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Abstract—THz ultra-wideband wireless communication is
emerging as a critical technology for future 6G networks, due to
its vast untapped frequency spectrum. The use of phased antenna
arrays is highly effective in mitigating the significant attenuation
of THz signals, thereby ensuring high-quality communication.
Analog phased arrays with well-designed phase shifters concen-
trate signal gain spatially to compensate for propagation loss.
However, conventional narrowband analog beamforming compro-
mise ultra-wideband performance. In this paper, we address the
degradation problem of analog beamforming in line-of-sight THz
ultra-wideband systems that optimizes throughput across various
application scenarios. We apply the stationary phase method
to derive initial phase function solutions. We then develop an
iterative algorithm to maximize throughput and design optimal
phase shifters. The effectiveness and advantages of our proposed
methods are demonstrated through simulation results, which
show significant improvements in throughput and reductions
in bit error rate compared to state-of-the-art wideband analog
beamforming methods.

Index Terms—analog beamforming, terahertz, ultra-wideband,
optimization, spatial chirp.

I. INTRODUCTION

N recent years, the growing demand for greater capacity,

faster transmission speeds, and better overall network per-
formance has been driving the exploration and adoption of
higher wireless frequency bands [1], [2]]. Spectrum scarcity
necessitates utilizing 30-300 GHz millimeter-wave (mmWave)
and 0.1-10 THz bands [3]]. Higher frequencies enable ultra-
high-speed transmission essential for emerging technologies
[4], e.g., augmented reality (AR), virtual reality (VR), and au-
tonomous vehicles (AVs). Shorter wavelengths enable smaller
antennas and more precise beamforming, improving spatial
resolution [5], which is particularly advantageous for applica-
tions in radar, medical imaging, and satellite communications
[6]. Advancements in metasurface and chip technologies have
made mmWave and THz systems increasingly practical [7],
(8.

However, extreme propagation attenuation presents signif-
icant challenges for mmWave and THz systems [9]], [10].
Large-scale antenna arrays mitigate attenuation through beam-
forming, making them key for 5G-beyond networks [[11], [12].
By adjusting per-element phase, these arrays spatially focus
signal gain into directed beams. Analog beamforming provides
array gain and directional energy focusing to mitigate interfer-
ence [13]. However, in wideband system, phased arrays must
use one group of phase shifters across all sub-bands due to
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hardware constraints [14]. This challenges wideband commu-
nications, as conventional phase shifters use fixed patterns op-
timized for center frequency [15]]. At other frequencies, beam
squint deteriorates performance, worsening with frequency
deviation [16]. This phenomenon is manifested as beam squint
in the mmWave band [17]], and the relatively narrow bandwidth
enables beam squint mitigation via hybrid beamforming (HBF)
[L8], [19]]. However, in THz ultra-wideband (UWB)systems,
the issue escalates to beam splitting [20]], causing substantial
performance degradation [21]].

A. Related Works

Numerous methods have been proposed to mitigate this
problem from both hardware and algorithm perspectives,
showing notable effectiveness in the mmWave frequency
range. On the hardware side, digital beamforming and true-
time-delay (TTD)-based beamforming techniques have at-
tracted significant attention due to their impressive perfor-
mance. Fully digital beamforming aggregates all subcarriers
via IFFT and enables per-subcarrier design, eliminating beam
splitting [22]]. However, requiring one RF chain per antenna
makes this impractical for massive arrays due to cost and
power consumption [23[]. HBF reduces RF chain count to
balance performance and cost. However, ADC/DAC power
scales exponentially with resolution and linearly with sampling
rate. THz UWB requires tens to hundreds of Giga-samples per
second, making even hybrid architectures power-prohibitive
(hundreds of watts) for mobile devices [24]], [25], [26].
Frequency-selective TTD architectures adjust per-antenna RF
delay for different subcarriers but incur higher cost, size,
and power [27]], [28]. TTD-analog hybrids balance power
and beam splitting mitigation but remain challenging for THz
ultra-massive arrays [29], [30], [24]. Thus, analog beamform-
ing’s single RF chain drastically reduces power and cost while
providing essential array gain, making it considerable for THz
UWB systems.

Algorithm-based approaches include beam broadening,
which divides arrays into sub-arrays to widen beams without
structural modifications [31]. However, sparser beams reduce
energy efficiency [19]. Adaptive beamforming is proposed
to dynamically adjusts weights across subcarriers for better
alignment [[17]. A sparse array method with adjustable antenna
spacing is also proposed to improve alignment [32]. Similarly,
[28]] proposed a semi-definite relaxation-based method, but
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the high complexity makes it challenging to handle mas-
sive arrays. Additionally, Machine learning (ML) has been
investigated in this field. However, it must learn channels
across massive bandwidths, exponentially increasing data and
complexity requirements [32]. These approaches mainly target
mmWave bands, but THz channels differ fundamentally. THz
signals experience much higher attenuation, requiring near-
field analysis [33], and depend heavily on LoS channels [34].
These differences make mmWave channel models unsuitable
for THz UWB, limiting the effectiveness of these approaches
[35]. For instance, ML models trained on mmWave channels
would fail to address beam splitting in THz UWB scenarios.

Spatial chirp determines phase shifters by spatially de-
pendent phase function. It was initially introduced for far-
field narrowband scenarios [36] and enhanced for 5G radio
systems [37]. The stationary phase method (SPM) was applied
to design spatial chirp for circular planar array in near-field
THz UWB systems [38]]. Lately, this method was extended to
reconfigurable intelligent surface (RIS)-assisted systems [39].
However, no work uses spatial chirp to systematically optimize
throughput for both uniform linear and planar array (ULA and
UPA) configurations. Moreover, the SPM has key limitations:
it is used to uniform power spectrum but not optimize through-
put, it requires approximations that compromise accuracy, and
no closed-form solution in near-field UPA scenarios.

B. Contributions

We leverage spatial chirp to systematically develop an
optimization method for analog beamforming in LoS THz
UWB communication systems, aiming to eliminate the beam
splitting effect and maximize system throughput. The pro-
posed method considers both phased ULA and UPA at the
transmitter, and is applicable in both far-field and near-field
scenarios. Distinguishing our work from existing studies, e.g.,
[38], which only consider a uniform power spectrum, we
have a specific objective function, i.e., system throughput, for
maximization. This ensures that the proposed method can lead
to optimal system performance. A key innovation is that we
represent phase functions as polynomials rather than merely
relying on traditional closed-form solutions that can only be
used for restricted scenarios. This enable us to further develop
an iterative algorithm to optimize the polynomial coefficients
for different scenarios with reduced complexity. The regular
geometry of ULA and UPA arrays is particularly well-suited to
this method, allowing the spatial chirp to be characterized by
just a few polynomial coefficients. For other array geometries,
e.g., circular, cylindrical, and conformal arrays, it is difficult
to define the spatial domain and apply a polynomial series to
construct spatial chirp. The primary advantage of this spatial
chirp approach is its efficiency for large-scale antenna arrays
in THz communications, as it transforms the optimizing of
massive phase sequences to that of a few coefficients, thereby
significantly reducing computational complexity. The main
contributions are summarized as follows:

o The degradation problem of analog beamforming in LoS

THz UWB systems is overcome by proposing a spatial
chirp-based method to maximize the throughput across

various application scenarios. The initial phase functions
are achieved by applying the SPM to both ULA and UPA
configurations for their phase functions. These solutions
can achieve a more uniform received signal power spec-
trum in order to ensure a good wideband beamforming
performance for the initialization.

« To guarantee optimal throughput, we formulate the design
of phase function as a maximization problem of system
throughput. To make the problem tractable, we represent
phase functions using polynomial expansion and define
the optimization variables as polynomial coefficients. An
iterative algorithm is developed to solve the throughput
maximization problem, initialized with the SPM-based
initial phase functions. The optimization algorithm is
applicable to both ULA and UPA configurations across
far-field and near-field regimes.

e We evaluate the performance of the proposed method
through comprehensive simulations, demonstrating its
superiority over conventional solutions [15] and state-of-
the-art wideband analog beamforming methods, including
the singular value decomposition (SVD)-based method
in [40] and the virtual sub-array (VSA)-based method
in [31]. Key performance metrics, including throughput
and bit error rate (BER), are evaluated in both far-
field and near-field scenarios for both ULA and UPA
configurations.

The remainder of the paper is organized as follows. Section
presents system models. Section derives initial phase
functions. Section [[V|formulates the optimization problem and
iterative algorithm with recommended parameters. Section
presents simulations and Section |VI| concludes.

II. SYSTEM MODELS

We consider downlink LoS THz UWB phased array systems
with Nt Tx antennas and one Rx antenna using OFDM with
bandwidth BW, center frequency f., and S, evenly distributed
subcarriers at frequencies f,, = f.— % + % (m— %), m =
1,2,...,S.. All antennas are isotropic with unit gain and %
spacing [41]], where A is the wavelength at f.. The Tx-Rx
distance is D. Far-field (D > Dg) has planar wavefronts
and near-field (D < Dg) has spherical wavefronts, where
Dr = % is the Rayleigh distance [42] and L is array
aperture. We assume known Rx location and Tx layout via lo-
calization [43] and channel estimation [44]. The model is static
with time-invariant distance D, angle of departure (AoD), and
channel. We consider only the dominant LoS channel [34] with
accessible channel state information (CSI) [45]]. The wideband
channel H (f) comprises geometry-based LoS channel transfer
functions (CTFs) h,,(f) forn = 1,2,..., Nt [46], determined

by pathloss PL,(f) and phase delay 7,,(f) [46]

H(f) = [Pl ypxr » (1)
ha(f) = PLy(f)e ™), 2)
PLn(f) = 47Tf/1n7 3)
ra(f) = 2Lt )

c
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where u, is signal propagation distance between the n-th
Tx antenna and the Rx. The system model, phase shifters,
equivalent channel gain, and propagation distance function will
be described respectively for the ULA and UPA scenarios in
the following subsections.

A. ULA System Model

The phased ULA Tx is illustrated in Fig. [I(a)} with the
array positioned along the x-axis and centered at the origin
O, = (0,0). The central coordinate of the n-th antenna is
CL = (z,,0), where Zn is the spatial variable of the ULA,
T, = %(n - %) — L and L = /\NT The coordinate of Rx
is given by Cf, = (D cos(a), Dsm( )), where « € [0, 7] is
the AoD.

The normalized ULA phase shifters, denoted as d;L, corre-

sponding to n = 1,2,..., N7 Tx antennas, is given by

- 1
=N

where @r,(x) is the ULA spatially dependent phase function
that will be designed to attain maximal throughput.

The equivalent channel gain as a function of f, denoted as
g(f), is given by

[ejsoL(wn)]NTXl ; (5)

—

gL(f) =H(f) . (6)

It can be written in summation by substituting the expres-
sions of H(f) and ¢r,

27fﬂn

— = pden(@n) o=i ) (7)
/Nt T;l A f g,

gu(f)

In the far-field planar wavefront [47], u,, is determined by
taking x,, into the far-field ULA distance function, denoted as
prL(z)

prL(z) = D — cos(a)x (8)

In the near-field spherical wavefront [47], pu, is obtained
by taking x,, into the near-field distance function, denoted as
unr (), derived from coordinate operation as

V/(z — D cos())? + (Dsin(a))2. )

pNL(z) =

B. UPA System Model

The phased UPA Tx is illustrated in Fig. with the
square UPA positioned along the z-y plane and centered at
the origin Op = (0,0,0). We define the n-th Tx antenna as
the antenna at the p-th column and the g¢-th row, satisfying
Npg = p+ (g — 1)y/Nr, where {p,q} = 1,2,...,y/Nr.
The central coordinate of the n,,-th antenna is C =
(p,Yq,0), where p and y, are the spatlal variables of

the UPA, Ty = (p—f)—é’, Yqg = (q_l)_g’
and L = %m The coordinate of Rx is given by

Ck. = (Dcos(ae)cos(an), D cos(ae) sin(a,), Dsin(ac)),
where a. € [-F, 7] and o, € [—m, 7] are the elevation and

azimuth AoDs, respectively.
The normalized UPA phase shifters, denoted as ¢p, corre-
sponding to n, , = 1,2,..., Ny Tx antennas, is given by

Fo = -

T

[ejWP(xpqu)} (10)

Npx1’
where p(z,y) is the UPA spatially dependent phase function
that will be designed to achieve maximal throughput.

The equivalent channel gain as a function of f, denoted as
gp(f), is given by

gr(f) = H(f)" op. (11
Similarly, gp(f) can be expressed in summation form
VNr v/Ne ceIPP(Tpya) o= o feikla X
PR L e,

In the far-field planar wavefront [47], p,,  is determined
by taking x, and y, into the far-field UPA distance function,
denoted as ppp(z,y)

purp(2,y) = D—x cos(ae) cos(a,) —y cos(ae) sin(a, ). (13)

In the near-field spherical wavefront [47], iy, . is given by
taking z,, and y, into the near-field UPA distance function,
denoted as unp(z,y), derived from coordinate operation as

[(D cos(ae) cos(ay) — )?

y)? + (Dsin(ae))?)?.

MNP(ﬂU,y) =

14
+ (D cos(a (1

) sin(a) —



III. INITIAL PHASE FUNCTIONS

We derive initial phase functions for the ULA and UPA sce-
narios using the SPM, which achieves uniform power spectrum
and provides good initialization for throughput optimization.

A. ULA Scenarios

To apply the SPM, we need to transfer gr,(f) to an integral
form, denoted as gr,(f), as the power spectrum is proportional
to |gr(f)|?. We mathematically treat the ULA as continuous,
ie., treat discrete spatial variable x,, as a continuous variable
z € [-£, L], and p, as a continuous function p(z). In this
way, based on Equation (7), g.(f) can be formulated as

J) e /_i ful(x)

where the symbol o« means proportional to. The influence of
i) is very small, and it can be ignored for simplification
[38]]. We first derive the initial phase function for the far-field
ULA scenario, denoted as gy, (z). By substituting Equation

into Equation (15, and applying orr(z) for ¢r(z), we
obtain |g,(f)| in the far-field scenario

27 fu(x)
c

eJen(@) =i

dx. (15)

L
2 . .27
IR e D
L
-2
Then, introduce operator s(x) = —z cos(a), s € [s1, $2] =
[—L|cos(a)|, &|cos(a)|] and operator w(f) = 2%, w €

[wi,wa] = [2F(fo—57), 2T (fe+£37)], and define ¢pp(s) =
erL(z(s)) and gp(w) = gn(f(w)), so that Equation (16)

becomes
S2
/ eI¥rL(s) p—iws 4 g ,
S1

which can be equivalently written in the form of Fourier
transform of 7y, (s)

lov(w)] oc [F {nrr(s)}

( ) eijL(s)’ S & [817 82]
NFL\S) =
0,5 & [s1,50]

Thereby, a uniform power spectrum corresponds to uniform
loL(w)[? in [w,ws]. Now, according to the SPM [48], for
a function f(z) = a(z)e’¥®), 2 € [r1,72], where a(x)
represents amplitude, its Fourier transform function F(w) =
F{f(z)} has approximation

|or (w)| a7

(18)

27ma?(x)
|9 ()]
inw € [Y(x1),9 (x2)] if ¢'(x) monotonically increases in
[%1,22] [49]. Therefore, to achieve a uniform |or(w)|® in
[w1,w2], Ypr(s) is assumed to monotonically increases in
[s1, s2], so that ¥ (s) > 0,Vs € [s1,s2], and according to
Equation (18) and the SPM approximation, ¢pr,(s) needs to
satisfy

|F(w)|? ~ (19)

i«“/L(S) ox 1
¢%L(51) = W1
YpL(s2) = wo

(20)

Subject to the above conditions, ¥rr,(s) can be solved as

Wy —w w182 — Was
b (s) = 2 L2, W% 251 4 o
2(82 — 81) S9 — 81 (21)
_ wBW 324—27ch3—|—0
~ cL|cos (a)] c ’

where C' is a constant and can be eliminated in |or,(w)|. Then,
wrL(x) is given by

erL(z) = YrL(s(z))
_ mBW/cos(a)| 5 2mf.cos(a) (22)
- cL v c v

Similarly, initial phase function for the near-field ULA
scenario, denoted as onr,(z), is derived in Appendix

B. UPA Scenarios

To apply the SPM, we need to transfer gp(f) to an integral
form, denoted as gp(f), by mathematically treating the UPA
as continuous, i.e., treating x;,, and ¥, as continuous variables
{z,y} € [-%£,%], and p,,, as a continuous bivariable
function u(x,y). Based on Equation (12) and ignoring the

amplitude, gp(f) is given by

L L
2 2 . _ 2 fu(e,y)
x eder (@) =i =5 dzdy.
_L JL
2 2

We first derive the initial phase function for the far-field
UPA scenario, denoted as ¢pp (2, y). The difficulty is that the
spatial bivariable {z, y} introduces a double integral in gp(f).
Therefore, we need to isolate the impact of x and y on gp(f).
By substituting Equation (13) into Equation (23)), we obtain
gp(f) in the far-field scenario

307 o / / erereiex

e] —f(;v COb(ae) cos aa)+y cos(ae) sin(aa)— D)dxdy

(23)

(24)

Then, we assume @pp (z, y) is constructed by ¢y (x) and ¢y (y)

Px () + py (y)-

Although the assumption constrains the structure of prp(z,y),
it makes gp(f) disassembled into g«(f) and gy (f)

erp(r,y) = (25)

30(f) > gx(Hgy (Fle 7P, (26)

a(f)= [ e @n
gy(f) — /5 €]¢y(y)€ (28)

To obtain uniform |gp (f)|?, both |gx(f)|* and |gy (f)|* must

be uniform, which can be achieved by designing ¢x(x) and

¢y (y) using the SPM as in Section [III-A] Accordingly, letting

cos(ax) = cos(ae) cos(a,) and cos(ay) = cos(ae) sin(aa),

¢x(z) and ¢y (y) are given by

TBW|cos(ax)| »  2mfccos(ax)
cL * c “

Px() = (29)



TBW/| cos(ay )| 2 - 27 f cos(ay)y

= . 30
ey (y) 7 p (30)
Then, prp(x,y) is derived by Equation
TBW
erp(z,y) = (Jcos(ax)| 2? + [cos(ay )| y?) an

27TCfC (cos(ax)z + cos(ay )y).

However, for the near-field scenario, according to unp (2, y)
in Equation (14), gp(f) cannot be disassembled and the SPM
is not applicable directly. But to merely obtain initial phase
function, we can apply relaxation, i.e., replace unp(z,y) by
its closest expression, denoted as fixnp(z,y), in form of

fine(2,y) = ko + k17 + kow® + ksy + kay?, (32)

where coefficients kg to k4 are determined by the least square
method (LSM) between pnp(x,y) and fnp(z,y). In this
way, gp(f) can be disassembled and a closed-form solution
is derivable. Initial phase function for the near-field UPA
scenario, denoted as ¢np(x,y), is derived in Appendix

IV. OPTIMIZATION METHOD

The initial phase functions cannot guarantee optimal
throughput. We formulate the throughput optimization prob-
lem and present optimal phase functions by polynomials. To
obtain maximal throughput, we develop an gradient descent-
based algorithm initialized with the initial phase functions

A. Optimization for ULA Scenarios

We maximize throughput (7'P) via optimal phase function,
where TP depends on signal-to-noise ratio (SN R) [50]

BW

C

Se
> logy(1+ SNR(fm)),

m=1

SNR(f) = #&ngdfm)li

where p; is input power, p.(f,,) is received noise power that
pr(fm) = BY-PSD(f,,) and PSD(fy,) is the thermal noise
power spectrzll density at f,, [50]. According to Equation (7)),
SNR(f,) can be further expressed as

TP = (33)

(34)

N 2

Pt i
SNR(fm) = 5 [2_ € ha(fm)| - 35)
( ) NTScpr(fm) nz::l ( )
Since TP depends on ¢r,(z), the optimization problem is
¢ (z) = maxarg T'P(pr(x)). (36)

L (z)

where 1, (x) is optimal phase function for ULA. To make the
problem resolvable, we represent ¢, () as polynomial

T
oL(x) = Z et
t=1

with degree T and coefficients ;. The finite domain x &

[_TL, %] enables effective finite polynomial representation.

Next, we optimize £ = [e¢] .., to maximize TP

(37

€, = maxarg TP, (38)
g

where £, is optimal coefficients.

We design an iterative algorithm based on gradient descent
to solve the maximization problem in (38). The gradients of
TP with respect to € at the i-th (i = 1,2,--- ,I) is denoted
as VT PJi]. For the next iteration, £ is given by

&li + 1] = £[i] + sign{ V=T P[i]} ® S[i], (39)

where sign{-} is the pointwise sign function that sign{z} =
ﬁ, © is the pointwise multiplication and S is the step-length

vector that § = [Stlry,- In this way, €; always tracks the
positive direction of the ¢-th gradient at different iterations.

To accelerate convergence, we design S as adaptive that
when ¢ > 1, S;[i] will stretch by a factor o if the ¢-th gradient
keeps the same sign compared to the last iteration, or shrink
to half if not. That is

St[Z] = O'St[i — 1],Ft[l] >0
Sili] = $S:[i = 1], T[] <0

where [I'[i]] .., = VT Pli]© VT Pli—1]. When @ = 1, just
set S[1] = [1] 7, - Moreover, convergence can be adjusted by
changing o. In order to achieve fast and steady convergence,
o is usually set slightly less than 2, which will be discussed
further in Section [V-Cl

With these settings, the step-length will continuously stretch
when the direction of the gradient remains unchanged during
the tracking. When the direction inverts, indicating that the
maximum value occurs between the last two steps, the step-
length will be halved to approach it. When it comes to
the optima where the direction of gradients will frequently
change, the step-length will be zeroed since o < 2, ensuring
convergence for the algorithm. Besides, the accumulation of
step-length can achieve an effect similar to the momentum
gradient ascent method. This makes the changes of partial
gradients have limited impact on the overall search direction,
effectively avoiding iterations from falling into local optima.

For the far-field scenario, we initialize £ based on the initial
phase function ¢pr,(x) in Equation by setting

27 fo cos(a)

(40)

gll] = W , (41)

[0](T—2)><1 Tx1
and for the near-field scenario, we initialize £ by using the
LSM between ¢r,(x) and onr(x). Thus, optimization starts
from the initial phase functions and the distance to optima
is shortened. The algorithm can be applied to either far or
near-field scenario by calculating h,,(f,,) using ppr,(z,) in
Equation (8) or pnr(z,) in Equation (9), respectively.

B. Optimization for UPA Scenarios

Similarly, the optimal UPA phase function, denoted as
$p(x,y), is obtained by maximizing TP where SNR(f,,)
is now given by gp(fim)

SNR(f) = #(tf)mP(fm)F
) VNt VNT @
_ 7t j@P(@v:?ﬂz)hn m
NTScpr(fﬂ’L) pgl q; ‘ ”*’I(f )



Algorithm 1: Optimization of phase shifters

Imput: 7', I, 0, L, fc, ¢, BW, D, a, oy, ay
Output: q;L or (Ep

1 Set g[l] = [1]py, or [1]T27;f'”x1 for ULA or UPA;

2 Initialize £[1] based on ¢rr, ©NL, @FP, OF @Np for far

or near-field ULA or UPA;

3 Calculate u,, by Equation , @), , or for far
or near-field ULA or UPA;

Calculate h,,(f,,) by Equation ;

Set i =1;

while 7 < I do

Calculate o1, (z,)[t] or ¢p(xp,yq)[i] by Equation
or for ULA or UPA;

8 Calculate SN R(fp,)[i] by Equation or

for ULA or UPA;

9 Calculate T'P[i] by Equation and VT P[il;

10 if < > 1 then

N S B

11 ‘ Update S [i] by Equation ;
12 end

13 if + < I then

14 1=1+1;

15 Update £Ji] by Equation ;
16 end

17 end

-
=)

Calculate d_;L or gz_S'p by Equation or using
orn(zn)[I] or ¢p(zp,yq)[I] for ULA or UPA;

In this scenario, we need to present the bivariable phase
function ¢p(x,y) by a new polynomial expansion

T u
pp(,y) =D > e, 2"y,

u=1v=0

(43)

where ¢, , is the coefficient of the ¢, ,-th term and t,, =
w24 4y The total terms is given by max(t,,) = 53T
In the same way, maximal T'P and $p(z,y) can be achieved
by optimizing £ as in Equation (38).

The algorithm is similar to the ULA scenario. For the
far-field scenario, £ is initialized based on the initial phase
function ¢pp(z,y) in Equation by setting
[ 27 cos(ax) ]

—@ cos(ay)

mBW
5_11} _ cL

mBW
cL

| cos(ay)|
0

| cos(ay )

(44)

L [0](@,5)“ ] T2;3T

x1

For the near-field scenario, £ is initialized by using the LSM
between pp(z,y) and onp(z,y). To apply to the far or
near-field scenario, calculate hy,, ,(fy) using prp(7p,%4) in
Equation (13) or uxp(zp,y,) in Equation (14), respectively.
The complete optimization process is outlined in Algorithm [I]
where I is the iteration limit.

C. Recommended Values of Parameters

In this section, we provide recommended values of the
parameters 7', I and o by analyzing simulation-based per-
formance of the optimization algorithm based on simulations.
We consider f. = 300 GHz, BW = 30 GHz, and S. = 256.
We set N1t = 64 for the ULA and N1 = 64 x 64 for the
UPA. Thus, L = 32mm and Dr = 2.048 m. Therefore,
we use D = 5m and D = 0.5m for the far-field and
near-field scenarios, respectively. We assume p; = 30dBm
in far-field transmission and p; = 10dBm in near-field
transmission. PSD(fp,) is calculated at room temperature of
17°C [50]. The phase shifters are considered to have infinite
phase resolution. Each result is the average of 3000 randomly
generated Rx.

The parameter T determines the degree of the polynomial,
as well as the number of coefficients to be optimized. Theoret-
ically, the optimal phase function can be approximated more
accurately with a larger 7', but it will also lead to greater
computational complexity. To illustrate the influence of 7" on
the optimization, Fig. [2]shows throughput at different iterations
with various values of 7'. For the ULA scenarios in Fig. 2(a)]
there is a significant gap between throughput achieved with
T =3 and T' = 4, indicating that 7" < 4 is insufficient for the
optimization. However, the effect of increasing 7' beyond 4
on the maximization is negligible, but will result in higher
complexity. The same trend can be observed in the UPA
scenarios as shown in Fig.

We also conduct simulations for extremely large ULA
scenario with Nt = 1024 and extremely wide bandwidth
UPA scenario with BW = 100 GHz. The convergences of
throughput for these two examples are shown in Fig. [3| For
the extremely-large ULA scenario in Fig. [3(a)] though the
differences in throughput between T = 4, T = 5, and
T = 6 have slightly enlarged compared with that in Fig.
T = 4 is still acceptable for achieving the optimal trade-
off between throughput performance and computational cost.
For the extremely-wideband UPA scenario in Fig. the
effect of applying 7" beyond 4 remains negligible. Through the
above results, it indicates that 7' = 4 possesses considerable
applicability, thus we recommend this value in the proposed
optimization algorithm.

To present the influence of ¢ on the optimization, Fig. f]
plots throughput at different iterations with various values of
o. It shows that in the preliminary stage of maximization, a
larger o results in faster convergence, as it corresponds to a
greater stretch of step-length. However, for 0 = 2, the con-
vergence becomes unstable afterward, leading to oscillations
that diminish the effectiveness of maximization. For o < 1.8,
the convergence will be slower, and more iterations, as well
as higher computational cost, is needed to reach the optima.
Hence, we recommend o = 1.8. In all the scenarios, with
o = 1.8, throughput can be considered fully maximized after
about 150 iterations. Therefore, I = 150 is recommended.

V. SIMULATION RESULTS

We present simulation results including power spectrum,
throughput, BER, and various robustness tests. We eval-
vate initial phase functions (¢rr, ©NL, @FP, @Np) and
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optimal phase functions ({1, @p) using conditions.
The simulations are performed by MATLAB R2022b on
an Intel(R) Core(TM) i7-10510U CPU at 1.80 GHz with
a 16.0GB RAM. We simulate BER under QPSK modu-
lation (M = 4) using MATLAB’s function BER(f;) =
berawgn( Ry, (fm), 'psk’, M, ’nondiff’) with energy-per-bit
to noise ratio Ry (fm) = 10 lg(%). BER is given by
the average value of BER(f,,) at eifery fm-

We compare against conventional narrowband beamforming
[13]] (baseline), and state-of-the-art SVD-based [40], and VSA-
based wideband beamforming methods. The baseline uses
AoD steering vectors without UWB adaptation. For the SVD-
based method, the required information is the THz UWB
channel H (fm). For the VSA-based method, all AoD, f.,
BW, and Nt are needed, where f. and BW are adjusted
for THz UWB scenarios.

A. Results for the ULA Scenarios

To demonstrate the effect of the proposed solutions on the
received signal power spectrum, Fig. 5] shows the value of
lg.(f)|? across the frequency band for the far-field and near-
field ULA scenarios. As shown in Figs. [5(a)| and Fig. 5(b)}
the initial phase functions provide more uniform |gr,(f)|? than
the baselines as they are designed using the SPM, while the
optimal phase functions has better anti-fading effect near the
band edges than the initial ones. This result indicates that
the purpose of designing the initial phase functions has been
effectively achieved, and the optimal phase functions yield the
best effect in making the received signal power more uniform.

Moreover, to illustrate the different impact on beamform-
ing between THz and mmWave scenarios and highlight the
pertinence of the proposed method in THz UWB communi-
cations, we also simulate |gr,(f)|? in mmWave scenario for
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comparison. By taking far-field scenario as an example (since
far-field is usually considered in mmWave), Fig. [5(c)| presents
the gain spectrum in mmWave setup with f. = 30GHz,
BW = 1GHz, and N1 = 16. As shown, even for the baseline,
lg.(f)|? has a much more uniform curvature than that in THz
scenario shown in Fig. 5(a)] The improvement made by the
proposed initial and optimal phase functions is very limited.
This indicates that the beam splitting effect is significantly
weaker in mmWave (thus be regarded as beam squint), and
the proposed method is more efficient and targeted for THz
UWB scenario.

Uniformed received signal power is insufficient to guaran-
tee the performance in terms of throughput or BER. Thus,
Fig. [6] shows the throughput versus transmission power for
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the proposed method and existing alternatives, while Fig.
[7] compares their BER. From these figures, it is clear that
the proposed optimal phase functions provide the highest
throughput and significantly reduced BER, validating the
effectiveness of the proposed optimization algorithm. These
results evidently demonstrate the advantage of the proposed
analog beamforming method.

To verify the applicability of the proposed method in real-
world phased array systems, Fig. [§] presents throughput with
respect to finite phase resolution where the phase has uniform
quantization in the range of [—m,x]. The figure shows that
the proposed solutions consistently achieve higher throughput
compared with other methods even in the low-resolution case,
demonstrating their effectiveness in practical applications.
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Furthermore, to test the robustness of our method, we
evaluate the throughput with varying number of Tx antennas
N, the bandwidth BW, and different channel estimation error
(MSE). The results are shown in Fig. [9] Fig. [I0} and Fig. [T1]
respectively. In Fig.[9] the throughput of the proposed optimal
phase functions for both far-field and near-field scenarios
constantly maintains its top position at different values of
Nrt. The advantage of the proposed solutions can also be
observed in Fig. [T0} it is clear that with the increase in
bandwidth, the proposed solutions achieve a more significant
improvement in throughput compared to the baseline. This
also corroborates the effectiveness of the proposed method for
UWB scenarios. As shown in Fig.[TT] although all the methods
exhibit a decline in throughput as MSE increases, the proposed



baseline [15]

oL proposed initial
proposed optimal
| I I | |

285 290 295 300 305 310 315
Frequency /;n (GHz)

(a) Far-field scenario with ppp(x) and ¢p(x)

Equivalent channel gain
~

x1073

baseline [15]
2F proposed initial 4
proposed optimal
I I I i |

285 290 295 300 305 310 315
Frequency | f"n (GHz)

(b) Near-field scenario with onp (2) and @p(x)

Equivalent channel gain
~

Fig. 13. Spectrum of |gp (fm)|? in the UPA scenarios.
450 T T T
2 400
o
S
=350t
5
=
%D 300 —&— baseline [15]
= —%— proposed initial
= —A— proposed optimal
= 2502 - -B--SVD-based [40] | |
¥ - -%--VSA-based [31]
200 : : :
20 25 30 35 40
Transmission power P, (dBm)
(a) Far-field scenario with ppp(x) and ¢p(x)
450
21}
400 - J

—©— baseline [15]
—%— proposed initial | ]
—&A— proposed optimal

Throughput (Gbps)
W
[=3
(=}

2004 --8--SVD-based [40] |-
- -%--VSA-based [31]
150 - : :
0 5 10 15 20

Transmission power P, (dBm)

(b) Near-field scenario with onp(z) and @p(z)

Fig. 14. TP versus transmission power p; in the UPA scenarios.

solutions provide the highest throughput in both far-field and
near-field scenarios. From the above results, it can be seen
that the proposed method exhibits robustness under different
conditions with the ULA configuration.

Moreover, some THz systems may use non-uniform sub-
carrier allocations. Though our initial phase functions are
not designed for that, the optimal phase functions can have
certain adaptability since non-uniform subcarrier channels are
involved in the optimization process. To explore the perfor-
mance of the proposed method in such case, we defined
a non-uniform subcarrier set where K (% < K < 8S)
subcarriers are evenly allocated in half of the bandwidth
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centered at f.. That is, K subcarriers are in the middle band
[fo— 2%, fo+EX], and the rest S — K subcarrlers are in the
outer band [f, — %W, fo=BVU(fo+BY, fo+ 2] In this
way, higher the value of K, denser the allocatlon in the middle
band. We define this pattern under the consideration that
denser allocation is usually used in bands with better channel
conditions, and in our case, higher channel gain occurs in
the middle band. Afterwards, we simulate throughput varying
with K, and the result is presented in Fig. @ As shown, for
all the methods in both scenarios, throughput decreases as K
increases. When K = S., which means all the subcarriers
are in the middle band and effective bandwidth is cut to half,
throughput experiences a quick drop. This result is in line with
Fig. |10} where throughput is reduced as bandwidth decreases.
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Despite the reduction effect, the proposed solutions maintain
the highest throughput, validating their effectiveness in such
non-uniform allocation circumstances.

B. Results for the UPA Scenarios

To demonstrate the effect of the proposed solutions on the
received signal power spectrum, Fig. [I3] shows the value of
lgp (f)|? in the UPA scenarios. Compared to the baselines and
the initial phase functions, the optimal ones show much flatter
curves of |gp(f)|?, confirming their better anti-fading effect
on signal power near the band edges.

Fig. [T4 plots the throughput with respect to transmission
power p; for the proposed and other beamforming methods.
The proposed optimal phase functions achieve the highest
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throughput, and the improvement is more significant than
that in the ULA scenarios. Fig. [T3] plots the BER versus
pt, in which the optimal phase functions achieve the best
performance. Moreover, to demonstrate the applicability of the
proposed solutions in practical phased array systems, Fig. [T6]
presents the throughput with respect to phase resolution, and
shows that the optimal phase functions consistently achieve the
best performance. These results demonstrate the superiority
of our optimization method over other beamforming methods
across these performance metrics.

Moreover, to explore the robustness of the proposed method,
we evaluate the throughput versus N, BW, and channel
estimation MSE as in the ULA scenarios. The results are
presented by Fig. [I7] Fig. [I8] and Fig. [I9] respectively. In all



the results, the proposed optimal phase functions consistently
possess the highest throughput across different values of N,
BW, and the MSE, validating the robustness of the proposed
method under different conditions with the UPA configuration.
Besides, throughput in the non-uniform subcarrier allocation
case is also simulated, where the allocation pattern is the same
as described in Section The result is shown in Fig. 20]
where the proposed solutions maintain the highest throughput
at different values of K, demonstrating a high adaptability of
our method in such non-uniform allocation situations.

VI. CONCLUSION

We propose a spatial chirp-based optimization method for
analog beamforming in LoS THz UWB systems, mitigating
beam splitting and improving throughput. We evaluate both
ULA and UPA in far-field and near-field scenarios. Simula-
tions show our method achieves highest throughput and lowest
BER versus state-of-the-art approaches, and is robust in certain
situations. We characterize phase functions by few polynomial
coefficients, and optimize them rather than entire massive
phase shifters. Therefore, our approach is more efficient for
complex scenarios like RIS-assisted massive arrays—a focus
of ongoing research.

APPENDIX A
DERIVATION OF N, ()
Substituting zinr(z) in Equation (9) into gy,(f) in Equation
and ignoring amplitude #(x) yields
L
/2 pionL(z) p—j L)

|91 (f)] o (45)

ol

Let s(x) = uniL(x), s € [s1,82], s1 = min{unp ()}, s2 =
max{unt(z)}, giving z(s) = Dcosa + \/52 (Dsin (a))?
and dz = imds where D = Dsina. Let
w(f) =2 f , W€ [wlaWQ] = [2T7r(fc - B;V)v c (fc+ m)]
UNL(s) = onL(z ()) and or,(w) = gu(f(w)), it has
lor, (w)] o = eI ¥NL(5) g=iws g | (46)
Thus, |or,(w)| o< |F {n~w(s)}| where
— eJ‘wNL(S)7 S 6 [31’ 32] (47)

(

By the SPM, uniform |or,
to satisfy

w)|? in [wy, ws] requires ¥y (s)

2
{\/IL(S) S8 SZiD2

YL(s1) = w

YL (s2) = wa

(48)

2 .
L(s) = Sffi%z, gives

Co

Setting ¢}

Ya(s) = In(s + D)] + Cos + C1, (49)

where Cy and (7 are constants. Since [LNL(LE)7 >
Dsin(a),Va € [0, 7] according to Equation (EI), |s — D| =

[In(|s — DI) —

— D. With C; = P[In(s; — D) — In(s; + D)] + s; and
C3 = Z[In(sy — D) — In(sy + D)] + sa, Equation yields
Y (s1) = CoC2 + C1 = wy 50)
YL (s2) = CoC3 4+ C1 = wy
Thus, Co = &=5&. C1 = 7‘”1(53 ‘C"?CQ and
CoD _ _
I 5) = g (s = D) ln(s — D)
(5D

_ _ C _
—(s+D)In(s+ D) + 7082 + C1s+ CoD? + Oy
where constant CoD? + Cy is eliminated in |or,(w)|. Finally,

onL(x) follows by substituting s(z) = unw(z) into YN (s).

APPENDIX B
DERIVATION OF onp(,y)

Substituting finp(x,y) in Equation into gp(f) in
Equation and ignoring amplitude ﬁ(z) yields

L L
2 2 .
x edone(@.y) o
_zJ_¢L
2 2

(52)
e (k°+klx+k2x2+k3y+k4y2)dxdy.
By assuming
(pNP(x7 y) = @x(m) + @Y(y)v (53)
it has p(f) o Gx(f)y (f)e! " o, where
L
ax(f) = /2 oIPx(@) o3 T (k1 koo )dz, (54)
L
-2
L
2
9y(f) = / oWl Ddy.(55)
L
-2
Uniform |gp(f)|*> requires uniform |g.(f)[* and |gy(f)|%

achievable via designing ¢« (x) and @y (y) using the SPM.

For ¢.(x), let s(z) = —kix — kox?, s € [s1,59]
[min{—k1z — kox®}, max{—kix — kox?}], giving (s )
—k1d/kZ—dkys

ki ] and dz = ;st With (f) =
Ux(s) = @x(2(s)), and ox(w) = gx(f(w)), Equation (54 haS
52 1 Jx(s) g—iws 56
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= (
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where Cy and C; are constants. With Cy =

In(k? —4kos1)

C3 = —ln(k?;%sz), Equation yields

Vi (s51) = CoCo + Cy = wy 60)
P (s2) = CoCs + C1 = wo
Thus, Cp = £2=4-, Oy = 422222 and
Co

NG

= 1642 (k%_4k28)(1n(k%_4k25)_1)+013+C4 (61)
2

where Cj is eliminated in |ox(w)|. Similarly, 1)y (s) follows
using k3 and k4. Substituting s(z) and s(y) yields @x(x) and
&y (y), giving onp(z,y) via Equation (53).
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