as well as the TTD time delays and PS phase shifts,
WDAOSA can effectively maximize the array gain of wideband
ELAA systems. Numerical results demonstrate that WDAoSA
achieves significant improvements in terms of array gain and
spectral efficiency over the conventional TTD-based beamforming
schemes.

Index Terms—Wideband, beamforming, extremely large-scale
antenna array, near-field, array-of-subarrays.

I. INTRODUCTION

IDEBAND communications utilizing ELAA systems
W are key technologies of xG networks to support data-
intensive applications such as digital twin, metaverse, and high-
fidelity holograms [1], [2], [3], [4], [5], [6], [7]. Despite the
extensive spectrum resources in millimeter-wave (mmWave)
frequency range 2 (FR2) band (24-71 GHz) and sub-terahertz
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(THz) band (90-300 GHz), these high-frequency band signals
suffer from significant attenuation caused by propagation loss,
molecular absorption, and atmospheric attenuation [8], [9]. To
compensate for the severe path loss, beamforming operation
implemented by multi-antenna systems is essential [10], [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23].
The main purpose of beamforming is to adjust the phase and
amplitude of the transmit signal at each antenna so that the power
of the signal received at user equipment (UE) is maximized.
To do so, the beamforming vector should be properly aligned
with the array steering vectors (set of phase delays for antenna
elements) of the signal propagation paths [24], [25], [26], [27].
Traditionally, to adjust the phases of transmit signals, PSs that
produce phase shifts invariant to the subcarrier frequency have
been used extensively. The frequency-invariant beamforming
techniques relying on PSs have been effective in conventional
systems where the differences between subcarrier and carrier
frequencies are negligible compared to the carrier frequency.
However, they might not perform well in the wideband systems
where the differences between the subcarrier and carrier frequen-
cies are no longer negligible. Specifically, in the wideband sys-
tems, the array steering vectors are different for each subcarrier,
meaning that the optimal beamforming vectors are dependent
on the subcarrier frequencies [28], [29]. Due to this so-called
beam squint effect, the conventional PS-based beamforming
techniques suffer from severe degradation of array gain in the
wideband ELAA systems.

To address the beam squint effect, frequency-dependent
beamforming techniques that generate unique beamforming
vectors for each subcarrier frequency are needed. The key com-
ponent of the frequency-dependent beamforming is the TTD, a
unit comprising multiple switched delay lines [30]. By choos-
ing the delay line for the propagation of radio-frequency (RF)
signals, a phase shift proportional to the product of the time
delay and the signal frequency is induced to the incident RF
signals. Recently, various TTD-based beamforming techniques
have been proposed [31], [32], [33], [34], [35], [36], [37], [38].
In [31], a fully-connected TTD network employing TTDs equal
to the number of transmit antennas has been proposed. While
the TTD-based beamforming holds the potential to maximize
the throughput, the use of micro-electromechanical systems
(MEMS) based on expensive semiconductor lithographic pro-
cesses for switching the delay lines in TTD results in high
implementation costs [30]. To reduce hardware complexity and
implementation cost of TTDs, in [32], [33], partially-connected
hybrid networks with one TTD connected to multiple PSs have
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been proposed. In [34], [35], TTD-based hybrid precoding tech-
niques have been proposed. In [36], [37], wideband beamform-
ing techniques for near-field systems have been proposed. Also,
in [38], a dynamic subarray architecture with fixed time delays
has been proposed.

While the conventional TTD-based beamforming techniques
are effective to some extent, they may not perform well when
the number of TTDs is relatively small compared to the number
of antennas [33]. In such cases, these schemes fail to focus
the directions of subcarrier beams on the UE, resulting in sig-
nificant array gain degradation at the UE direction. Moreover,
since the connections between the TTDs and the PS subarrays
are fixed, a mismatch between the desired ultra-sharp pencil
beams and the generated beams is unavoidable in the conven-
tional TTD-based beamforming techniques. One exception is
the dynamic subarray structure in [38], but in this scheme,
the time delays of TTDs are fixed and not properly adjusted
according to the wireless environments. The mismatch between
the optimal beams and the generated beams of conventional
TTD-based beamforming is even more serious in the wideband
ELAA systems due to the near-field characteristics described
by the nonlinear spherical wave propagation. The fundamental
questions related to the wideband beamforming are: 1) how to
configure the connections between TTDs and PS subarrays to
maximize the array gain; and 2) how to control the time delays of
TTDs and the phase shifts of PSs to maximize the throughput.
The answers to these questions will lead to throughput maxi-
mization of the wideband ELAA systems via ultra-sharp pencil
beamforming.

The primary purpose of this paper is to propose a new
TTD-based beamforming architecture maximizing the array
gain of wideband ELAA systems. The key ideas of the pro-
posed scheme, henceforth referred to as wideband dynamic
array-of-subarrays (WDAO0SA), are twofold. First, WDAoSA
dynamically configures the connections between TTDs and PS
subarrays using a switch network. By properly choosing the
TTDs to be connected to each PS subarray based on the wireless
propagation environments, one can effectively bridge the gap
between the desired ultra-sharp pencil beamforming vectors
and the generated frequency-dependent beamforming vectors.
Second, WDAOSA jointly optimizes the TTD time delays and
the PS phase shifts. While the conventional TTD-based beam-
forming schemes design the beamforming vectors in forms of
simple array steering vectors and thus, the degradation of array
gain is unavoidable, such is not the case for WDAO0SA since we
deliberately optimize the TTD time delays and PS phase shifts
to maximize the array gain.

The key contributions of this paper are as follows:

® we propose a wideband beamforming architecture where

the connections between the TTDs and PS subarrays are
dynamically adjusted to maximize the array gain;

¢ we develop both the centralized and distributed beamform-

ing optimization algorithms for dynamic subarray connec-
tion and time delay and phase shift control; and

e we demonstrate from the extensive simulations that

WDAOSA significantly improves the array gain over the
conventional wideband beamforming schemes.

The rest of this paper is organized as follows. Section II
discusses the wideband ELAA systems and reviews the con-
ventional TTD-based beamforming schemes. Sections III and
IV explain the network architecture of WDAo0SA and propose
the dynamic subarray connection and time delay/phase shift
control algorithms. Section V analyzes the computational com-
plexity of WDAoSA. Section VI presents the numerical results.
Section VII concludes the paper.

Notation: Random variables are displayed in sans serif, up-
right fonts; their realizations in serif, italic fonts. Vectors and
matrices are denoted by bold lowercase and uppercase letters,
respectively. For example, a random variable and its realization
are denoted by x and x for scalars, x and « for vectors, and X and
X for matrices. Sets and random sets are denoted by upright sans
serif and calligraphic font, respectively. For example, a random
set and its realization are denoted by X and X', respectively.
The m-by-n matrix of zeros is denoted by 0,,,x,,; When n = 1,
the m-dimensional vector of zeros is simply denoted by 0,,.
The m-by-m identity matrix is denoted by I,,. The operator
|lz]|2 denotes the Euclidean norm. The operations ® and ©
denote the Kronecker product and element-wise product, respec-
tively. The transpose, conjugate, and conjugate transpose of X
are denoted by ()T, (-)*, and ()Y, respectively. The real and
imaginary parts of a complex number are denoted by R{-} and
3{-}, respectively. The notations diag(x) and 2P) represent a
diagonal matrix with the arguments being its diagonal elements
and a vector with the pth power of arguments being its elements,
respectively. The notation e, is a unit vector whose nth element
is 1 and all other elements are 0. The notation supp(x) denotes a
vector of indices corresponding to the nonzero entries of . The
nth element of « is denoted by [x],,. The notation X  represents
a matrix whose ith column is the 7r (¢)th column of X.

II. WIDEBAND ELAA SYSTEMS

In this section, we explain wideband ELAA systems and
spatial-wideband and beam squint effects. We then review con-
ventional TTD-based beamforming schemes.

A. Downlink Wideband ELAA System Model

We consider adownlink wideband ELAA system where abase
station (BS) equipped with N = Ny, x N, uniform rectangular
array (URA) antennas serves a single-antenna UE. We assume
that both the BS and UE have isotropic antenna arrays. The
BS and UE are located at pP® € R? and p"® € R?, respectively.
Also, the nth BS antenna is located at p>* € R3.! We also con-
sider an orthogonal frequency-division multiplexing (OFDM)
system with the carrier frequency f., number of subcarriers S,
and system bandwidth B. The BS is equipped with an analog
beamforming architecture consisting of a single RF chain, T’
TTDs, and N PSs. The sets of indices for subcarrier, TTD, and
PS are denoted as S = {1,2,...,S}, T 2 {1,2,...,T}, and
N £ {1,2,..., N}, respectively. The received signal y, € C

"'Note that the BS antenna located at the x:th row and yth column of the antenna
array is referred to as the nth BS antenna where n = (z — 1) Ny + y.
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of UE at the sth subcarrier is given by
Ys = V Ptxh?wsxs + ng (1)

where P,y is the transmit power per subcarrier, hy € CY is the
downlink channel vector, ws € C¥ is the analog beamforming
vector such that |[w,],| = 1 for all n € N/, xs ~ CN(0,1) is
the data symbol, and ns ~ CN (0, 0?) is the additive Gaussian
noise. Then the spectral efficiency R of the UE is given by

1 5 Ptx H 2
:521og2(1+02]h5w5| ) )
s=1

In the wideband ELAA systems, due to the severe path loss and
strong directivity of high-frequency band signals (e.g., mmWave
FR2 and sub-THz bands), the signal power is concentrated on a
few dominant paths [26]. Moreover, due to the extremely large
number of antennas, the communication typically takes place in
the near-field region where the signal wavefronts are modeled
as spherical waves, rather than planar waves.” Based on these
properties, we use the frequency-selective near-field channel
model where the downlink channel frequency response (CFR)
h,.(f) € C from the nth BS antenna to the UE can be obtained
as

ha(f) = V/B(f) e*rtiet Dme

Np—1
4 Z mal(f) e 2m(fetf)mn,i 3)
i=1

where NN, is the number of propagation paths, and 7.5 =
M and 7, ; = [P2Pl2 | pd P2 are the time
delays of the nth BS antenna for the line- of-sight (LoS)
path and the ¢th non-line-of-sight (NLoS) path, respec-
tively. Here, pS®® € R3 is the position vector of the ith
NLoS scatterer and ¢ is the speed of light. Also, 5(f) =
(47r(fc+f) puc,pbguz) e ket NP =Pl js the path loss ac-
counting for the free space path loss and the molecular absorp-
tion where k(f. + f) is the absorption coefficient [40], [41].
In addition, o;(f) ~ CN(0,T;(f. + f)) is the path gain with
[;(f. + f) being the reflection coefficient [37], [42]. Due to the
huge reflection loss at mmWave and THz bands, the power of
the LoS component is typically -20 dB stronger than that of the

NLoS component [26].
By collecting h,,(f) for all antenna elements n € N and

sca

baseband frequency fo= Bésjll) — g, we obtain the downlink

channel vector hy = [hy(f;) h (fé) - hn(fs)]T e CN as

hs: \/ﬁ(fs)afN 7fs +Z\/ fs 0‘-1 fs a'N Scaafs)
“)

%In general, the electromagnetic (EM) radiation field can be divided into
two regions: 1) the far-field region, where the EM radiation is approximated as
plane waves; and 2) the near-field region, where the EM radiation is modeled
as spherical waves. To distinguish these, the Fraunhofer distance Z £ ]g ;CC is
widely used where cis the speed of light [39]. For example, in a mmWave ELAA
system with N = 512 antennas operating at f. = 28 GHz, Z is approximately
1.4 km, covering most of the microcell radius.

where f, = fo. — = + B(S 11) is the sth subcarrier frequency,
Hp €-pi®

a;(fs) = o fs) e Q”f s e is the effective path gain, and
an(p, fs) is the N x 1 near-field array steering vector at the
sth subcarrier defined as

aN(pv fs)

Ip-P5% Il

Ilp—pY5 Il .
. e J2nfs—=

. . Ilp-pR5l2 7T
A | pi27fs 67]27Tfsf:| )

&)
Then, the array gain G(w, p) of the sth subcarrier beamforming
vector w; at direction p is defined as

1
G(wsap) é Na%(pafs)ws- (6)
Also, the physical direction ¢p(w;) of w; is defined as
$(w,) = argmax |G(w,, p)[*. ™)
peR3

B. Spatial-Wideband and Beam Squint Effects in Wideband
ELAA Systems

In traditional systems with relatively smaller antenna array
and narrower bandwidth, the differences in time delays across
antennas are negligible so the time delays are typically approx-
imated as identical for all antennas, i.e., 7, ; = 7;. In wideband
ELAA systems, however, the differences in time delays across
the large antenna array become almost comparable to the sam-
pling period [28], [29]. Due to this phenomenon, known as the
spatial-wideband effect, distinct antenna elements may receive
different transmit symbols [43].

In the frequency-domain, the spatial-wideband effect leads to
frequency-dependent array steering vectors ay (p, fs) (see (5)).
(i.e., an(p, fi) = an(p, f;) Vi # j). Since the beamforming
vectors generated by PSs are identical across all subcarriers
(w; = w; Vi # j), the directions of the subcarrier beamform-
ing vectors are distinct (i.e., p(w;) # d(w;) Vi # j). This phe-
nomenon where the direction of the subcarrier beam is dependent
on the subcarrier frequency is called the beam squint effect.
Since the subcarrier beamforming vectors are not aligned with
the direction of UE, the conventional PS-based beamforming
schemes suffer from severe array gain degradation in the wide-
band systems.?

C. Conventional TTD-Based Beamforming

To compensate for the throughput loss caused by the beam
squint effect, beamforming approaches exploiting a combination
of TTDs and PSs have been proposed [31], [32], [33], [34], [35],
[36], [37], [38]. TTD is a device consisting of multiple switched
delay lines. By choosing the delay line for the propagation of
RF signals, a phase shift e 727s™ proportional to the product
of the time delay 7 and the subcarrier frequency f is induced.
Using multiple TTDs, one can generate frequency-dependent
beamforming vectors. To be specific, the TTD beamforming

3In wideband systems, along with the spatial-wideband and beam squint
effects, the grating lobes can also occur due to the mismatch between the fixed
antenna spacing and varying half wavelengths of subcarrier signals [44].
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vector w'td

T:[TlTZ"'

(1) € CT at the sth subcarrier for given time delays
77 ]T of T TTDs is defined as

whd(r) & [e—jZTrfsﬁ e—d2mfare | pmg2nfarr ]T_ (8)
Similarly, the PS beamforming vector w?*(8) € C for given

phase shifts @ = [6; 0 --- O |T of N PSs is defined as
wP(0) £ [ eI e 902 . eI }T. ©)
The conventional TTD-based beamforming schemes can be
divided into two types: 1) fully-connected structure where each
TTD is directly connected to the antenna (7' = N); and 2)
partially-connected structure where each TTD is connected to
multiple PSs and then connected to the antenna (7" < N).

1) Fully-Connected TTD-Based Beamforming: In the fully-
connected structure, by employing a number of TTDs equal
to the number of antennas, frequency-dependent beamforming
vectors maximizing the array gain can be generated [31]. Specif-
ically, for a given target direction p, the time delays of N TTD
are configured as

cie o [ IP=PPl2 lp— P52
C C

bs T
e =Xl ] (10)
c
Then the fully-connected beamforming vector wﬁc € CV at the
sth subcarrier is given by
w £ wi(r") = an(p, f). (11)
One can see that w'® achieves the maximum array gain of 1 as
|G(wi,p)| = xlaN(p. fs) an(p, f5)| = 1.

2) PFartially-Connected TTD-Based Beamforming: While
the fully-connected structure can achieve the array gain max-
imization, the power consumption and implementation cost are
considerable in the ELAA systems due to the large number of
antennas. To reduce the power consumption and implementation
cost, the partially-connected structures exploiting only a small
number of TTDs have been proposed [32], [33], [34], [35], [36],
[37], [38]. In the partially-connected structure, 7'(< N) TTDs
and N PSs are used where each TTD is connected to the PS
subarray consisting of P = % PSs. Specifically, the time delays
of T' TTDs and the phase shifts of NV PSs are configured as

T
soe o [ IP=PFl2 P =p3pla P —Prpl-
C C C
(12)
b b b T
epcé%fc[ lp—p°ll2 lp—P°ll2 p—pﬁz}
C C C
@ frP) @ 1p. (13)

By plugging 7P¢ and 6”° to (8) and (9), the corresponding TTD
and PS beamforming vectors are given by

wi(rP) = [[an(p, f)lr 1 t=1,2,...
w(0°°) = an(p, fc)

o ([[aN(p,fc)];,; t=1,2,....7"® 1p) .

(15)

Then, the partially-connected beamforming vector w®¢ € CV
at the sth subcarrier is given by

w};c AL ,pr(gpc) ® (wgtd(TPC) ® 1P)

11" (14)

(16)

= aN(pa fc)

T
:t:1,2,...,T] ®1p).
(17)

One can see that when f, = f., we have wP® = w'® but this
equality does not hold when f; # f.. This mismatch causes a
degradation in both the array gain G(wy, p) and the spectral ef-
ficiency R. In fact, the mismatch between wP® and w'® becomes
more pronounced as |fs — fc| increases, leading to significant
array gain losses in the subcarrier beams.

III. WIDEBAND DYNAMIC ARRAY-OF-SUBARRAY
ARCHITECTURE: CENTRALIZED APPROACH

The main goal of the proposed WDAOSA is to generate
beamforming vectors directed toward a target direction while
maximizing the array gain using a small number of TTDs.*
Recall that conventional partially-connected structure suffers
from significant array gain degradation due to the fixed con-
nections between TTDs and PS subarrays. To handle this issue,
WDAOSA exploits a switch network that dynamically configures
the subarray connection as well as the TTD time delays and PS
phase shifts to maximize the array gain.

A. WDAoSA Network Architecture

The proposed WDAOSA consists of three major components:
1) a TTD network with T" TTDs; 2) a switch network; and 3) a
PS network with NV PSs (see Fig. 1). The N PSs are divided into
L subarrays, each consisting of % = K PSs and a single-pole
multiple-throw (SPMT) switch that can be connected to one
of TTDs. The set of TT'Ds and PS subarrays are denoted as
T2{1,2,...,T}and £L = {1,2,... ,L}. Let m, € T be the
index of TTD connected to the /th PS subarray and € 7 be
the subarray connection vector defined as

m&[nymg o]t (18)
Also, let 7 and 6,, be the time delay and the phase shift of the

tth TTD and the nth PS, respectively and 7 € R” and 8 € RY
be the time delay and phase shift vectors defined as

&[]t (19)

020,65 0x5]". (20)

Then, the WDA0SA beamforming vector ws € CV at the sth
subcarrier is defined as a function of 7, 7, and 0 as

wy 2 w(0) © ((Efw!(r) @ 1x)

where w''(7) and wP* () are the TTD and PS beamforming

vectors defined in (8) and (9), respectively. Also, E. € RT*L
is the subarray connection matrix defined as

2

(22)

where e, isa’l" x 1 vector whose ;th element is 1 and all other
elements are 0. When comparing the WDAo0SA beamforming

Eﬂ'é[em €r, " €rp ]

4By generating multiple sets of beamforming vectors directed toward a range
of different directions, we can construct a beam codebook for the beam sweeping
operation in 5G New Radio (NR) beam management [45], [46].
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Fig. 1.

vector w, in (21) with the conventional partially-connected
beamforming vector w?® in (17), two major differences stand
out: 1) the subarray connection matrix E is multiplied by
w''d(7) to dynamically adjust the connection between TTDs
and PS subarrays; and 2) the time delays 7 and phase shifts 6
are optimized to maximize the array gain.

Now we formulate the wideband beamforming optimization
problem to determine (7,7, 6) maximizing the array gain at
the target direction p. However, this task is not straightforward
since the array gains {G(w,, p)}5_, of all subcarriers must be
considered simultaneously. To address this issue, we exploit the
fact that R is a sum of logarithms of channel gains. Specifically,
we define the total array gain Gyor ({ws}5_1,p):

S
23 logy (14 plGlwap)?)  (24)

s=1

Glot ({ws}:es:lv p)

where p, % is the signal-to-noise ratio (SNR) at the

sth subcarrier. Note that G, becomes the same as R when
p"*® = p and h, has only the LoS component. By employing
Giot as the objective function in the wideband beamforming
optimization, we can guide the WDAOSA beam generation to

Data

stream
RF
chain

SRRERR

(b)

Comparison between (a) the proposed WDA0SA scheme and (b) the conventional TTD-based beamforming scheme.

Due to the logarithm in (25a) and the unit-modulus constraints
of analog beamforming vectors (i.e.,
nonconvex. Moreover, due to the combinatorial nature of integer
constraints (25b), Z, is NP-hard in which the optimal solution
is intractable within polynomial time. To address these issues,
we propose a novel beamforming optimization technique that
consists of the following three major stages:
® Quadratic transform: We convert & to a quadratic op-
timization problem by isolating the quadratic array gains
from its logarithm form.
® Dynamic subarray connection via sparse recovery: We
map the TTD indices {m; }} ; to the positions of non-zero
elements of the sparse vectors {&;}%;.
o Time delay/phase shift control via manifold optimization:
We optimize the time delays 7 and phase shifts 6 on the
manifold of unit-modulus complex numbers.

B. Quadratic Transform

In this subsection, we convert the objective function (25a) to
a sum-of-quadratics using the quadratic transform [41].
Proposition 1: By introducing auxiliary variables v £

I . . . Y [y ys]TERS and v E (v - vg]T €CY, P

maximize the spectral efficiency without relying on the explicit can be equivalently converted to 2, as

channel information {h,}?_, . The wideband beamforming op-
timization problem & is formulated as P r}rla}gr;lzue fi(m,7,0,v,v) (26a)
s subjectto m €T VIieL 26b
Py - maxumze Zlogz(l +t Nz lal (p, fs)ws‘2> . ! : . (260)
™70 where f; is defined in (23) shown at the bottom of this page. [
(25a) Proof: See Appendix. X
) Since f1 is a joint function of (7, T, 0, v, v), itis challenging
subjectto m €T Vi€ L. (25b) {0 determine them simultaneously. To address this issue, we use
138
fl(TﬁT,O,’Y, ZlogQ 1+’YS In QZ’YS 722

s=1

Nl 2Zm§}%{y aN p’f"' wé} N21n2zp‘i|yg‘ |a’N pafs ws’

(23)
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an alternating approach that iteratively optimizes one variable
while keeping the other variables fixed. For a given (7, 7,0, v),

the optimal solution ~4°Pt £ [ﬁpt A9PC - 4T can be ob-
tained by solving 7 af L =0g
opt _ fows|® VseS. 27)

Also, for a given (m,T,8,7), the optimal solution v°Pt £

[P v3P" - v |7 can be obtained by solving 21 = 0:

yopt N p8(1+’78)a%(p7f8)w5
s 2
ps|af (p, fs) ws|” + N?

Once we obtain v°P* and v°P', we update (7, 7, 6) by solving
the reduced problem s:

VseS. (28)

Py maxirrgze fa(m,7,0) (29a)
subjectto m €T VieLl (29b)

where f5 is defined as

Z\/ps 1+'Ys 8%{I/ aN (p, fs) ws}

fa(m,T,0)

1 2
- mzps‘ys|2’a%(p7f8)ws| . (30)
s=1
In the following subsections, we describe the alternating opti-

mization operations that iteratively optimize 7 and (7, 0).

C. Dynamic Subarray Connection Via Sparse Recovery

For a given (7,0) = (1°P',0°P"), %, is reduced to the
subarray connection problem %, , as

P9 maximize fo (71', TOoPt, 0°pt) (31a)
subjectto m € T VieL. (31b)

Basically, &, , is a combinatorial optimization problem that
requires an exhaustive search to determine the optimal solution.
For example, if the number of TTDs is 7' = 4 and the number of
PS subarraysis L = 8, then one needs to search all TL — 65, 536
combinations of 7 to obtain the optimal solution.

To find out a tractable solution of &5 ,, we define a sparse sub-
array connection matrix E 2 [é1 & ---er] € RT*L where g,
isa Tl x 1 sparse vector defined as

@] 1 ift=m
é =
He 0 otherwise.

Then 7; is expressed as the nonzero element index of e; as

(32)

m = supp(él) . (33)
Using E, we can re-express w; as a function of E as
w, = w(07) © (B wi (7)) @ 1x) (34)
= diag(wP* (6°")) (I ® 1) B w'™ (rPY)  (35)
~ AE'b, (36)

where A € CN*L and b, € CT are defined as
A £ diag (wP (6 (I, ® 1x)

wttd( opt) )

(37
(38)

Then we recast the combinatorial optimization &5, to the
sparse recovery problem 5 , as

Py, maximize f3(E) (39a)
E
subjectto |[&fjo <1 Viel (39b)
17¢, <1 VieL (39¢)
where f3 is defined as
3 NZ\//% 1+’Ys %{V fs AEb}
1 5 ~T 2
_ﬁzps|ys|2|a%(pafs)AE bs‘ . (40)

s=1

Although the integer constraints (31b) are replaced by the
sparsity constraints (39b), &5 , is still nonconvex due to the
nonconvexity of /y-norm in (39b). To handle this issue, we use
reweighted ¢5-norm approximation (RLA) that approximates the
£y-norm as the weighted quadratic sum of elements [47], [48].
Specifically, ||&]|o is approximated as

T
~ ~ 2 N
l|€llo ~ Zpt,z|[el]t| = ||P&l3 (41)
=1
where Py £ diag(y/pii, \/P2i, »+/Pri) € RTT and

pey > 0 is the RLA weight obtained from the subarray

. . paprev . . .
connection matrix E of the previous iteration as

-1
(14

Here, ¢ > 0Oisused as an upper bound of p; ;. By assigning larger
RLA weights to the smaller elements and iteratively updating the
RLA weights, RLA effectively penalizes these smaller elements,
driving them closer to zero. In doing so, one can promote the
sparsity of E. By plugging (41) to (39b), we obtain the relaxed
problem P ,:

(42)

Py, maximize f3 (E) (43a)
E

subjectto |[Pig <1 VieLl (43b)

17& <1 VieL. (43¢c)

The relaxed problem £, , is a convex quadratic program that
can be reformulated as a second-order cone program (SOCP).
Using the convex optimization solver, we can obtain the global
optimal solution EOpt of P4 , [49]. We then set E™Y EOpt
and update the RLA weight p, ; via (42). The RLA iteration is

repeated until (39b) are satisfied. Once we have EOpt,
the TTD time delays 7w°P* via (33).

we obtain
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D. Time Delay/Phase Shift Control Via Manifold Optimization

For a given m = ©w°Pt, &, is reduced to the time delay and
phase shift control problem 4, y, as

Py - maxir;lize f2 (7, 7.,0). (44)
T,

Note that w; is a function of the TTD beamforming vector
w'td(7) and the PS beamforming vector w?s(8) (see (21)).
Since the elements of w4 (7) and wP*(#) are unit-modulus,
with phases controlled by 7 and 6 (see (8) and (9)), one cannot
uniquely determine 7 and € due to the phase ambiguity issue. To
address this issue, we redefine the optimization variables from
(1,0) to (7,0) € CT x CN as

F 2 [ e dfemi g=ife2

e Jfetr ]T (45)

64 [e’jel e 02 ... e7I0N }T. (46)

Note that f. is used in (45) to balance the magnitude difference
between 7 and 6. Using 7 and 6, we can rewrite w; as

w, =00 ((ERn#C78)) @ 14) 47)
= diag(0) (I ® 1K)E£upt+(2’f§*2) (48)
— diag(§) C 7 (*7%) (49)
where C' € RN*T is defined as
C2(I,®1k)EL,. . (50)

Then Z, can be reformulated as an optimization problem
P51, with unit-modulus constraints as

P31, 0 maximize fy (‘7’,9) (51a)
7.0

subjectto |[T]] =1 VteT (51b)

[6] |=1 VneN (51c)

where f; is defined as

Ja (‘T',é)
S
& 2 S VoLt R{iall (p, £.) diag(8) 07 %))

S
1 3 o (omde) |2
_m ps|ys|2‘a]}\ll(pafs)dlag(0) CT(2 ;C)‘ . (52)
s=1

Due to the nonconvexity of the unit-modulus constraints (51b)
and (51c), &3 1, is a nonconvex problem. To handle the unit-
modulus constraints, we exploit the fact that the set of unit-
modulus vectors form a Riemannian manifold, a generalization
of the Euclidean space that enables the definition of differen-
tiable structures on abstract and curved spaces [50]. Using the
notion of Riemannian manifold, we can convert &5, to an
unconstrained optimization problem on the Riemannian man-
ifold, where optimization techniques in the Euclidean space
(e.g., conjugate gradient method) can be readily extended to
determine the optimal 7 and 0 on the Riemannian manifold [51].
Put it formally, a Riemannian manifold (M, g) is a smooth
manifold M equipped with a family g of smoothly-varying
positive-definite inner products (i.e., Riemannian metric) on

the tangent space 7, M at each point p € M [52]. A smooth
manifold M is a topological space that locally resembles Eu-
clidean space and is equipped with a smooth structure. Also, the
tangent space 7, M £ {7'(0) : v: Z(C R) — M, (0) = p}
at a point p € M is a vector space containing tangent vectors
at p. The Riemannian metric endows the smooth manifold with
notions of length, angle, and distance between points on the
manifold, from which the notion of gradient on the Riemannian
manifold (i.e., Riemannian gradient) is defined.

LetC! 2 {2z € C | |z| = 1} be the set of unit-modulus com-
plex numbers. It has been shown that C! is a submanifold of C,
meaning that C is a subset of C that is itself a smooth manifold.
Also, since C! is an embedded manifold of C, it naturally inherits
the Riemannian metric g, of C defined as g3 (21, 22) = R{zj22}
for all z1, zo € C. Let us define the combined time delay and
phase shift vector ¢ € CT+V as

v 776"
The set of 1 is expressed as a Cartesian product of C! as

T+N

CTHN 2 g e CTHY - |l =1, Vi) = [[ ' 4
=1

(33)

Note that CT+" is a product Riemannian manifold endowed
with a Riemannian metric g : Ty CT TN x Ty, CTHY — R de-
finedas g(p, q) = R{p'lq} forallp,q € Ty, CTTV. Also, since
the tangent space 7, C* of C' at¢p € Clis T, C' = {p e C :
R{p v} =0}, Ty, CTTN of CTHN atep € CTHV is°

T CTN ={pe CT™N . R{[pl;[¥];} =0,Vi}. (55
Then &5 1, can be reformulated as
Psp . maximize fa(h). (56)

peCT+N

Next, we explain the Riemannian conjugate gradient (RCG)
method to determine 1 € CT+ that maximizes f4(1/). When
compared to the traditional conjugate gradient method, it re-
quires two additional operations to determine the optimal solu-
tion on the manifold: 1) the projection that projects the search
direction onto the tangent space; and 2) the retraction that maps
the updated point back to the manifold [51].

First, the orthogonal projection of p € CT*+ onto the tangent
space Ty, CT " is a unique vector projr,, ¢z (p) that satisfies
9(p — projr, cr+n (p),q) = 0 forall g € Ty CTHN.

Lemma 1: The orthogonal projection projr, cr+n :
CT+N — Ty, CTHN onto the tangent space Ty CT TN at ¢ €
CT+N is defined as [53]

projz, cr+n (p) =p —R{p" O P} 09 (57)
forall p € CT+V, O

Using the projection operator, we can obtain the Riemannian
gradient, which indicates the steepest descent direction of f; in
the tangent space. In fact, since C*+*V is an embedded manifold

of CT*+¥ | the Riemannian gradient can be obtained by projecting
the Euclidean gradient onto the tangent space.

SThe Riemannian metric g of the product space M = M7 x My of
Riemannian manifolds (M1, g1) and (M2, g2) is g((v1,v2), (w1, w2)) =
g1(v1,w1) + g2(va, ws) for all v, w1 € My and va, ws € Ma. Also, the
tangent space of M at (v1,v2) is Ty, ve) M = Toy M1 X Ty, Ma.
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Lemma 2: The Riemannian gradient grad f4(1)) of fy at
1 € CTTN canbe obtained by projecting the complex Euclidean
gradient V, f1(1)) onto the tangent space T, CT T as [53]

grad f4(tp) = projr, cr+n (Vo fa(9))
= Vyfi(¥) = R{Vy fi(¢)

(58)

OYoyp (59)
where Vi fa(p) = [ Vz [ (¥) V@ff(w)}T € CT*N is in
(61) and (62) shown at the bottom of the page. O
Proof: 'V fa(1p) can be easily obtained by computing the
derivative of f4 with respect to 7* and 6. X
Second, the retraction retry, is a mapping that projects the
tangent vector onto C” % while preserving the local structure
and directionality of v. Put it formally, retry, : 7 CT TV —
CT+N is a smooth map that satisfies retry, (074 n) = ¢ and
4 retry(tv) )|,_o = vforallv e Ty CTHN.
Lemma 3: The retraction retry, : Ty CT TV — CT+N onto
CT+N atap € CT*HN is defined as [53]

[Y+v]1

retry (v) = [Y+vls [Y+v]ri N
T Ttoli]

[p+vla]  [[p+v]rin]

forallv € Ty, C. O
The update equations for the conjugate direction d; € CT+V
and 1p; at the ¢th iteration are given by

T
. (60)

d; = grad f4(3;) + Bi proj,, cr+n(di-1) (63)

P = retry. (a;d;) (64)
where «; is the step size determined by the line search method

_ lgrad fa(4,)[3
and B = Torad i (9: )13
dient parameter [54], [55]. Note that in (63), the projection op-

erator is used since grad f4(v;) € Ty, C* TN whereas d;_; €
T, o CT+N  Also, in (64), the retraction operator is used to
ensure v, € CT+V. The update equations are repeated until
1), converges. Once we have the converged solution 1)°*, we
decompose 1/°P" into 7°P* and o using (53), from which we
obtain 77°" = — L /7P and §OPt = — £gOPt,

The dynamic subarray connection and time delay/phase shift
control operations are repeated until (7, T, @) converges. After
obtaining the optimal solution (7wPt, 7°Pt §°PY) of 2,, we
update the auxiliary variables + and v using (27) and (28) and
then repeat solving %2, until (7, 7, 0) converges. Algorithm 1
summarizes the centralized dynamic subarray connection and
time delay/phase shift control algorithm.

is the Fletcher-Reeves conjugate gra-

Algorithm 1: Centralized Dynamic Subarray Connection
and Time Delay/Phase Shift Control Algorithm.
Input: Target direction p, subcarrier channel SNR
{ps}5_,, the numbers of TTDs and PS subarrays 7" and
L
Initialize: 7 = [12--- T]T @ 1,
Set 7 and 6 as (12) and (13), respectively
while (7, 7, 0,~,v) do not converge do
Update « and v using (27) and (28)
while (7, 7, 0) do not converge do
E = Reweighted /5-norm approximation (s ,,)
m zsupp(él) VieLl
1 = Riemannian conjugate gradient (CT Y, 2 )
(710 ] = v
Tt — _ié%t’ 9n = —één
end while
end while
Output: 7, 7, 0

vteT,neN

Function Reweighted ¢5-norm approximation (&)
Solve &7 while ignoring the sparsity constraint
while the sparsity constraint is not satisfied do
E™ =E
pra = (L2 +e 1) Vte T, neN
- ~12
ll&]lo ~ Hdlag VDI A/Pl2s ,,/pl,T)eH2 VieLl
Solve the relaxed problem via SOCP solver
end while
Output: E

Function Riemannian conjugate gradient (C, &)
Yo=1,dy=0,i=1
while 1), do not converge do

grad f(v;) = projr, (Ve f(¥;))

8; = llgrad (4,15
¢ Tlgrad f (0, 1)3

d; = grad f(¢;) + Bi projr,,. c(di1)
Find a step size a; > 0 via line search
P;, 1 = retry, (o;d;)
1=1+1

end while

Output: ¢

IV. WIDEBAND DYNAMIC ARRAY-OF-SUBARRAY
ARCHITECTURE: DISTRIBUTED APPROACH

While the beamforming optimization algorithm in Section III
is effective at maximizing the total array gain, it might be

S
vi’fél ]\7;2:;< Ps 1+7s) p5|NvS‘
1 > ps|Vs|2
Vo) = 13 (v - et

s=1

B (p, fg)dlag( )6‘7'(27r )>d1ag( (1 s ))CH(d1ag(0))HaN(p, fs)

(61)

(i-(zw%))TCT(diag(aN( G )dlag(aN(p,fs)) c# %) (62
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computationally burdensome when the number of antennas N
is extremely large since its computational complexity is pro-
portional to N. We note that among the three variables, i.e.,
subarray connection vector w € N L time delay vector T € RYT,
and PS phase shift vector @ € RY, @ has the greatest impact
on the computational complexity. Thus, we present a distributed
beamforming optimization framework that optimizes 7 and T
in a centralized manner while 6 is optimized in a distributed
manner at the subarray level.

A. Array Gain Decomposition

In this subsection, we will show that the array gain G(w,, p)
can be expressed as a sum of subarray gains {Gy(ws+,p)}7,
where the magnitudes are determined by the phase shifts of the
PS subarray and the arguments are determined by the TTD time
delay. These observations lay the foundation for the development
of our distributed optimization framework. Let N; C A/ be the
set of antenna element indices connected to the ¢th TTD as

N2{I-1DK+keN : ,K}. (65)

Also, let an(p, fs) € CWel and Wsy € CWtl be the corre-
sponding subvectors of ay (p, fs) and wy, respectively:

Wl:t,k:].,2,...

an.(p, fi) £ [lan(®. fo)la : neN]T (66)
wey = [[ws]n ne J\/}}T 67)
= e T (O,) (68)
where 0, € RW:l is the corresponding subvector of 6:
Oy, 2 [0, : ne N (69)

The tth subarray gain G (ws ., p) of ws ; at the target direction
p is defined as

Gi(wsi,p) = an (P, fo) we s (70)
= e PTTal (p, fo) wP (O, -

Then G(ws, p) is expressed as a sum of {G(ws ¢, p)}1_; as

E aNt

(71)

weap fa 'ws't (72)

H(Wst,P) - (73)

I\Mﬂ

Remark 1: Letmg and v, ; be the magnitude and argument
of the tth subarray gain G, (ws ¢, p). Then m, , is a sole function
of O ,, whereas v, ; is determined by 7, and O,

My 2 |Gi(wse, p)l (74)
= |ai ,(p, fs) w™(O,)] (75)

Vet £ ZGy(wgy, p) (76)
= —2nfom + Z(al,(p, f) w™(Ox,)) . (T7)

O

Remark 2: The absolute square of the array gain G(ws, p)
is expressed as a function of {m&t}s,t and {Us,t}s,t as
2
|G(ws, p)| Jvetl(78)
O

Remarks 1 and 2 imply that the array gain maximization
problem can be decoupled into the subarray gain maximization
problems by treating {m ¢ } s » and {vs ; } s + asindependent vari-
ables. Based on this, we formulate the beamforming optimiza-
tion problem 2 to determine 7, 7, and {0, }7_, maximizing
the sum of squares of array gains as

S
Py  maximize Z |G(ws,p)?

7"’7'»{9-’\’} }thl

(79a)

subject to meT VleLl. (79b)

To solve &, we use the alternating approach that first fixes
{0, }1_, and optimizes (,T) in a centralized manner. We
then fix (7, 7) and optimize {0, }1_, in a distributed manner.

B. Centralized Subarray Connection and Time Delay Control

For a given (1,{0y,}1,) = (7°P* {OOPt}t 1), Py is re-
duced to the subarray connection problem @073 as
. s
Py maximize Z |a%(p, fs) ws|2[—6pt] (80a)
s=1
subjectto m €T vieLl. (80b)

Similar to the dynamic subarray connection operation in
Section III-C, we change the optimization variable from the
subarray connection vector 7 to the sparse subarray connection
matrix F = [é1 ey -+ ér] (see (32)) to obtain the modified
sparse recovery problem @La as

s

@1@ :  maximize Z |a§,(p, fs) AETbS‘2 (81a)
B s=1

subjectto |&llp <1 Viel (81b)

1Tel <1 VieL (8lc)

where A and b, are defined in (37) and (38).

Note that 9‘71@ is a maximization problem with a quadratic
objective function. To deal with this issue, we use successive
convex approximation (SCA) which approximates the quadratic
objective function (81a) to a linear function by using the first-
order Taylor expansion. We first rewrite the objective function
(81a) of 2, , as

S
f1(B) £ |ak(p. £.) AE D, [ (82)
s=1
= [|D"vee(B) (83)
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where D £
defined as

2 [R{(ATax(p, f,) ® b} S{(AT

[Dy D, -+ Dg] € RTL*2S and D, € RTL*2 js

(84)
obtained at the previous SCA iteration,
") of fa(B) is

Then, for a given E”
the first-order Taylor expansion F(E | E

(E ‘ Eprev)

2 fi(B) + Voo F1(B”) vee (B~ B7™) (83)

= vec(E”) ' DD vec(2E — E”) (86)
L
=2 dle; — || DTvec(E™)|; (87)
where d; € R” is the [th subvector of DD vec(E™") € RTE
such that
DD vec(E") = [df df --- d} " (88)

By substituting f4 (E)with F(E | E™"), we obtain the relaxed

SCA problem Z; , as

L
- T ~
maximize g d; e

Py o (89a)
E =1

subjectto |[&]lo <1 VieLl (89b)

17, <1  VieL. (89¢)

Since f4(E) is convex, F(E | E*") < f4(E) and thus, the
optimal value of 3”2 a is alower bound of that of &7 ,. One can
easily see that the optimal solution {&"'}/_ | of &, , is

>0

soPt _ {etmx if [d1]1,, (90)
l
Or

otherwise
where t,,x s the maximum element index of d; given by

tmax = argmax [d]; . 91)

teT
The SCA iterations are repeated until E converges. Once E™
is obtained, we can get w°P' using (33).

After determining 7°P', we fix (m, {0y} ) =
(qropt {OOPt}tzl) and then optimize 7. By plugging (78)
to (79), the time delay control problem 9/:)0,1) is formulated as
2

[—3pt]

Poy Jvs.t (92a)

subjectto v, = 4(a%¢(l7a fs) wps(eM))
—2nfsy Vse€ S, t €T . (92b)

As shown in Remark 1, my ; is a sole function of 8, and thus,
is unaffected by 7. Thus, by redefining the optimization variable
7= [eifem emifer2 . e7ifemr T 52, 1) can be recast to the
unconstrained problem on C7' as
S
2
Z ‘mTP 7(2” )

s=1

Py

maximize (93)

7eCT

ay(p, fs) @ bs}].

where m,; € RT and P, € CT*T are defined as

mg = [msJ y Mg 2 * ms,T]T (94)

P, 2 diag (ejl(a%,l(nfs)w"“’(ﬂ,vl))7 4@ 5(Pof) WP (0x3))

7ejé(a%j(p,mwws,vT))) , (95)

FOPt of .931 1 can be obtained via the

[Opt forallt € T.

The near-optimal solution 7
RCG method. We then get 777" =

C. Distributed Phase Shifts Control

Now, we explain the distributed phase shift control for op-

timizing {O, }7_,. For a given (m,T) = (moPt, 7oPt) 7 is
reduced to the phase shift control problem %, . as
2
55010: maximize Z ms, edvsit (96a)
{gN’t }?:1 s=1
subject to mg; = ‘a%,t(ﬂ fs) wP(Oy,)
VseS, teT (96b)
Vgt = Z(ﬂ%,t(p, fs) wps(em)) — 21 fsTy
VseS, teT. (96¢)

Unfortunately, one cannot directly decompose «éf;’o,c into
subproblems for each 6, since (96a) is a joint func-
tion of {0y, }] ;. To address this issue, we first determine
{ms 1, s}, that maximizes (96a) and then individually op-
timize each O, satisfying (96b) and (96¢). First, by relaxing
(96b) and (96¢), the optimization problem @LC for determining
{Mst,vs 1} is formulated as

. s | T 2
P1.c: maximize stﬂte“’“ (97a)
Ms t,Vs,tfs,t 1=
subjectto 0 < my; < [N VteT. (97b)
The optimal solutions mOpt and vOPt of ) . are given by
my =|Ny| VseS, teT (98)
Ug’*;t =z, VseS, teT (99)

where x5 € [0, 27) is the common argument of all subarray gains
{Gi(ws+,p)}1_, at the sth subcarrier.

Once we obtain {m5', v}, we determine {6y, },
satisfying (96b) and (96¢). Specifically, the corresponding opti-

mization problem & , is formulated as

ZZ ‘G’Nt pafs ,wp (oNt)

s=1t=1

92,0 :

mln]m]Ze
A”{m s 1

2
_|./\/'t‘ej(27rfs7—t+rs) . (100)
To solve @g,c, we use the alternating approach comprising two
steps: 1) common argument optimization that fixes {6y, }7_;
and determines {z,}5_,; and 2) phase shift optimization that
fixes {x,}_; and determines each @, separately.
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1) Common Argument Optimization: For given {0},
,@2 - is reduced to P75 . as

, 2
Py mlmmlze ZZ ‘Gt(w&t,p) _ ‘Nt|ej(27rfsn+ms)

{2} t=1 s=1

B (101)
Then, &5 . can be decomposed into subproblems for each z:

«973,@33 mlmmlze Z‘G* Wy t,P) — |J\/}\ej(2”f9”+m*)
t=1

(102)
By redefining the variable 7, £ 7%+ € C1 and the coefficient
vectors g, = [G1(ws1,p) Go(ws2,p) -+ Gr(wsr,p)]|T
and v, 2 [|N[ed2™ T |Ny|ed2mfama o | Nip|ed2mfsmr | T,
@3@,5 can be simplified as

Phcs: minimize |g, — veis3. (103)
Z,eCt

Since [|g, — vs@s[3 = llgs |3 + lvsl3 — 2R{Fivig, ),
optimal solution %" of #, . , is given by
H
FP = argmax R{#tollg,} = I (104)
TseCl ‘vs gs‘

Then, by extracting the complex argument from ZSP*, we can
obtain the optimal common argument z9** = ZzP*.

2) Phase Shift Optimization: For given {z4}5_,, Po.c is
reduced to 55376 as

T S
Ps3.: minimize ZZ’aNt (p, fs) wWP(Oy,)

{eNt }?:1 t=1 s=1

‘ 2
—|/\/’t\ej(27rf5”+””s) . (105)
Since (96b) and (96c) are sole functions of @y, @g,c can be
decoupled into subproblems for each 6, as

g”&c,t :

minimize
Oy,

S
S |alt v, ) wr(0x,)

s=1

) 2
_|N‘t|ej(27rfsn+acs) (106)
[e_jgn

By redefining the optimization variable to éj\/t =
we can reformulate &3 . to an uncon-

n e N T e CV,
strained problem 2, .+ on C Vel ag

s
. . , 2
Py : minimize Z ’a%’t(p, fs) O, — [Ny |e? B fometas)
-1

éz\*} eCWVel
(107)
Using the RCG method, we can determine the near-optimal
solution éj)\zt of 973}0,75, from which we obtain §9P* = — Z§°Pt,
The optimization of the common argument and phase shifts is
iteratively performed until {0, }7_; converge.

Finally, the dynamic subarray connection, time delay con-
trol, and phase shift control operations are repeated until
(m,7,{0; }1_,) converges. Algorithm 2 summarizes the dis-
tributed dynamic subarray connection and time delay/phase shift
control algorithm.

Algorithm 2: Distributed Dynamic Subarray Connection
and Time Delay/Phase Shift Control Algorithm.
Input: Target direction p, subcarrier channel SNR
{ps}5_,, the numbers of TTDs and PS subarrays 7" and
L
Initialize: 7 = [12 -~ T|T® 1,1
Set 7 and 6 as (12) and (13), respectively
while (7, 7, 0) do not converge do
E = Successive convex approximation (2, ,,)

= supp(é;) _ViecL
i‘ = Riemannian conjugate gradient (C, 2, },)
Tt — %th Vt S T

while {0, }1_; do not converge do
for s =1to S do
Set g, and v, as (103)

fort =1to T do -
0 v, = Riemannian conjugate gradient (%4 . ;)
0, = 26, vn € N;
end for
end while
end while
Output: 7, 7, 0

Function Successive convex approximation (&)
Set feasible initial starting point E
while E do not converge do
Eprev _ E
Replace f(E) with F(E | E
Solve the relaxed problem
end while
Output: E

prev
)

V. COMPUTATIONAL COMPLEXITY ANALYSIS

In this section, we analyze the computational complexities of
centralized and distributed WDAOSA schemes.

A. Complexity Analysis of Centralized WDA0oSA Scheme

The centralized wideband beamforming optimization in Al-
gorithm 1 consists of three major steps: 1) auxiliary variables
(i.e., v and v) optimization via (27) and (28); 2) subarray
connection vector (i.e., 7) optimization via RLA; and 3) TTD
time delay and PS phase shift vectors (i.e., 7 and 8) optimization
via RCG method. First, in the optimization step for v and v,
the computational complexity of conducting (27) and (28) is
O(NS). Second, in the optimization step for 7r, the optimization
problem is formulated as an SOCP (see (43)), which is solved
by using the interior-point method. It has been shown that
the computational complexity of the interior-point method for
solving the SOCP problem with Ny, variables is approximately
O((Nyar)®?) [56]. Thus, the computational complexity of RLA
is O((T'L)3%). Lastly, in the optimization step for T and 0,
one can see that all operations of the RCG method are vector
and matrix multiplication operations. Thus, the computational
complexity of the RCG method is O(ST N?). In conclusion, the
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TABLE I
COMPUTATIONAL COMPLEXITY COMPARISON

Computational complexity
O(STN? + (TL)3-?)
O(SN + S(T? + P?))

Centralized WDAoSA
Distributed WDAoSA

FDA O(SN3)
DS-FTTD O(SNT)
PDF O(N)
PS-based beamforming O(N)

overall computational complexity of the centralized WDAoSA
scheme is O(STN? + (T'L)3%).

B. Complexity Analysis of Distributed WDAoSA Scheme

The distributed wideband beamforming optimization in Al-
gorithm 2 consists of three major steps: 1) 7w optimization via
SCA; 2) T optimization via RCG method; and 3) {0, }- ;
optimizations via RCG method. Note that in this algorithm,
the optimization variables are updated by the closed-form so-
lutions. First, in the optimization step for 7, the computa-
tional complexity of vector multiplication is O(N S). Second,
in the optimization step for 7T, the computational complexity
of RCG method is O(T2S). Finally, in the optimization step
for each O, the computational complexity of RCG method
is approximately O(P2S) where P = % In conclusion, the
overall computational complexity of the distributed WDAoSA
scheme is O(SN + S(T? + P?)). Note that while the compu-
tational complexity of the centralized approach scales with N2,
that of the distributed approach scales with /N, meaning that
the distributed approach can effectively reduce computational
complexity in ELAA systems. In Table I, we compare the
computational complexity of the WDAo0SA with that of the
conventional partially-connected beamforming schemes.

VI. NUMERICAL RESULTS

In this section, we present numerical results to validate the
effectiveness of the proposed WDAo0OSA scheme for both cen-
tralized and distributed approaches.

A. Simulation Setup

In our simulations, we consider the wideband THz ELAA
systems where a BS equipped with N = 64 x 4 URA antennas
serves a single-antenna UE by generating frequency-dependent
beams {w,}o_, directed towards the UE position p'c. We
consider the 3D coordinate system where the BS antenna ar-
ray is located at the XY-plane. The UE is located randomly
around the BS within the cell radius of R = 20 m. Addition-
ally, the scatterers are randomly distributed around the UE.
We set the numbers of TTDs and PS subarrays to 7' = 4 and
L = 64, respectively. The time delays and phase shifts of the
TTDs and PSs can vary continuously within the ranges [0, %)
for the TTDs and [0, 27) for the PSs, respectively [32], [37].
Note that the number of PSs is the same as the number of
antennas [V, so each PS subarray consists of K = N — 4 PSs.

L
We use the frequency-selective geometric THz channel model

1.0

——— WDAOSA (centralized)
0.9 r|===-=n WDAO0SA (distributed)
= ==:PDF

0.8

_ _ UE direction)

0.7r

0.6

Array gain
o
(23

04r

0.3

0.2

0.1F

VR -

=

0.0 !
0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40
Angle [rad]

Fig. 2. Array gain as a function of the angle.

where the carrier frequency is f. = 100 GHz, the bandwidth
is B = 20GHz, and the number of subcarriers is S = 128.
These frequency-domain system parameters are chosen to set
the frequency granularity of the proposed WDAo0OSA scheme.
We set the subcarrier frequencies to fs = f. — g + Bésjll).
The number of propagation paths is IV, = 4 and the path loss
and path gain are modeled as 3, = (ﬁ)ze‘k(m’" and av ; ~
CN(0,T;(fs)) where k(fs) and T;(fs) are defined in [37]
and [41], respectively. Throughout the simulation, we set the
SNR to ps = ﬁﬂf# = 10dB for all subcarriers. As perfor-
mance metrics, we use the sum of squares of array gains

Geum = ﬁ Zle la%l (p, fs) ws|?, the sum of logarithms of
array gains Gyop = 255:1 logy (1 + &% a%(p, fs)w|?), and
the spectral efficiency R = & % logy (1 + By hlw, |?).

For comparison, we use four partially-connected beamform-
ing schemes: 1) fully-digital approximation (FDA) scheme
which optimizes 7 and 6 iteratively [37]; 2) dynamic-subarray
with fixed TTD (DS-FTTD) scheme which uses the dynamic
subarray architecture between TTDs and PSs with fixed TTD
time delays [38]; 3) phase-delay focusing (PDF) scheme which
controls the TTD time delays and PS phase shifts as (12) and
(13) [36]; and 4) PS-based beamforming scheme which gener-
ates the frequency-invariant beamforming vectors.

B. Simulation Results

In Fig. 2, we locate the UE at (1", 60", ¢") =
(12m,0.2rad,0.2rad) and plot the power of the array
gain  |G(wy,p)|? = 7=zlal(p, f1)wi|> at the first
subcarrier as a function of the azimuth angle ¢ of
p = [rsinfcos¢ rsinfsing rcosf]T while fixing r = ru°
and # = 6"°. We observe that both the centralized and distributed
WDAOSA achieve an array gain of 0.7 near the UE direction
(i.e., "¢ = 0.2rad). Considering that the difference between f
and f. is almost 10 GHz, this notable array gain enhancement
capability of WDAoOSA is somewhat surprising. We also
observe that the beam direction of the proposed WDAOSA
scheme closely matches the UE direction, whereas the beam
direction of the conventional PDF scheme is clearly misaligned
with the UE direction. When the number of TTDs is small,
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Fig. 3. Array gain as a function of the subcarrier frequency.
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Fig. 4. Sum of squares of array gains as a function of the system bandwidth.

the subcarrier beams of the conventional partially-connected
structure become similar to the PS beams and fail to focus the
beam directions on the UE. On the other hand, by utilizing the
dynamic subarray connection and optimized time delay and
phase shift control operations, WDAo0SA effectively maximizes
the array gain at the UE direction, thereby mitigating the beam
squint effect.

Fig. 3 shows the power of the array gain |G(w,,p)|? as a
function of the subcarrier frequency f for various numbers of
antennas, while maintaining the UE position at (r¢, §4¢, ¢"¢) =
(12m,0.2rad, 0.2rad). We observe that for a relatively small
number of antennas (e.g., N = 64), the array gain degradation
caused by the beam squint effect is marginal. However, for a
larger number of antennas (e.g., N = 256), the array gains of
the conventional TTD-based beamforming schemes decrease
sharply as | fs — f.|increases. For example, when fs = 90 GHz,
the FDA scheme experiences an array gain loss of nearly 70%
compared to the maximum array gain of 1. On the other hand,
the array gain loss of the centralized WDAOSA scheme is less
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—O6— WDAO0SA (distributed)
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—%— FDA

—A— PDF
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Fig. 5.
antennas.

Sum of logarithms of array gains as a function of the number of
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\'4 \'4 v
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2 4 8 16 32
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Fig. 6. Sum of logarithms of array gains as a function of the number of TTDs.

than 30%, meaning that it achieves more than 40% array gain
improvement over the FDA scheme. This is because WDAoSA
flexibly adjusts the connections between TTDs and PS subarrays
to reduce the discrepancy between the optimal beams and the
generated beams but the FDA scheme has no such mechanism
to improve the array gains of the subcarrier beams.

Fig. 4 shows the sum of squares of array gains Gy, as
a function of the system bandwidth B. We observe that the
proposed WDAOSA scheme achieves significant array gain
improvement over the conventional TTD-based beamforming
schemes. We also observe that the array gain improvement of
WDAOSA increases with the system bandwidth. For instance,
when B = 20 GHz, the array gain improvement of distributed
WDAOSA over FDA scheme is around 24% but it rises to
35% when B = 40 GHz. When the bandwidth increases, the
difference between the carrier and subcarrier also increases,
leading to a larger discrepancy between the optimal beams
and the generated beams. While WDAo0SA flexibly adjusts the
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Fig. 7. Spectral efficiency as a function of SNR.
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connections between TTDs and PS subarrays to minimize this
discrepancy, FDA scheme has no such mechanism so the array
gain degradation is unavoidable.

Fig. 5 shows the sum of logarithms of array gains Gy as a
function of the number of antennas /N. We see that both the
centralized and distributed WDAOSA schemes achieve higher
array gain performance compared to the conventional TTD-
based beamforming schemes across all tested regimes. In fact,
we observe that the array gain improvement of WDAOSA in-
creases with the number of antennas. Specifically, WDAoSA
performs similar to other schemes when N = 64, but it achieves
more than 27% improvement in array gain over the DS-FTTD
scheme when N = 512. This is because the DS-FTTD scheme
utilizes TTDs with fixed time delays, making it insufficient to
prevent the array gain degradation in ELAA systems caused
by the use of a limited number of TTDs. However, such is not
the case for WDAOSA since it optimizes not only the subarray
connections but also the TTD time delays and PS phase shifts.

Fig. 6 shows the sum of logarithms of array gains Gy as
a function of the number of TTDs 7. We observe that the
proposed WDAOSA scheme substantially enhances the array
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Cumulative distribution of the number of iterations required to con-

gain compared to conventional partially-connected beamform-
ing schemes. In particular, the array gain enhancement of the
WDAOSA increases as 1" decreases. When the number of TTDs
is small, the conventional partially-connected beamforming
schemes cannot effectively mitigate the beam squint effect,
causing a misalignment between the subcarrier beam directions
and the UE direction (see Fig. 2). This implies that in wideband
ELAA systems where the number of antennas greatly exceeds
the number of TTDs, the WDAo0SA can be an effective solution
for the beamforming vector generation.

Fig. 7 shows the spectral efficiency as a function of SNR p;.
We observe that the proposed WDA0SA scheme outperforms the
conventional partially-connected beamforming schemes. For ex-
ample, when SN R = 0dB, the centralized WDAo0SA achieves
around 14%, 16%, and 24% spectral efficiency gains over the
FDA, PDF, and PS-based beamforming schemes, respectively.
Even when compared with the DS-FTTD scheme, the spectral
efficiency gain of WDAo0SA is around 10%. This notable spectral
efficiency performance of WDAOSA is attributed to two key
factors: 1) the power of mmWave and THz band signals is mostly
concentrated along the LoS path; and 2) WDAo0SA generates
sharp beams that are precisely directed towards the UE.

To demonstrate the effectiveness of the proposed WDAoSA
scheme in real-world systems, the spectral efficiency perfor-
mance under various practical constraints is shown in Fig. 8.
These include the insertion losses of TTDs and switches and
the finite resolutions of TTDs and PSs. Specifically, we set
the insertion losses of switches and TTDs to 2dB and 1dB,
respectively, and then incorporate these losses in the spectral
efficiency calculations [57]. Additionally, the continuous values
of TTD time delays and PS phase shifts obtained from the
WDAOSA are quantized using 9-bit uniform codebooks [58].
We observe that even with these insertion losses, the WDAo0oSA
achieves significant spectral efficiency gain over the traditional
PS-based beamforming scheme. We also observe that while
spectral efficiency is slightly reduced due to quantization, the
overall impact remains minimal.

Fig. 9 shows the cumulative distributions of the number
of iterations needed for the convergence of WDAo0OSA. Note
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that the inner layer of the centralized WDAoOSA scheme
includes the RLA-based subarray connection vector optimiza-
tion and the RCG-based time delay/phase shift optimization (see
Algorithm 1). Also, the inner layer of the distributed WDAoSA
scheme includes the SCA-based subarray connection vector
optimization and the RCG-based time delay/phase shift opti-
mization (see Algorithm 2). We observe that both algorithms
converge within 30 iterations.

VII. CONCLUSION

In this paper, we proposed a TTD-based wideband beamform-
ing architecture called WDAOSA that dynamically reconfigures
the connections between TTDs and PS subarrays using a switch
network. While the beam misalignment and array gain degrada-
tion of subcarrier beams are unavoidable in the conventional
TTD-based beamforming schemes due to the fixed subarray
connection, such is not the case for WDAO0SA since the subarray
connection as well as the TTD time delays and PS phase shifts are
deliberately optimized to maximize the array gain. Specifically,
we developed both centralized and distributed beamforming op-
timization techniques that jointly fine-tune the subarray connec-
tions, TTD time delays, and PS phase shifts. From the numerical
evaluations, we demonstrated that WDA0SA achieves more than
40% array gain improvement over the conventional TTD-based
beamforming schemes. In our work, we restricted our attention
to wideband ELAA systems, but we believe that there are many
research extensions of WDAo0SA including reconfigurable intel-
ligent surfaces (RIS)-aided systems and non-terrestrial networks
(NTN).

APPENDIX
PROOF OF PROPOSITION 1

Proof: Since f; is a concave differentiable function of v,
v°Pt in (28) can be obtained by solving % = 0g. Then, for a
given v = v°P', f is expressed as

S

S
fl(7r7T50777V0pt) = Zlog2(1 +79) - Z’y‘?
s=1 s=1
2
(1+7s)ps|ak (p, fs) ws]
2
s=1 p3|aljgf(pvfs)w5’ +N2
(108)

Similarly, f; in (108) is a concave differentiable function of ~
so v°Pt in (27) can be obtained by solving %—J;l = 0g. Finally,

by plugging v°P* and v°P* to f;, we get

S
f1(7r77-70770pt7 Vopt) = 210g2 (1 + ]@82
s=1

(109)
Thus, &, and & are equivalent in the sense that their optimal
values are the same and (7, 7, 8) is the optimal solution of #
if and only if it is the optimal solution of ;.
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