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Abstract—When using ultra-wideband signaling on massive
multiple-input multiple-output (mMIMO) systems, the electro-
magnetic wave incurs an extra delay (across the array elements)
comparable to or larger than the symbol duration, which
translates into a shift in beam direction known as the beam
squint effect. The beam squinting problem degrades the array
gain and reduces the system capacity. This paper proposes a
novel transceiver design based on lens antenna subarray and
analog subband filters to compensate for the beam squinting
effect. Specifically, the proposed design chunks the wideband
signal from the phase shifters into groups of narrowband signals
and controls their squints through an exhaustive search-based
switching/precoding mechanism under the lenses. Furthermore,
a simplified, thresholded search-based precoding algorithm is
proposed, which demonstrates good performance while signifi-
cantly minimizing complexity. The proposed system is analyzed in
terms of beam gain, complexity, power consumption, and capac-
ity. The numerical results demonstrate significant performance
enhancement for the proposed system design as compared to
the conventional mMIMO system with an uncompensated beam
squinting problem.

Index Terms—Beam squint effect, beam gain, lens antenna
subarray (LAS), massive MIMO, analog subband filter, ultra-
wideband (UWB) transmission.

I. INTRODUCTION

Massive multiple-input multiple-output (mMIMO) and ultra
wideband (UWB) transmission have been considered among
the candidate technological enablers for enhancing the perfor-
mance and efficiency of the next-generation wireless networks
[1], [2]. mMIMO can improve spectrum and energy efficiency,
combat small-scale fading through channel hardening, and
extend network coverage by overcoming the path loss (PL)
problem [3]. UWB transmission not only facilitates high
data rate communication but also provides resilience against
multipath fading and covertness against jamming attacks [4].
Advantages of both mMIMO and UWB also span to the
radio-frequency (RF) sensing aspect of the wireless networks
that have been recently considered under the joint radar
and communication (JRC) framework [5]. They, respectively,
provide fine spatial and temporal multipath resolution, thereby
facilitating accurate localization and ranging of the target
objects.

Despite these desirable advantages, it has been shown
that mMIMO systems implementing UWB signaling suffer
from spatial-wideband effect, recapitulated hereunder. The
Huygens-Fresnel wave propagation principle dictates that,
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in the antenna array systems, unless the incident signal is
perpendicular to the array, the received signal at different
array elements is a slightly delayed version of the original
signal. The amount of delay incurred across the elements
depends on the inter-element spacing and the signal’s angle of
arrival (AoA)/angle of departure (AoD). For a system with a
relatively small number of antennas, as it is in the conventional
small-scale multiple-input multiple-output (MIMO) systems,
the maximum delay across the antenna aperture can be much
smaller than the symbol duration, and thus its effect can be
ignored. However, with high-dimensional antenna arrays, i.e.,
mMIMO, and with UWB signaling, this delay can be in the
order or even larger than the symbol duration, leading to delay
squinting effect in the spatial-delay domain, i.e., significant
delay spread is observed across the array even in the pure
line-of-sight (LoS) propagation condition. The delay squinting
problem renders the steering vector frequency-dependent in
the angular-frequency domain. That is, in multicarrier systems
like orthogonal frequency division multiplexing (OFDM), sig-
nals at different subcarriers will point to different physical
directions. Signals pertained to such derailed subcarriers might
not arrive at the intended receiver or align with sidelobes or
nulls of the receiver’s radiation pattern, thereby degrading
the performance. This phenomenon is referred to as beam
squinting (6], [7].

A. Prior Works

Initial investigation of the beam squint effect can be found
in the literature on radar technology, as large antenna array
systems have been deployed there ever since [8]-[11]. In
wireless communication networks, the beam squint problem
came into prominence just recently following the introduction
of the mMIMO and UWB transceiver concepts. Nevertheless,
several studies have already been dedicated to tackling the
beam squinting problem in wireless systems.

The proposed approaches can be roughly categorized into
two groups: the digital domain and analog domain based
beam squint minimization approaches. The ideal and straight-
forward way of dealing with the beam squint problem in
the digital domain is by designing a compensation matrix
for each subcarrier that eliminates the squint-inducing phase
term introduced by the spatial-wideband effect. However,
this is deemed impractical as the dimension of the required
compensation matrix is prohibitively large [12]. Accordingly,
digital domain-based hybrid precoding approaches have been
proposed in several studies [12]-[19]. Specifically, the digital
precoder is divided into two phases: performing a conven-
tional digital precoding process for each subcarrier and then



compensating for the phase drifting caused by each frequency-
dependent analog precoder. Some authors have opted for
radically different approaches to tackle the problem such
as the works in [20], [21]. Although they provided some
promising results by approaching the problem from a code-
book design perspective, complexity issues, stemming from
hardware requirements or prohibitively large codebook sizes
seem to haunt the proposed approaches. For example, authors
of [22] proposed an Alamouti-based beamforming scheme
that minimizes beam gain variation of all subcarriers within
the operational bandwidth. Since the proposed beam pattern
optimization involves FEigenvalues and Eigenvalues vectors
computation, the computational complexity of this scheme
grows with the number of antennas. In a nutshell, the digital
precoding-based solutions may only offer minimal beam gain
improvement while exacerbating system complexity owing to
the fact that the beam squint phenomenon originates from the
analog domain of the beamforming process.

The analog domain-based beam squint minimization ap-
proaches are discussed in [15], [16], [23]-[27]. In [23], [25],
[26], authors proposed an analog precoder that leverages
the true-time-delay (TTD) provided by Rotman lens array
to reduce the beam squint problem. The rationale behind
the approach is that the TTD provided by the Rotman lens
inherently circumvents the extra transition time delay across
the array (which is the main cause of the squint problem as
discussed above) which reduces beam squint. [16] designs a
sparse antenna structure where each analog output signal is
controlled by two phase shifters (PSs) at each RF chain. The
PS-based proposed design can adjust the phase and amplitude
of the analog precoder simultaneously while avoiding the
constant-amplified precoding constraint and improving the
transmission rate. However, the PSs addition causes a huge
power consumption which leads to an incompetent energy-
efficient system. [27] and its extension [24] employ both
bandpass filters and extra PSs to facilitate a subband-based
beam squinting compensation. The main idea behind this
approach is to chunk a wideband signal into the relatively
narrowband signals using a bank of bandpass filters, followed
by an additional phase shift with respect to the center fre-
quency of each filter. While the approach sounds viable, the
overall analog design still faces some challenges that need to
be addressed. Specifically, the adoption of an extra layer of
PSs network has an obvious drawback of reducing system’s
energy efficiency.

B. Contributions

In order to compensate for the beam squint effect in the
analog domain and enhance the system performance while
maintaining an energy-efficient system without the use of extra
PS network as the aforementioned works, an analog antenna
design is proposed in UWB mMIMO systems. In this paper, a
novel analog transceiver design is proposed based on a coop-
eration between a lens antenna subarray (LAS) structure and
analog subband filters to minimize the beam squint problem.
Generally, LAS design presented in [28], [29] increases the
array’s scan range and steering resolution compared to other

subarray structures. This is due to employing two steering
mechanisms using both PSs and switching networks. In addi-
tion to the aforementioned LAS design advantages, this work
modifies the LAS structure that leverages the combination
of the two steering mechanisms to compensate for the beam
squint problem. Specifically, different from the conventional
LAS design, a bank of analog subband filters is introduced
between PSs and the switching elements under the lenses
to chunk the wideband signal into several subbands such
that the subcarriers within a given subband lead to relatively
same amount of squinting. For each subband, the switching
mechanism is used to select an appropriate antenna element
under each lens that can correct/minimize the deviation (i.e.,
squinting due to the center frequency of a given subband) of
the resultant beam from the intended direction determined by
the PSs.

Here it is pertinent to clarify that the proposed approach was
first discussed in our preliminary works [30] and [31]. In [31],
we developed a beam squint-based multiple access scheme
where the proposed LAS framework was used to flexibly
control the squinted beams and direct them toward different
locations to serve different users. Following the promising
performance obtained in [31], this work intends to provide
an in-depth analysis of this approach from a beam squint
minimization perspective and its associated capacity, energy
efficiency, and complexity performances. We also provide a
thorough comparison with the state-of-the-art beam squint
minimization approaches. The main contribution of this work
can be summarized as follows:

o A novel analog transceiver design based on LAS struc-
ture is presented and evaluated for mitigating the beam
squinting problem in UWB mMIMO systems. Our pro-
posed design inherits the energy-efficient nature of the
LAS structure, making it more appealing not only from
an affordability perspective but also for the envisioned
green-communication networks, unlike the contemporary
approaches presented in [27] and [24] that employ analog
filters as well as extra PSs networks in their designs which
significantly degrades the energy efficiency of the system.

o The proposed system is designed according to the worst-
case beam squinting scenarios, i.e., considering the max-
imum scanning angle of the array and maximum band-
width to be supported, such that it applies to all other
cases without requiring any hardware modification.

o While the proposed design can work with the traditional
exhaustive search-based precoder for antenna selection
under the lenses, an enhanced, threshold-based precoder
is also proposed to reduce the search complexity without
notable degradation on the beam-gain performance.

o Furthermore, the analog precoder of the proposed design
can be flexibly controlled to enhance the performance
without requiring any hardware replacement as it is the
case with the existing works with their fixed precoders.

C. Organization and Notations

The rest of this work is organized as follows. The system
model of the conventional mMIMO that leads to the beam



squinting problem is recapped in Section II. Detailed expla-
nation and analysis of the proposed LAS-based design and its
proposed precoder are given in Section III, followed by the
system analysis in IV. The numerical evaluation is presented
in Section V. Section VI finally concludes the work.

Notation: Matrices are denoted by bold uppercase letters
(e.g. A), and vectors are denoted by bold lowercase letters
(e.g. a). AT and I denote the Hermitian (conjugate trans-
pose) of matrix A and Z x Z identity matrix, respectively.
© represents the Hadamard product, CN (u, o) stands for the
complex normal distribution with mean p and variance o, and
O(.) represents the standard "big O" notation. Finally, E{-}
denotes the expectation operator.

II. SYSTEM MODEL AND PROBLEM ANALYSIS

A mMIMO system with a base station (BS) equipped with
M -antennas uniform linear array (ULA) is considered. Sup-
pose there are L, channel paths arriving at the BS where each
path ¢ € {1,2,..., L,} is associated with a passband complex
gain oy, AoA/AoD 0 € [—7/2,7/2), and a propagation delay
T € [0, Tmax], Where Tmax is the channel’s maximum delay
spread. As briefly mentioned in Section I, for a mMIMO
system implementing very wideband signaling, there exists a
non-trivial amount of delay across the array elements (with
respect to the first element), given by [7]

dsin é[

c

ATpe=(m—1) (1)

with ¢ is speed of light, d = \./2 being inter-element spacing
where ). is the carrier wavelength, and m € {1,2,..., M}.
Consequently, the total delay of an ¢ path observed by m!"
element can be given as

Tme = Tt + AT . ()

Accordingly, the channel impulse response (CIR) observed by
the m!" element is given as
LP
hon(8) =) Bee P25t — 7 0), (3)
(=1
where [ is the complex path gain, f. is the carrier frequency
given as f. = ¢/)\. where c is the speed of light.

Taking the Fourier transform of (3) and with some sim-
plification, the channel frequency response (CFR) of the
considered link is obtained as [2]

Lo . dsin b, . fdsiné, )
hm(f) _ Zﬂée*JQW(m*UT e*JQTF(mfl)f e*JQﬂ'f"z7
=1 squint-inducing term
~ 4)
where (3, = Bee727fT¢ is the equivalent baseband path gain.
Stacking the channels from all M antennas, the CFR vector
over the whole array can be expressed as

L

P
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is the perfect spatial-domain steering vector and

) g fdsinfp . 1y Jdsiné,
asquim(aeaf) = [1,6 J2m e Jj2mn(M—1)— ]

is a frequency-dependent vector that induces beam-squinting
problem in the system. As such, ayqin modifies ajgey into a
frequency-dependent effective steering vector a.s
~ . dsin d
aeff(Qb f) = [17 e_jzﬂ(f—hﬂ)%v Tty

- (6)
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Based on the array response ;}eff(e, f) and a pre-designed
beamforming vector w = ajgea(¢), the beam gain function is
give by

9. f) = (0, 1),

1 H
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T
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Assuming that z(0, f) = £[(f + f)sin 6 — f.sin 0], the beam
gain can be written as

1 sin(r2(0, f)M) _jra(o.r)(21-1) )
VM sin(wz(6, f)) '

In multicarrier signaling, a.g, being frequency-dependent,
directs signal pertaining to different subcarriers to different
directions away from the desired direction. From (5), the
effective direction of the signal at subcarrier k centered at f
=((k-1)—(N-1)/2) x Af + f., where k =1,2,--- N
with NV and Af being the fast Fourier transform (FFT) size
and subcarrier spacing, respectively, can be found as [32] [20]

sin 6 >
— 9
f“_fc ’
1+ kf

g®5(0, f) =

O(fr) = sin™* <
which does not align with the desired direction. The amount
of incurred beam deviation due to k*" subcarrier can be given
as

AO(fr) = 16— 6(fu)- (10)

Likewise, the beam loss (BL) in the desired direction due to
squinting caused by k' subcarrier can be quantified by
g(0) — g™ (0, f
BL(fx) = ©) @ ©.5) ; (11
g F=fr—fe

where g(6) = ¢® (8, f)|j=s._s. and fr = f. is the ideal
beam gain in the desired direction in the absence of beam
squinting which is equal to /M. This beam loss directly
translates into the system capacity degradation. For a system
with Ngr RF chains operating with bandwidth W under LoS
channel and signal-to-noise ratio (SNR) ~, the system capacity
is given by

WSty V1) (g
Cra = — log, |1+ B0, fror)|?
™W=N ZZ 082 NRF%W (Or, frr)]

r=1k=1

(12)

From the above analysis, it can be deduced that the effect
of beam squint on the system performance is determined by
three main factors: the number of antenna elements M, system



1 1
208 =08 208 , 08
£ £ 2
@ A0 2439 @ Ad|= 2130 b ah =243 = A= 61
£ 439 £ = 2{43¢ g =2 —_M =
506 S 06 S 0.6 % 06 M =128
£ Beam at £, || = 2 2 —— M = 256
E. Beam at fy Eé E —é
S04 S04 =04 =04
E E E £

02 o 02 i 02 o 02
| Y 0.0608661 Y 0.0598705 Y 0.0559854
0 v . . 0 0 0
40 45 ). 50 55 40 45 ). 50 55 40 45 .. 50 55 096 0.98 1 102 04
Angle [7] Angle [7] Angle [7] Normalized frequency f/f.
(a) M =64 (b) M =128 (c) M = 256 (d) Beam loss analysis.

Fig. 1: Normalized beam gain vs beam angle analysis at different antenna array size

with f. = 60 GHz.
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Fig. 2: Normalized beam gain vs beam angle analysis

bandwidth with respect to the operating frequency W/ f., and
the desired beam direction . Figs. 1—3 illustrate the impacts
of these factors on the beam directions across the subcarriers
and the consequent beam loss. For clarity, only beams due to
the middle subcarriers (f; = f.) and the furthest subcarrier
(fx = fn) are plotted.

Figs. la—Ic show that as the array size increases the
maximum beam deviation from the desired direction remains
the same. However, since the beams become narrower with
large array sizes, the squinted beams tend to split from each
other. The narrow squinted beams contribute less gain toward
the desired direction as most of their energy is focused toward
the squinted direction. This leads to higher beam loss as
depicted in Fig. 1d. Therefore, larger array dimensions worsen
the effect of the beam squint phenomenon on the system
performance.

In Figs. 2a—72c, the impact of the 6 is illustrated. It is
clear that the squinting phenomenon intensifies as the desired
direction 6 deviates from the array’s boresight. Fig. 2a shows
that when 6 aligns with arrays boresight (i.e., 6 = 0) no
squinting effect is observed regardless of the array size and
the used bandwidth. However, as the 6 deviates to the right
or left of the array’s boresight, beam squint comes into the
picture and its effect increases as 6 increases, as illustrated by
Figs. 2b and 2c. Consequently, the beam loss also grows with
0 as shown in Fig. 2d.

Fig. 3 shows the effect of bandwidth W on the beam
squint. The analysis is done for W = 3 GHz, 5 GHz, and
8 GHz. As the bandwidth increases, edge subcarriers incur
more frequency deviations from the carrier frequency f.. This
causes them to incur a larger squinting effect as well as more
beam loss which directly degrades the system’s throughput.
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different fractional bandwidth with f. = 60 GHz.

Since the use of massive antenna arrays and UWB signaling
is inevitable in the future wireless system, techniques to deal
with the beam squint problem are highly necessary in order to
ensure reliable performances in these systems. The transceiver
design presented in the subsequent section is dedicated to
minimizing the squinting problem taking the complexity and
energy efficiency issues into account.

III. THE PROPOSED LAS-BASED SYSTEM DESIGN

In this section, the proposed transceiver design alongside
its novel analog domain precoding technique to minimize the
beam squint effect are discussed.

A. Proposed Transceiver Design

This work leverages the unique design of the LAS
transceiver presented in our earlier work [28] that gives the
inherent ability to control the signal in the analog domain.
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The conventional LAS design consists of N, discrete lenses
with P antenna elements connected to the focal surface of each
lens. The total number of antenna elements under all lenses is
equal M, placed in a way that the resultant antenna gain of
the array is similar to half-wave spaced M antenna elements
set in a ULA. The lenses are connected to the PS network
by single pole multiple throw (SPMT) switches. One antenna
element is activated under each lens by controlling the SPMT
switching network to provide a sub-beam with a specific
direction and low gain. As a result, one narrower beam with
higher beamforming gain is produced for transmission from
the combination of these sub-beams which is approximately
equal to the beam generated by a half-wave spaced M antenna
elements placed in a ULA.

In this work, a modified LAS structure is proposed to specif-
ically account for the beam squinting effect. The modified
design features analog subband filters inserted between the
PSs and the switching elements. The role of these filters
is to chunk the wideband signal into groups of narrowband
signals such that the subcarriers within each group experience
a relatively similar amount of squinting. It also features the
multiple pole multiple throw (MPMT) instead of the SPMT
switching network for relaying all the narrowband groups to
their respective antennas elements (based on the degree of their
squinting) under the lenses, as shown in Fig. 4.

At the transmitter, at each RF chain, the UWB signal passes
through the PS network where each PS adds a fixed delay to
the incoming RF signal based on the desired direction 61 As
such, the PS precoder design is determined by ajge, and can

INote that the multipath index ¢ is dropped here and in the subsequent
equations just for the sake of notational simplicity.
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be given as

2ndp, . A
Lej o sme’.”

7€j 27;‘2L (NL—l)sin§:|T ., (13)

fps — — [
where d, is the distance between the lenses assumed to be
dr, = P xd. The output of each PS is then passed through Ny,
groups of analog subband filters (each group has Ny parallel
analog subband filters) to chunk the wideband signal into N
narrowband signals of bandwidth W, where W), = W/Npg
and W is the system bandwidth. N is decided based on the
amount of squint that the system can tolerate.

The extreme case for the design is to compensate the squint
due to each individual subcarrier, which would require Ny x N
filters for the whole design. To relax the design requirement,
it is assumed that the squinting within the quarter of 3 dB
beamwidth Qs4p is tolerable inside each subband, i.e.,

|0(frsee) = 0(fir)

where Qsgp ~ (0.89\)/(Md) for ULA [33], fir =
((K'=1) = (Np —1)/2) Af + f. is the center frequency of
the filter, with &' = 1,2,--- , Np, and fy,,. = for = Wp/2
is the carrier frequency of a subcarrier at the edge of k'-th
subband (see Fig. 5).

Using (9), (14) can be simplified to

Q348

< . (14)

sin~! ( sin 0 >
NI N -
1+ﬁ(2k—N —N—F—l)
.1 sin@ ‘ Q3dB
Sin < ,
<1+2Af’:(2k’—NF—1)> - 8

st. N mod Np=0.

5)

For simplicity, we consider the subband centered at f. such
that fir = f. and ¥ = (Np+1)/2. Consequently, (15) reduces
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(16)

Considering that the severity of the beam squint increases as 0
grows (equation (1)), N is optimized based on the maximum
scanning angle of the LAS system (i.e., 6 = /4 [28]) such
that it is applicable for all users within the scanning range
(See Fig. 6). This leads to

W sin(m/4 — Q348/8)
Np > \/ﬁfc(li\/ﬁsul(ﬂ'/Zl*QSdB/S))

a7

Here it is pertinent to mention that W in (17) should be
the maximum bandwidth to be supported by the system such
that the designed N is also applicable for arbitrary signal
bandwidths below /. Note that when the signal bandwidth is
less than the specified maximum bandwidth, some subbands
(edge subbands in particular) may be turned off as they may
contain no subcarrier.

Each narrowband signal passes through the switching mech-
anism using MPMT switches is modeled by a precoder
Fias to the lenses for transmission. The MPMT switches
allow simultaneous activation of Ng (one for each subband)
antennas under each lens. For the n'* lens (where n =
0,1,---, N — 1), the switching mechanism is represented
by a selection vector s € B*1_If an antenna element is
activated, its location in the selection vector is represented by
logic 1. The activated p-th antenna element produces a beam at
direction (") (p) = = — (prl)g, where P is the total number
of antenna elements under each lensand p = 0,1,...,P—1 as
explained in [28]. On the other hand, the inactivated elements’
locations are represented by logic 0 in the selection vector s().
Therefore, the switch precoder matrix Fpag is given as

s o ... 0
o s 0
Fras= | . . : ; (18)
0 0 ... si-D

where 0 is a vector of size P x 1 with all elements set to zeros.
Note that the zeros in the F g matrix indicate that there is
no contribution between subarrays to the individual beams that
they generate. For the &’-th subband filter, one antenna element
is activated under each lens.

Since the lens generates a beam toward a specific direction
based on the selected antenna to be activated under it, the
binary selection vector s() can be equivalent to [28]

1 e—jZTr%fC P;1 sin () 1

ﬁ ) )

s(m) —

R

19)

T
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Eventually, the effective RF precoder, frg, for the proposed

design is given as

frr = Frasfpes,
1 x s®
ejZTr%PfC sin @

VNL :
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x s(1) (20)

Therefore, the (Pn + p)-th element in frg vector is given as

1
ke = U P

ejer/\ian sin ée_jQﬂ-%( (P;I) —p) sin 6

21

Let 01, 45(k’) be the k’-th subband’s effective beam direc-

tion given by the proposed LAS design with arbitrary values

of 8(")’s across the lenses, then the maximum beam gain gmax
of the design at k’-th subband is obtained as

gmax(gLAS(k/)a fk;') = fl{{: aEff(gLAS(k/); fk;' )7
1 Np—1P-1

—j2nd(Pn ’ sin s (k'
NLP Z Ze j2 C(P +p)(frr +fe) Oras(k’) (22)

n=0 p=0
—j27r%fCPn sin ée—j27r%fc(@—p) sin 6(™) )

X e

For each subband, the proposed design seeks to find the set
Ok = {6W 0@ .. 0 . §WNL)} that gives optimum
eLAs(kJ), i.e.,

O (k') = min| — Opas(K)].

(23)
o (k')

This can be done by the exhaustive search approach
whose complexity for each subband can be quantified as
O (PNt — K’ 4 1). Note that increasing the number of lenses
in the design achieves better angle resolution in (23) to reach
exact § which enhances the beam gain and thus system
capacity. However, this may lead to an exponential growth
of the precoding complexity. Therefore, an optimum number
of lenses needs to be considered in the system design that
achieves acceptable angle resolution with affordable complex-
ity overhead.

B. Proposed Threshold-based Precoding

In order to reduce the complexity of the exhaustive search
approach, a threshold-based search mechanism is proposed.
In this case, a threshold is specified (based on the desired
performance) to allow the selection of a sub-optimal set of
antennas over the lenses for a given k'-th subband. Once
the sub-optimal set that satisfies the specified threshold is
found, the search process continues with the next subband.
This avoids the searching over all (PNt — k’ 4+ 1) possible
combinations of the antenna under all lenses for a given
subband, thereby reducing the complexity.

In the proposed precoder, it is assumed that, for the mid-
dle subband (i.e., fi/|p=np /s2) the beam deviation within a
specific threshold (i.e., {23435 of the desired beam direction)
is acceptable. Since different subbands experience different
amounts of squint, the threshold is scaled based on fjs with



Algorithm 1: The proposed LAS framework.

Input: f., W, M, 0.
Output: F\”7).
1 Calculate the optimum number of analog subband
filters Ny as specified in (17).
2 Build the proposed LAS design as illustrated in Fig. 4.
3 Set the PS precoder as in (13).
4 Define all possible sets for SE")
Fras.
5 Define the half-power beamwidth Q345 of the design.
6 for ¥ = Np/2,Np/2+1,... do
7 Select the initial set of searching as
Diie(k') = {0,0,....0}.
8 Calculate 0y as(k’) that satisfies (22).
o | while [0 — Opas(k')| > L x (1 + L’f:f“
10 Go to the next set (k).
11 L Repeat step 8.

to build a possible

)do

12 Assign the sub-optimum set to the given subband
and remove this set from the possible sets for the
next subband.

13 Build Fp g from the optimum selected sets.

respect to f.. Hence, the search seeks to find a sub-optimal
set of antennas for the k’-th subband that satisfies
) . (24)

« (1+ fk’f:fc

Since the squint causes beam deviation from the desired
direction 6, the search process for a given subband begins
around 0 by setting the initial beam direction under the lenses
as Py (k') = {é,é,...,é}. Note that each subband has a
different amount of squinting, thus the combination of 6(")’s
that makes up the optimum set ®(k’) is unique for each
subband. Therefore, such a combination can be removed from
the search sets of the next subbands, thereby reducing the
search complexity even further. Note that, with the ®(k’)
initialization approach proposed above, the subband with the
least squinting converges faster. As such, the searching process
is initialized from the middle to the edge subbands to reduce
the size of the search sets at the edge subbands.

The proposed LAS-based design with its precoding are
summarized in Algorithm 1. Additionally, Fig. 7 provides a
quick recap of how the proposed system operates. In a nutshell,
for each subband, one antenna element is selected under each
lens. Since the aim of the design is to minimize the beam
squint for a given subband, the selected antenna combinations
across the lenses should result into one best effective beam that
has the minimum deviation from the desired beam direction 6.
For a design with N, lenses and P antennas under each lens,
there are PVt possible ways of selecting the antennas under
the lenses for each given subband. To find the best effective
beam, the exhaustive search algorithm can be employed to
search over all PN possible combinations, and the one that
results in the best beam is selected for a given subband. Note
that, since different subbands experience different amounts of
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Fig. 7: The signal flow chart in the proposed LAS design.

squinting, the optimum selected antenna combination across
the lenses can differ for each subband. The beam search com-
plexity can be reduced by employing the proposed threshold-
based precoding algorithm instead of the full exhaustive search
algorithm.

It is important to mention that, although the proposed design
is described from the transmitter perspective, it can be also
applied on the receiver side as long as the receiving node
implements the mMIMO system and the beam squint problem
exists.

C. Extension to Multiple Users Scenario

Considering a multi-user UWB mMIMO system in which
the BS makes use of the M antennas and Ngg RF chains to
communicate with U single-antenna users where U < Ngp.
The system is adjusted for transmission/reception based on its
own structure as follows:

« In fully-connected hybrid mMIMO designs [34], the array
size under each RF chain can be considered massive, and
therefore the proposed design should be implemented in
each RF chain. At this point, the RF precoder in (20) is
extended to multiple RF chains connection, and a digital
precoder is needed in the system. Hence, the overall
hybrid analog-digital precoder is given as

F = FrpFgs, (25)

where Fgg € CV®xU ig the digital baseband precoder
and the size of Frr is M X Ngrg where each column in
Frr represents the precoder design of the signal at one
RF chain controlled in the analog domain as given in (20).
Note that the proposed precoding in this work should be
applied here to control the design and compensate for the
beam squint effect.

e In a sub-connected hybrid mMIMO designs [35], if
the size of the sub-connected part of each RF chain
experiences a remarkable amount of squinting, the pro-
posed design must be implemented on each subarray.
Otherwise, the given sub-connected part is implemented
as conventional MIMO systems.

At this point, it should also be mentioned that the conven-

tional digital precoder Fg based on singular value decomposi-
tion for multi-RF LAS structure [28] can be implemented with




the proposed design when multiple RF chains are used. For
example, a linear zero-forcing (ZF) precoder can be applied
as a digital baseband precoder as F45 = HI(H.HIL)~!
where H. = HFRrr and H is the channel matrix. However,
a hybrid precoder design that compensates for the effect of
beam squinting at both digital and analog sides with the use
of the proposed LAS analog transceiver structure is left for
future work.

IV. SYSTEM ANALYSIS

In this section, the proposed design is analyzed in terms of
capacity and power consumption.

A. Capacity

Once the beam squint effect is compensated, the lost beam
gain is reclaimed, thus the capacity is improved toward the
desired direction. With the proposed design, for a single RF
chain, the capacity is given as

JE p, N N’ 2
Cus =30 90 3 g |1+ 35 lo (055060, fen, )]
k=1 k'’ =0

(26)

where Gﬁlﬁs(kz’ )s fir),, is the effective beam direction due to all
lens elements for k" subband. N’ = W),/ A f is the number of
subcarriers within each subband, and f,, is the frequency of
the k”*" subcarrier within &’*" subband. Here, it is important
to reiterate that, 8;"\¢(k’) for &*" subband is obtained based
on the subband’s center frequency fx/, thus other subcarriers
at fi» # fr within the subband may still cause some residual
squinting. This is taken care of during the design of Ng in
(17) as discussed in Section III-A.

In order to compare the capacity of our proposed design
with the capacity of (12) under beam squint effect, given
that the ratio W,/N’ is fixed over all subbands which is
equal to the ratio W/N in the conventional capacity formula,
it is noticed that the capacity is mainly decided by the
beam gain obtained in different physical directions at different
subcarriers. This indicates that the beam gain loss caused
by the beam squint effect is vital to the system capacity.
Therefore, the capacity comparison can be simplified to beam
gain comparison.

Based on (8) and (22), the ratio between the beam gain of
the proposed design and the beam gain of the conventional
mMIMO system under beam squinting effect at each subband
frequency is given in (27), where 0(();? belong to the optimum
set Qo (k') = {9((,;3, 9(()32, ey Gégt), ey 9((,;\{”} that gives
Ohs (K')-

Since the proposed design depends on several factors to
achieve the best performance such as the number of subband
filters, number of lenses, and the desired direction, the beam
ratio in (27) varies at each subband to be less or larger than
one. Therefore, a careful design with an optimum number of
subband filters and lenses needs to be taken into account to
achieve the best capacity performance. This has been numer-
ically analyzed in Fig. 14 in the numerical results Section.
Additionally, the effect of changing the number of lenses is
discussed in the next subsection.

I Full-squint mMIMO
[ PS term in LAS [ Proposed LAS-based design

EETS term in mMIMO
[ Switching + KPT4 terms

W]

Power consumption [
Power consumption [W]

(a) Power consumption of each (b) Total power consumption
term

Fig. 8: Power consumption vs P analysis. Here, both the
conventional mMIMO and the proposed LAS-based designs
follow the design parameters mentioned in Table I.

B. Power Consumption

Due to the large antenna array structure in mMIMO systems,
the power consumption of the circuits can account for a
significant portion of the total system power consumption.
Although the transmit power is the main consumer in the
transmitter design, the power consumption of the circuits in
each transmit antenna is also a non-negligible element in
relation to the number of transmit antennas due to other analog
devices such as digital-to-analog converter (DAC) as the main
power consumers in the RF chain, PSs, and power amplifiers.
The power consumption model of the conventional mMIMO
system is analyzed in [28] and is given as

TA Ptx
Pt = ——— + NreMPps + NrrPrF, (28)
TITATIPA —_—— =
N—— PS network term RF term
Effective Tx

power term, P

where Py, nra and nmpa are the system’s transmit power,
array aperture efficiency and power amplifier’s efficiency,
respectively. For the conventional mMIMO, nra is usually
assumed to be 90% [28]. Pps and Pgp represent the amount
of power consumed by a PS and an RF chain, respectively.

Similarly, the total power consumed by the proposed LAS
design can be divided into four parts, given as

LAS Prx

= ——— + Nre N Pps + Nre N Psw + INrRrPrF,
NLASTIPATISW Tfilter e N e N !
-

PS network term switching network RF term

Effective Tx
power term, P

(29)

where npas, Nsw = 10~ Lsw/10 apd Nilter = 10~ NVrlliner/10 gpe
LAS aperture, switch, and subband filters power efficiency,
respectively, with ILgw and ILgy., being insertion losses of the
switch and the filter. The LAS aperture efficiency is generally
assumed to be 80% due to lens/air mismatch [28].

In order to analyze the total power consumption by the
conventional mMIMO and the proposed LAS design, we
compare the corresponding terms in (28) and (29). Note that
the power consumed by RF chains (i.e., the RF terms in (28)
and (29)) are the same in both cases, thus, can be disregarded
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in the comparison. The effective power terms P™ and PMAS
can be related by PYAS = KCPTA where

TITA

K= ——"——.
TILASTISW Nfilter

(30)
Since nas < nta and considering the extra insertion losses
due to the filters and the switches, K is always greater than
one which makes P48 > PTA This means that the LAS
design requires more power to achieve the same effective
isotropic radiated power as the conventional mMIMO design.
Furthermore, the presence of switches (which are active cir-
cuitry elements) introduces an extra power consumption in
the LAS design. Nevertheless, this extra power consumption
in the LAS design is counteracted by a significant reduction
in the number of PSs. The number of PSs in the LAS design
is reduced by the factor of P (i.e., M = N x P) which
significantly reduces the PS term in (29) as compared to (28).
The power consumed by these individual terms is illustrated
in Fig. 8a as a function of P and Np. Apparently, the PS
term in the conventional mMIMO is independent of both
P and Ny while the PS term in the proposed design only
depends on P. This is plausible since, for a given M, the
number of PS (= Ny for Ny > 1) required in the LAS
design decreases as P increases. Therefore, increasing P leads
to the reduction of the total power consumed by the PS
term. As the extreme case where P = M, i.e., single-lens
design in which PS network is no longer required’, the PS
term vanishes from (29). For the switching and the effective
power terms, their total power consumption varies with both
P and Np. For low Np values the total power consumed
by these two terms decreases as P increases. On the other
hand, for high N values the total power varies convexly with
P. Note that, with high Np, the total power consumed by
the proposed LAS design surpasses that of the conventional
mMIMO, as shown by Fig. 8b. In order to ensure low power
consumption in the proposed design, the choice of P and
Npr need to be done carefully. Note that the choice of Ng
is governed by (17). In order to facilitate power efficiency, the
minimum Npg that satisfies (17) can be chosen. The choice
of P which is more flexible can follow after choosing Np.
Note that, as it can be seen from Fig. 8b, although higher
values of P are advantageous in terms of power consumption,
it compromises the controllability of the beam squint effect
through PS network due to the reduced number of lenses and
PSs. On the other hand, lower values of P cause relatively high
power consumption and it also leads to the loss of the beam
squint controllability through the switching network. Therefore
the best practice is to heuristically select a moderate value of
P that facilitates both adequate controllability of the beam
squint and low power consumption.

2In the LAS design, PS network is responsible for connecting the lenses
by introducing the delays to the signal passed to each lens. As such, in the
case of a single lens system, PS network is no longer required

1 M —jQﬁ%(m—l)[(fk/-ch)sin 0—fe siné]
VM Zm:l € )
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It is clear from the above analysis that the choice of P and
Ny are critical for both beam squint controllability (which has
a direct impact on the system capacity) and the total power
consumption. Therefore, it is also pertinent to analyze the
system’s energy efficiency (EE) as a function of these two
design parameters. The EE is generally defined as the ratio of
the system capacity and its average power consumption, given

as
CLas

BE = Ziss-

3

C. Practical Implementation

Since the proposed LAS architecture features some hard-
ware design, it is important that we shed light on the prac-
tical feasibility and availability of the additional hardware
components required to implement the architecture. In fact,
there has been some immense effort invested in realizing
the practical implementation of LAS systems similar to the
one exploited in this work. For instance, the works of G.
Mumcu in [36] and [37] have developed some prototypes
of LAS architectures with 1D and 2D lenses, respectively,
and provided detailed design steps. Apparently, the practical
realization of the modified LAS architecture proposed in our
work may follow similar design steps only with the insertion
of the subband filter as an extra design step.

It is also important to highlight that, for the proper func-
tioning of the proposed architecture, the required narrowband
filters should be of high quality and operate at high-frequency
bands. In the current state-of-the-art, such filters are bulky
and expensive. However, there has been active research on
the realization of such filters based on Surface Acoustic Wave
(SAW) and Bulk Acoustic Wave (BAW) technologies, which
is expected to address both the bulkiness and cost issues [38].

Furthermore, as we have pointed out in Section III-A, our
proposed LAS architecture replaces the SPMT switches in
the traditional LAS with MPMT switches. Both SPMT and
MPMT switch configurations have been widely studied and
adopted in various practical systems [39], [40]. However,
the limited number of poles in most of the commercially
available MPMT switches may pose some difficulty in the
realization of the proposed system, especially when a number
of subbands Np is huge. Nevertheless, higher-order MPMT
switching configurations can also be achieved by using mul-
tiple SPMT switches arranged serially. High quality SPMT
switches operating in a wide range of frequencies are widely
available on the market at very low cost [41].

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we analyze the performance of the proposed
precoder design in terms of beam gain, complexity, and overall
system capacity. Afterward, considering the inclusion of some
extra hardware components in the proposed architecture which



TABLE I: Simulation parameters.

Parameters [ Value
Operating frequency f. 60 GHz
System bandwidth W 5 GHz
Channel paths L, 1
Antenna elements M 128
Distance between antenna elements d Ae/2
Number of RF chains Ngp 1
Number of subcarrier frequencies [N 2048
Number of lenses Ny, 4
Number of analog subband filters N 16
Number of antenna per lens P M/Ny,
Desired direction 6 /4
Power efficiency of amplifier 7pa 0.2 [28]
Insertion loss of filter ILgjer 1 dB
Power consumption of PS Ppg 30 mW [28]
Power consumption of one RF chain Prg | 220 mW [28]

may increase the system’s power consumption, we delve into
the detailed examination of the system’s energy efficiency.
Subsequently, we analyze the impact of parameter selection on
the overall system performance, aiming at understanding the
nuances and trade-offs involved in choosing specific design
parameters. Finally, we extend our analysis to the multiuser
case, exploring how the proposed design adapts and performs
in a scenario involving multiple users. This comprehensive
analysis aims to provide a holistic understanding of the pro-
posed precoder design across various performance metrics and
operational scenarios.

Unless stated otherwise, we use the numerical values of
the system parameters from Table I in this analysis. We
benchmark the performance of the proposed LAS-based design
against two configurations of conventional mMIMO systems:
one considering the full beam squint effect, denoted as "Full-
squint mMIMO," and the other disregarding beam squint effect
(i.e., the ideal case), referred to as "No squint mMIMO."
Additionally, we compare the performance of the proposed
design with existing state-of-the-art solutions, including the
designs presented in [15], [16], and [24]. To ensure a fair
and meaningful comparison, we align the parameters used
in [15], [16], and [24] with those detailed in Table I. It’s
important to note that the power consumption model for
[24] follows (29), excluding the terms related to switching.
For a single-user scenario, we adopt the array vector of a
single subcarrier approach from [15] for the analog precod-
ing design, while mean channel matrix (MCM) and mean
channel covariance matrix (MCCM)-based digital precoding
approaches are adopted for both single-user and multi-user
scenarios. This thorough comparative analysis aims to provide
a rigorous understanding of the proposed LAS-based design’s
performance with conventional mMIMO systems and other
contemporary beam squint solutions. It ensures a fair and
insightful assessment across various precoding strategies.

A. Proposed Precoder Design Performance

Here, we evaluate the performance of our proposed precoder
design in terms of beam gain, complexity, and capacity.

In beam gain evaluation, the achievable beam gain with the
proposed LAS-based design is given in Fig. 9, benchmarked
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Fig. 9: Beam gain vs normalized frequency.
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with "Full-squint mMIMO" and "No squint mMIMO" as
well as with [24]. The beam gain provided by the proposed
design is analyzed with both the full exhaustive search and
the proposed threshold-based search approach. While both
cases significantly improve the gain (to less than ~ 3 dB
of ideal performance), the exhaustive search, as expected,
performs relatively better, though at the expense of high
complexity, as analyzed in Fig. 10. However, due to the loss
introduced by lens structure as discussed in [28], the beam
gain of the proposed design can not reach the performance
of an ideal mMIMO system (with no squinting). Note that
the proposed design achieves significant gain enhancement
compared to the design presented in [24] as the deviation of the
subcarrier frequency from f. increases. The rationale behind
this behavior is due to the frequency-dependent property of
the analog precoder introduced in the proposed analog LAS
design. Unlike the work of [24] where each subband filter
and its associated PS perform the beam squint correction with
respect to the center frequency of that filter only which limits
the achievable beam gain performance, especially for the edge
subbands, the analog precoder in our proposed design corrects
the beam squint pertained to each subband with respect to the
system’s carrier frequency f.

The exhaustive search-based precoder complexity is cal-
culated as the total number of possible beam sets in the
system for a given subband. The precoder needs to search
over all possible sets and choose the set that has the minimum
beam deviation that fulfills the condition (23). On the other
hand, the proposed threshold-based method determines the
precoder complexity by counting the number of beam sets
that are examined to achieve the optimal set that reduces the
beam deviation to a specific threshold value that satisfies the
condition (24). Fig. 10 shows a huge difference in complexity
between the exhaustive search (which is in the order of
millions) and the proposed threshold-based precoder (only
hundreds to few thousand) at each subband. This is due to
the simplified searching mechanism adopted by the proposed
precoder, as explained in Section III-B.

Figure 11 illustrates the capacity versus bandwidth perfor-
mance of the proposed LAS design in comparison to the
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contemporary designs presented in [15] and [24] under 10
dB SNR. Notably, our proposed design maintains a stable
and superior capacity performance for different bandwidths,
whereas the design in [15] and [24] experience high capacity
degradation as bandwidth increases. Furthermore, the capacity
performance of [24] oscillates as the bandwidth increases due
to the inherent number of filters in the design.

B. Energy Efficiency Performance

In this subsection, we analyze the power consumption and
energy efficiency of the proposed LAS design compared to
other related designs in the literature (i.e., the design in [24]).

In practice, since the values of FPsw are only available for
the few ports MPMT switches, we model the Np-poles x P-
throws MPMT switch considered in our design as a series of
SP2T switches for each pole for power consumption analysis.
Therefore, the term Psw in (29) becomes log,(P)N, FPS(\S,J ,
where Ps(\fg = 10 mW is the power consumption of an SP2T
switch, while ILsw = log,(P) x 1 dB [28]. The calculated
power consumption for different array sizes is summarized
in Fig. 12. The performance is compared with that of the
conventional mMIMO system (i.e., (28)), and with reference
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[24] which also presents subband-based beam squinting com-
pensation design. It is clear from Fig. 12 that the proposed
LAS design is the most power-efficient design while profitably
compensating for the beam squinting, which makes it suitable
for commercial applications of mMIMO networks.

In Fig. 13, the energy efficiency performance of the pro-
posed LAS design across various bandwidths is illustrated. It
is compared with the design presented in [24] under a SNR of
10 dB. In particular, it is observed that while the performance
of the proposed design experiences a decline with an increase
in system bandwidth, it consistently outperforms existing
approaches. The proposed LAS design demonstrates supe-
rior energy efficiency compared to UWB mMIMO systems
without squint compensation, even in scenarios with elevated
bandwidths. This observation underscores the effectiveness of
the proposed LAS design in achieving commendable energy
efficiency across a spectrum of bandwidths, positioning it as
a competitive solution compared to existing approaches.

C. Impact of the Design Parameters Selection

In this subsection, we turn our attention to examining the
influence of varying hardware parameters on the proposed
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Fig. 14: Capacity vs SNR analysis in a single user scenario.

design’s performance, specifically assessing their impact on
system capacity and energy efficiency. The parameters under
scrutiny include the transmit direction é, the number of sub-
band filters Np, and the number of lenses N incorporated
in the design. This systematic analysis aims to elucidate
the sensitivity of the proposed design to alterations in these
crucial hardware parameters, providing valuable insights into
the trade-offs and considerations associated with different
parameter choices.

Fig. 14 gives some insights regarding the effects of the
design parameters é, Np, and N, on the system capacity of
the proposed design for a point-to-point link scenario with
a single-antenna receiver. The system performance here is
compared with the performances of the designs presented in
[24] and [16]. Since the beam squinting amount suffered by
the system is a function of the desired direction 0 and increases
as 0 deviates further from the array’s boresight (see Figs. 2a—
2c¢), the proposed design in section III-A considers the worst
case which is émax = m/4 for LAS systems [28]. Fig. 14(a)
analyzes the capacity performance of the proposed design for
different 6 (< Gpay). Clearly, the system capacity performance
improves for all 0 << émax). This implies that, with the
proposed approach, the system can be designed once, based
on the worst-case scenario, and work for all other scenarios
without the need for changing the design parameters. It is also
clear from the figure that the proposed design outperforms
that of [24] for different 6. In Fig. 14(b), we only analyze the
proposed design when both steering mechanisms, i.e., PS and
switching networks, have a notable effect in controlling the
beam squint amount. The figure shows that there is capacity
gain as the number of lenses (i.e., /N,) is increased. We reckon
that this improvement comes from increasing the number of
individual beams that are responsible for providing the resul-
tant beam while keeping the switching network dominant over
the PS network which in return enhances the controllability of
beam squint amount.

Likewise, increasing the number of filters N improves sys-
tem capacity as shown in Fig. 14(c). With the same W, larger
N means reducing the subband sizes which in turn reduces
the residual squint effect within each subband (refer to (14)
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Fig. 15: (a) Capacity and (b) energy efficiency vs number of
subband filters Ny analysis.

in section III-A). However, since increasing Ny also elevates
the system’s energy consumption, it is imperative to weigh
the achieved capacity gain against the energy efficiency as a
function of Np. This analysis is presented in Fig. 15. While
it is clear that the capacity enhancement through increasing
Npg comes at the expense of degraded energy efficiency, the
proposed design still outperforms the conventional system in
terms of both capacity and energy efficiency for a wide range
of Np values. It is also clear from the figure that, although
(17) gives wide flexibility on the choice of Np, the best
choice remains to be the minimum N that satisfies (17) when
system’s energy efficiency is of great concern.

D. Performance In Multiuser Case

Expanding the applicability of our proposed approach to
multiuser networks, this section undertakes an evaluation of
system capacity within scenarios involving multiple users.
In this context, the proposed LAS design is assumed to
be assessed utilizing a threshold-based precoder approach,
incorporating the use of ZF precoder in its digital baseband
domain.

The system capacity vs SNR is analyzed in Fig. 16 for 10
users (i.e., U = Nrp = 10) and compared with the precoding
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Fig. 16: Capacity vs SNR analysis in multi-user scenario.

design presented in [15] and [16]. The performance is also
compared with the full-squint mMIMO system capacity with
an SVD-based approach. The system capacity for the proposed
LAS design is given as

Np N —1 /

W YN

ClLas = E E lo ’I + —
LAS 2 N P 2 ( NRF A

(32)
(FL(k" ) Fre (k') Fan (k") P (k) Fiae (') E* () D

Our proposed analog LAS transceiver design has demonstrated
superior performance compared to alternative methods and
designs discussed in the existing literature. This outcome
substantiates the effectiveness of our proposed design in
successfully mitigating the beam squint effect in a multi-user
environment.

VI. CONCLUSION AND FUTURE DIRECTIONS

In this work, we introduce a novel analog transceiver
design leveraging the LAS architecture and subband filters to
mitigate the beam squint effect in UWB mMIMO systems. The
proposed design exhibits effectiveness with both traditional ex-
haustive search-based precoding and a simpler threshold-based
precoding technique. Simulation results confirm the robust
system performance of the proposed LAS-based transceiver
design under both precoding strategies. While the proposed de-
sign is implementable with off-the-shelf components, optimal
performance recommends the use of high-quality narrowband
filters, particularly in higher frequency bands, an area currently
under research [38]. The extension of this design to multi-user
scenarios employing a 2D antenna array and hybrid precoding
for reduced beam squinting effects in both analog and dig-
ital domains is deferred for future exploration. Furthermore,
the proposed design can also be extended to the near-field
communication scenario. In this case, the severity of beam
squint is a function of not only direction and frequency but
also distance. Optimization of the proposed design to fit in the
near-field scenario is also left for future work.
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