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Abstract—A two-stage hybrid transceiver is designed by con-
sidering a partially connected architecture at the base station
(BS) for a low-resolution multi-user (MU) THz massive mul-
tiple input multiple output (MIMO) system. Due to its high
bandwidth coupled with a high number of antennas, the THz
band suffers from the deleterious spatial-wideband and frequency-
wideband effects jointly termed as the dual-wideband effect. To
address this undesired phenomenon, we rigorously model the THz
MIMO channel at each subarray corresponding to each user by
incorporating the absorption, reflection, and free-space losses.
Subsequently, a novel beamforming technique is proposed that
employs only a few true time delay (TTD) lines for eliminating
the beam-split effect, which is the manifestation of the spatial-
wideband effect in the frequency domain. Our simulation results
demonstrate a performance improvement of around 13% in terms
of spectral efficiency over the existing state-of-the-art techniques.

Index Terms—Terahertz, multi-user, Hybrid signal processing,
dual-wideband effect, beam-split effect, Bussgang decomposition

I. INTRODUCTION

Terahertz (THz) communication spanning the frequency
range of 0.3 — 10 THz [1], is poised to revolutionize next-
generation wireless communication by offering a large band-
width and extreme data rates. A typical wideband THz channel
is frequency-selective in nature, due to the multipath-induced
delay spread, which is a characteristic feature of wireless sig-
nal propagation. This phenomenon is termed as the frequency-
wideband effect. Due to the short wavelength of the THz
signal, a large antenna array leads to a progressively increasing
phase shift in the received/ transmitted signal across the
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constituent antenna elements, corresponding to the propagation
distance in the time domain, termed the spatial-wideband
effect [2]. Collectively, these detrimental effects are referred
to as the dual-wideband effect. Both the frequency-wideband
and the spatial-wideband effects independently contribute to
performance degradation in the THz systems. The spatial-
wideband effect experienced in the frequency domain leads to
a variation in angle of arrival/ departure (AoA/ AoD) across
the subcarrier frequency range, which results in the beam-split
effect [3]. Zhang et al. [4] compare the performance of finite-
bit ADCs and DACs in the context of narrow-band, partially
connected MU THz hybrid MIMO systems. Forsch et al. [5]
proposed novel optimal and suboptimal detection schemes
for THz band systems with uniform multi-bit quantization
in their seminal work. Nikbakht and Lozano, associated [6]
proposed an unsupervised learning-based technique for trans-
mit beamforming in THz systems considering low-resolution
ADCs. However, none of the existing works on low-resolution
ADCs consider the dual-wideband effect that is predominant
in the THz band. In their groundbreaking work [2], the authors
proposed an effective beamforming technique based on TTD
designed for THz MIMO-OFDM systems to compensate for
the beam-split effect. While the existing literature success-
fully addresses certain aspects of beam-split compensation,
some critical challenges remain unresolved with respect to
practical implementation. These include the incorporation of
low-resolution analog-to-digital converters (ADCs) and the
design as well as implementation of partially connected hybrid
architectures, which further exacerbate the beam-split effect.
The next section summarizes the key contributions of this
compact letter.

A. Contributions

e Our work considers a partially connected MU-MIMO
architecture employing low-resolution ADCs at the BS.
Furthermore, the spatial wideband effect is considered,
which is a characteristic feature of THz signals, together
with the frequency wideband effect, and the Root Raised
Cosine pulse shaping filter (RRC-PSF). To the best of our
knowledge, none of the papers in the existing literature
consider an single-carrier frequency domain equalization
(SC-FDE)-based system with low-resolution ADCs in the
context of dual-wideband channels, wherein SC systems
are preferred over their OFDM counterparts [11]. Ad-
ditionally, the proposed framework employs the well-
established Bussgang decomposition for the lineariza-
tion of the nonlinear quantized system model, which
is crucial for approaching capacity. Furthermore, it is
worth noting that there is no existing study of a practical
wideband precoding solution that considers the partially
connected architecture with Bussgang decomposition-
based linearization in the face of the dual-wideband
effects that are endemic to THz systems.

o Additionally, a novel two-stage hybrid beamforming
scheme is developed for the proposed partially connected
low-resolution THz MU-MIMO system. In Stage-1, the
optimal beam-steering angles corresponding to each RF
chain are computed using the spatially sparse algorithm,
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which exploits the angular sparsity of the THz MIMO
channel. The algorithm selects the optimal beamforming
vector from the dictionary matrix corresponding to each
subarray. Stage-2 subsequently uses these angles to deter-
mine the appropriate phase shifts required for transmis-
sion at each RF chain using the TTD elements, which
convert the traditional frequency-invariant PSs to their
frequency-dependent equivalents. Therefore, via aligning
the optimal beamforming direction with the physical
ray direction, the beam-split effect can be substantially
mitigated by harnessing the time delay elements.

o The performance of the proposed framework is exten-
sively compared in terms of the spectral efficiency at-
tained for RRC-PSF and rectangular pulse shaping filter
(Rect-PSF) based dual-wideband THz channels, leading
to the observation of a trade-off between both these
channel formulations. It is evident that the proposed
approach offers a significant performance improvement
over the existing techniques, and substantially mitigates
the beam-split effect. In Table-I we boldly contrast our
contributions to the literature.

B. Notation
Matrices are represented by uppercase letters B, while low-
ercase letters b represent vectors. Various operators are indi-
cated by superscripts such as ()7, (.)¥,(.)~! which represent
the transpose, Hermitian and inverse, respectively. The term
blkdiag(B1,Ba, -+ ,By) describes a block-diagonal matrix
associated with B1,Bs,--- , By on the principal diagonal.
The quantities C(.) and R(.) denote the column and row
spaces of a matrix. The operator CA/(u, R) represents the
complex Gaussian distribution with mean p and covariance R.
Let {H,(0),H,(1),--- ,H,(N — 1)} represent a sequence
of matrices and {x,(0),x,(1), -+ ,x,(N — 1)} represent a
sequence of vectors. The circular convolution {ru(n)}gz_o1 can
be defined as  N-1
ru(n) = Z H,(Dxu[(n = D]y + Vu(n), (1
1=0
where [y  represents modulo-N  operation. Let
{x4(0),x4(1), -+ ,x4,(N —1)}  represent the input
sequence, where x(n,k) denotes the kth element of
x(n). Let {ry(0),ry(1),---,r, (N —1)} constitute the
output sequence, where r(n,k) denotes the kth element of
r(n). Then, the N-point FFT of the vector sequence is defined

N—-1 __s2mnp
asr(p,q) = ,_o X(n,qe” 7"~ .
II. PARTIALLY CONNECTED MU THz MIMO SYSTEM AND
CHANNEL MODELS

Consider a SC-FDE aided [12] wideband THz MU MIMO
system, where the BS is equipped with Ny, = N{ sub-

arrays, each consisting of N antennas. Explicitly, we have
s; = 1,2,---, N, where N[ denotes the number of RF
chains at the BS. Therefog{p, the total number of antennas
at the BS is Ngg = Zg‘fl N]‘;ls. Furthermore, let the BS
simultaneously serve U users, with each user transmitting Ny ,,
data streams. The total number of data streams at the BS
is Ny = Z;}:le’u. Additionally, the u-th user possesses
N7, antennas in a fully-connected architecture along with
N%Ru RF chains. Therefore, the number of transmit antennas

is Nt across all users is Ny = Zgz Nr,, and the number
of transmit RF chains is Njp = > ,_; Nip,. Let H}!, €
CNus*N7w represent the complex wideband THz channel
corresponding to the [-th delay tap of the u-th user on the s;-th
subarray. Furthermore, let b® e CNewxl 0 < d< Ny—1,
represent the d-th complex data vector corresponding to the
u-th user. Prior to transmission, the data vectors undergo zero-
padding (ZP), where L —1 zeros are appended to each block to
generate a ZP block of length K = N+ L—1, which is given

K-1
by {ngfa)} - {b’(u.O)vbSJ,l)) ab7(J,Nd71))07”' )0} Fur-
a=0 ——

L—1
thermore, N4y — 1 zero-matrices of size Néls x N, are

appended to the channel taps Hi’u, which are given by
s VK1 {HSZ HY ... H% 0. 0} Ad-
{ a,u S =0 0,u> ++1,u> P L—1u0 )

Ng—1
ditionally, the overall channel matrix H, , € CNBsXNT.u
corresponding to the wu-th user at the BS is defined as
H - 1 \T 9 \T NEANTT s

au — [(Hau) (Hau) (Ha;u ) ] , where Ha-,u €
Sl
CNes*N7.w denotes the channel between the s;-th subarray
and the w-th user for the a-th time instant. Therefore, the
received signal vector r(a) € CNes*1 corresponding to all
the U users is given as

U
r(a) = Z H,.Q®xk (FRF,UFBB,ubEf)> +v(a), )

u=1

where H, ,, represents the sequence of matrices, while the
quantity FRF,uFBBvubg“) represents the sequence of vec-
tors corresponding to the w-th user. The quantity V(a)
represents the AWGN noise that obeys the distribution
CN (Ongsx1,0%In,s) and ®g represents the circular con-
volution of length K. The quantity Fry, € CN7uxNip, .
and Fgp, € (CNI{FWVXNS*“ represent the RF and baseband
transmit precoders (TPC) corresponding to the u-th user. Note
that the ZP operation converts the linear convolution to circular
convolution, and by further applying the fast Fourier transform
(FFT) operation at the receiver, the system is decoupled into
equivalent frequency bins [1]. It is worth noting that although



the overall system model is decoupled into different frequency
bins at the receiver, interestingly, it can be viewed as a single
carrier system at the transmitter. This is due to the fact
that there is no inverse FFT (IFFT) block at the transmitter,
and the transmit symbols bgd) are conveyed serially with
ZP. Furthermore, the received signal y(a) € CN&=*1 of all
the users after performing RF combining with the aid of
W{{F € CNesx Nk and passing through low-resolution ADCs
Q(.) is given as

y(a) Q(WRF Z H, ., @y (FRF I ub(a)) + WH ( ))Furthermore FRF

~ AWRF Z Ha ” ®k (FRF +FBB ub(a)) + AWRFV( ) + Vq blkdrag (FBB 1 Fgp 2y

u=1

The subsequent approximation is due to the widely used
Bussgang decomposition [13], which models the non-linear
quantized output by a resolution of b-bits. Note that, for
a partially-connected architecture at the BS, the analog RF
receive combiner (RC) matrix W is formulated as Wry =
blkdiag (WhpWap - - - Whi" ), where wil, € CNssX! rep-
resents the analog RF RC vector associated with the s;-
th RF chain. Moreover, the elements of the RF TPC and

RC follow the constant-magnitude constraint |Frp ., (p, k)| =
1 | -
T [Wrr(p, k)| = T k. The operator Q(.) repre

sents the quantization operation. The matrix A € CNir XN
is assumed to be diagonal under the assumption that each
RF chain is quantized independently. Its elements are defined
as A = ¢I, where £ = 1 —p and p denotes the noise-to-
signal ratio, as given in [14] (Table I). Let E(b{" (b{)H#) =
021y,. The additive quantization noise v, is modeled as a
complex Gaussian random vector following the distribution
CN(0 Ngx1, R), where the diagonal covariance matrix R is
given by R = §(1 - §)d1ag(W 2QWgr + 02 WH . Wgr)
and Q = Zu 1 Z u( )Ruqu( ) with Ry, =
UEFRF,UFBB,UFBB,UFRF,u Let n(a) = AWgv(a) + ¥,
denote the combined effective noise, which follows the distri-
bution N(ONngraC) where C = 202WE . Wgp + £(1 —
¢)diag(WEL.QWrp+02 WL Wgr). Note that, the diagonal
error covariance matrix results from quantizing each RF chain
independently. The off-diagonal elements in the covariance
matrix are zero, indicating that the quantization errors across
different RF chains are uncorrelated. Also, we assume the
received power per RF chain is statistically identical. As
a result, the effective noise covariance is approximated as
scaled identity matrix. This follows from the properties of the
Bussgang decomposition for Gaussian inputs [13]. Therefore,
the received signal y[k] € CNir*1 corresponding to the k-th
frequency brn for all the users, obtarned via the K-point FFT
ie., {y = FFT({y } ) is determined as

u=1

The quantity b,[k] € CNMs=*1 represents the equivalent
transmit signal vector corresponding to the wu-th user at the
k-th frequency bin, which is the k-th output of the K-point
FFT of the time domain signal block {b } . Moreover,

the quantity n[k] € CNerx1 represents the equrvalent noise

power, which is the K-point FFT of {n(“)} . The overall
channel matrix H,[k] € CNes*Nr.u represents the K-point
FFT of {H;, }/<,". The signal y[k] € CN+* received at the
BS after baseband combining with Wyp[k] € CNErxNs g
given by
y[k] = Wi [K| AW Hyu k] FreFppblk] + Wig[k]n[k],
“4)
where HMU[k] = [Hl[lﬂ] Hg[k] HU[]C]] € CNesxNr
represents the concatenated channel across all the users.
blkdiag (FRF 1, FRF 2, FRF U) S
(CNTXNRF denotes the concatenated RF TPC, while FBB =
,Fppy) € CNar*Ne represents
the compound baseband TPC desrgned for all the users and
blk] = [bT[k] bI[K] --- b, [kﬂ € CN+*1 s the N-point
FFT of the concatenated pilot vector at the k-th frequency
bin. Let 7j[k] = WL [k]n[k] represent the combined effective
noise, which obeys the distribution CA/(Ox, x1, C[k]), where
CIk] is given as C[k] = WH,[k] C Wpgk]. Thus, one can
define the sum spectral efficiency corresponding to all the users
as K-1

SE = — ZlogQ\Im—c wSH|©®

where S[k] = WH[k]HMU[k;]FFHHﬁU[k]W[k], WI[k] =
WrrATWpglk] and F = FgrpFpp. The next section
describes dual-wideband THz channel.

A. Dual-wideband THz channel model

The array response vector éfgs(ésl , fx) constructed for
subarray s; with N5 elements, after incorporating the spatial-
wideband effect, is determined as

e n 1
ags(el’fk): /Néls

_in2dk ¢in g%t
e Jm2 To sin 6

_in Tk gin 851
[1,6 T sin 6 , ,

76—jrr(N§Is—1)%sinéSl]T7 ©)
where fr = f. + ( —+ represents the subcarrier fre-
quency, f. represents the carrier frequency, B is the bandwidth
while 55’ represents the squinted beam direction. Furthermore,
the normahzed array gain (NAG) [15] correspondmg to the k-
th subcarrier is given by Ay = | (ags( Hzl,fk)) agg (0%, fo)].
For a narrowband system, when fj is close to f.; we have
A =~ 1, which indicates that the NAG is uniform for
all the subcarriers. But for a wideband THz system, fx
may significantly deviate from f. and therefore we have
asls (05, fr) # aiiq (65, f.). This leads to the beam pointing
toward a different direction and gives rise to the beam-
split effect. Additionally, the band-limited dual-wideband THz
channel can be modeled as H3 [k] = H3:-LoS [k] 4+ Hs-NLoS[E],

K+1)

HZI,LOS[]?] = ma(fk; )BTGTUGSL (051 vak)
1 SR

N+, N3 NLoS {Vray
[k] = NNLosty e ; 0. (frrdg5)Br,

GT,UG% ésB’S (0‘9[]7 ) fk)

where 3, = Zf:_olp(zT —7145)e 7 K Vk,z The quan-
tities G, and G} represent the transmit and receive antenna
gains, while the variables 7y and oy denote the delay and

BT fo), 8

21rkz




complex-path gain. The quantity p(.) represents the pulse
shaping filter, while T} represents the sampling interval.
Furthermore, the quantity 9”’ denotes the AoA, while the

variable 96.“ denotes the AoD, where (.) represents the
LoS/ NLoS complex path. The calculation of complex-path
gain is detailed in our paper [1] and omitted here due to
the space constraint. In order to maximize the sum spectral
efficiency of (5), one has to design the optimal TPCs and
RCs corresponding to each user. The next section describes
the generation of frequency-invariant TPCs/ RCs.

III. TRUE TIME DELAY (TTD) BASED TWO-STAGE
OPTIMIZATION AND COMPENSATION FRAMEWORK

A. Design of frequency-independent optimal beamformers
To this end, the singular value decomposition (SVD) of the

u-th user channel response H, [k] can be obtained as
H,[k] = UK (K] V7 [K], ©

and the optimal TPC FoPt[k] € CN7.w*New is comprised
of the dominant N,, columns of the right-singular matrix
V[k]. However, the SC-FDE-based system is comprised of
frequency-independent TPCs, and therefore one can formulate
the optimization problem to compute these as

opt opt ~ t 2
(FRp . Fpp.) ~ argmin ||[Fo* — Fre oFBB ul|p
Frr,u.FBB,u
where FoPt = L S~ K- Fopt[k] [12]. Moreover, it can be

readily seen that C (F"pt) C R(H,[k]), which further implies
that the columns of Fry, can be chosen from the dictionary
matrix A, (O,, f.) € CN1wxGu where ©, represents the
transmit tr’s angular grid given by ©, = {Gu . cost, =
Glu(u -1)-11 < u < Gu}. Here G, represents the
transmit angular grid-size. Therefore, one can further define
the transmit dictionary matrix as

Au(®u7 fc) = [éT,u(elnu fC)7 Tty éiT,u(eGu,,u» fc)] .

The above optimization problem can be solved using the pop-
ular simultaneous orthogonal matching pursuit (SOMP) [16]
technique, where the columns of F%‘;u are chosen from the

(10)

transmit dictionary matrix. Let (;)ZT represent the set of angles
corresponding to the selected columns of A, (O,, f.). These
will be further used for calculating the optimal time delays
corresponding to each RF chain in Stage-2. Let Heq[k] =
HMU[k]FRpf‘BB € CNesxNs represent the equivalent chan-
nel response. One can now formulate the optimal MMSE
combiner W, [k] € CVes*Ns ag

Wopt [k] = Heq [k] (HZ [k]Heq K] + 0° N, Iy,) (11)
Additionally, the concatenated optimal RC Wg, €
CNBsxKENs  and  the concatenated baseband RC
Wgp € CNa»*KN: are correspondingly defined as
WOPt = [Wopt[l]’ WOpt [2}’ T ’ngt [KH , Wgp =
[WBB[H, VVBB[Q]7 <o ,WBB[K” . Let Wgg = AWpgg €
CNar*KENs  Therefore, one can compute the best

approximation of the hybrid RC by formulating it as
the optimization problem of
(Wip W) = argmin [[Woy
(WRF7WBB)

— WgrrWpg|J2.

Algorithm 1: Spatially sparse algorithm for optimal
combiner design

IHPUt: Wopt7 ABS(GIN fc) ~
1 Initialization: P(®©) = W, Wgp =[], Wgrr = [ ]
2 for s, = 1: NE. do
3| Ass(Ou, fo) = Ans(Ov, fo) [ 1, (1+ (st — 1)Gs :
51Gps)]
4 Pls1) — Ags(@b,fc)P(sl*”
5 i(31) = arg max [diag(é(sl) (é(s’))H)]
j=1: GS

6 W(Sz) [WRFaABS(@b,fC)[ iG0]] .
WG = (W) W (W)W
8 Pl — Wopt — w(bﬁw(sl)

||W0pf—W(”)W(bl) |
F

9 VYRF— [WRF7 Bs(@bafc)[:ai(Sl)]]
0 | (Of)[s:] = 6y(i*)

1 return: Wgp, OF

As detailed in Section-II, the receiver possesses a partially
connected architecture associated with low-resolution ADCs,
which precludes the application of the general SOMP algo-
rithm described in [16] to solve the above problem. In this
regard, we introduce a spatially sparse algorithm similar to
[16], which determines the optimal beam steering angle cor-
responding to each RF chain. Let Aj(Oy, f.) € CNes*Grs
represent the dictionary matrix correspondmg to the s;-th
subarray, where Oy represents the receive angular grid, given
as@bz{ab Fr(b—1)~1L1<b< Gs) and
G represents the grid-size corresponding to the subarray.
Therefore, the receive dictionary matrix corresponding to the
s;-th subarray can be constructed as

AELS (vafc‘) = [5(917f0) 75(023f0)a"' 75(0Gglsvf0)]'

Moreover, we can define the concatenated receive dictionary
matrix Apgs(©y, f.) corresponding to all Ngp subarrays as

SNR
ABS(@ba fC) = blkdlag(AsBls (@ba fC)’ R ABSRF (®b7 f(:)) .

The quantities W,y and Agg(©y, f.) are fed into the spa-
tially sparse algorithm to obtain the optimal RF RC WOR‘?,
which corresponds to a block-diagonal matrix, where each
diagonal block is a column of Wgp, and the corresponding
angles éf are determined to calculate the optimal time delays
in Stage-2. The key steps of this novel procedure are outlined
in Algorithm 1. Moreover, one can further observe that only
a single column is selected from each subarray dictionary.
This practical consideration significantly reduces computa-
tional complexity, particularly for large-scale THz arrays. The
next subsection generates the frequency dependent precoders/
combiners in order to compensate the beam-split effect.

cos by =

B. Generation of frequency-dependent beamformers

In this section, the frequency independent optimal precoders
and combiners generated in Stage-I are converted to their
frequency-dependent counterparts by introducing the optimal

time delays. In this regard, let each RF chain be connected
Npks

to M TD elements that are further connected to P = i




Phase Shifters
K% TD Elements Wpp[£-1]
il Weg[1]
z—@ _ﬁ_ —— { | [ Waslo] }—
N et || = ’ bobit N
Y;@JI*F ! Chain ADC| | FFT
N BNy ey :
- H Digital | !
HMU Sub-array 1 N 3 aseband| | N,
? ‘; ! Combiner | !
Rz_gﬂ‘-ﬂ ~ o e
NVRR . N : RF b-bit| [ k- [\ 1| ;
B W | | M ADC [ FFT ‘
—®\—| i Chain [l i
NI CEl AN 4 —
Sub-array NR:
Figure 1. Subarray-based combining with ADCs and time delay elements

phase shifters, as shown in Fig. 1. Let 6° represent the
physical target direction, and for simplicity, let 6 = sin gt
Next, to form the frequency-dependent phase shifters, TD
elements are inserted at the s;-th RF chain as a;; =

S Bl e DA ALk

e PTI Bg = Bpe I Ay, = A P,
~q ~ ~ Sl

where a* = [af,a],---,al;]" € CMes*! represents the

array response vector corresponding to subarray s; having M
sub- vectors consisting of equal numbers of phase elements,
where a7’ € CP*1, Therefore, the frequency-dependent phase
shifter ak corresponding to the s;-th sub-array and k-th
subcarrier is given by

~ 5]

a;' = blkdiag (5{7 al,... —j2mfittt

,ap)e (12)

where t5 = [t]', ¢3!, ,til,]T represents the TD elements
corresponding to the s;-th RF chain. Let p}' = e =727 /1t

CMx1 represent the frequency-dependent phase shifters re-
alized by TD elements. Moreover p;' shares the same form
as the analog beamforming vector a®" in order to maintain

directivity. Therefore, one can define p;' as

,e_j”(M_l)ﬂil]T (13)

pjl = [1,e79™,
where ;' € [—1, 1] represents the beamsteering factor for the
k-th subcarrier corresponding to the s;-th RF chain. Therefore,
by adjusting the rotation factor 7', the beams generated
by a;' can be aligned with the physical target direction
corresponding to all the subcarriers. Moreover, the angle at
which the maximum array gain is obtained by solving

Popt = argmax ‘égs (0, fr) ags (GSL ff)| (14)

0

Therefore, the maximum array gain is obtained, when (9‘” —
%goopt)P + 93! = 0, which reduces to

08[ ,’9;1
=t (15)
Thus, by setting the optimal direction ¢.p,¢ identical to the
physical direction 6, one can obtain ¥;' = (fk — 1)Po*

which indicates that the array gain due to the beam- split effect
can be effectively eliminated using TD elements. Moreover,
observe from Equation (13), that the phase difference between
the adjacent TTD elements should be equal to the TD vector
t® that satisfies the form

t =[0,nT.,2nT,,- -

(M —1)nT,)" (16)

where T, is the period of the carrier frequency and n is the
number of periods that should be delayed corresponding to the

Algorithm 2: TTD based frequency dependent pre-
coder design

Input: H,[k], Frg ., OF

tforl=1,2,--- Nip, do

2 él = FRF,u[H l], 9l’T = éz;[l]

3 form=1,2,...,M do

4 al, = al[l 4+ (m — 1)P : mP)eim(M-1Po""

5 Calculate the time delay #,, using equation (18)
6 al, , = al,e 92t

7L FRRu[k](:’ Z) = [(éll,k)Ta (5l2,k)Ta T (élM,k)T]T

8 Heoq[k] = Hy [k]Fgrp o (k]

9 Heqlk] = Ueq[k]Zeq [K] VI K]
10 FBB,u[k] - Veq,[:,l:Ng‘] [k]

u return: Fgyp ,[k], Fpp u[k]

s;-th RF chain. Therefore, one can also express the frequency-
dependent phase shifters as

piz _ [1767j27rfknTc’ 7€7j27rfk(M71)nTc]T. (17)

On comparing Equation (13) and (17), one obtains the number
of periods as n = 5% (% — ) It is important to note that the
quantity n depends on P, 0 and the relative frequency fr
Hence the proposed beamforming technique is challenging to
realize for all the K subcarriers. The expression for n can be

simplified as n = £ g ! I; o . By substituting n into Equation

(16), the time delay correspondmg to the s;-th RF chain and
m-th delay element can be expressed as

, Py Py
t3 = (m—1)nTy = (m — 1)——T, — (m — 1)——T,
2 Q{Tk

where the first term 5 = (m — 1)p351 T..V1<m<M,is
fixed for all the subcarriers, while the second term is variable
and can be realised by adding an extra phase shift. Hence, the
overall array response vector &;' after incorporating the TD
elements in Equation (12) is given by

T gTeinPet .

~ s . =T _jn(M—1)POSl\ —j2x fit51
a;! = blkdiag(a; ,az e ,aye Je

i
where t* [£51, 858, -+ ,t3,] represents the actual time
delay vectors. In general, the time delays ¢;! are positive and
therefore, the generalized expression corresponding to the m-
th delay element and RF chain s; can be formulated as

m— 12T, 6 >0,

=5 (
o = . . 18
m {(M1)\Pglch+(m1)Pngc7es'<0, (18)

where the second term arises due to the periodicity in the delay
elements. Algorithm-2 summaries the design procedure. It is
interesting to note that the combined effect of the frequency-
independent phase shifters and TTD element at the transmitter
creates frequency-dependent TPCs. Similar to Algorithm-2,
the TTD based frequency-dependent RCs are designed and
omitted due to space constraints. One should note that the
partially connected architecture offers potential advantages in
the form of a simple design and fabrication, and particularly
well-suited for large THz applications.
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Figure 2. (a) NAG versus physical direction comparison (left) considering traditional precoding (right) for the proposed beamforming technique (b) Spectral
efficiency comparison versus SNR for the proposed and existing state-of-the-art techniques. Note that, for simulation purposes, we have modified their existing
system and channel models to ensure a fair comparison. (c¢) Spectral efficiency comparison for the RRC-PSF based and Rect-PSF based dual-wideband
channels with different transceiver schemes. (d) The spectral efficiency vs. SNR(dB) for different ADC resolutions.

IV. SIMULATION RESULTS

We consider the practical scenario of U = 4 users each
employing N7, = 4 TAs having Nf{F’u = 2 RF chains. The
BS is equipped with Nps = 96 RAs along with N = 16
RF chains, where each subarray consists of N];’S = 11:,“,3{5 =6
antennas with M 2 time delay elements per suli)Farray.
The number of data streams corresponding to each user is
N, = 2, while the total number of data streams at the BS
is Ny = UN,, = 8. The carrier frequency is f. = 1THz
with antenna spacing of ~ % and the communication distance
is d = 15m. We consider a single LoS path and 3 NLoS
paths with N,,, = 1 diffused ray and L = 4 channel taps.
We opt for K 128 subcarriers with a total bandwidth
of B = 10 GHz. The transmit dictionary includes G, = 8
atoms, while the receive dictionary at each subarray includes
Ggs = 12 atoms. The transmit gain combined for all the
users is 25:1 Gr,., = 28dBi, while the receiver gain is

7 = 28 dBi. Note that the choice of transmit and receive an-
tenna gain is practically valid, since the authors in [17] achieve
a beamforming gain of nearly 20 dBi for a single-antenna in
the 1 THz range. The SNR is defined as SNR = 10log; ()
where o2 denotes the noise variance. Fig. 2 (a) compares
the NAG performance vs. the physical direction. Observe that
prior to applying the proposed beamforming technique, the
beams are separated from the central frequency f. which can
be attributed to the beam-split effect. By contrasts upon apply-
ing the proposed beamforming technique, one can observe that
the minimum and maximum subcarrier frequencies are aligned
with the physical target direction #°t. Fig. 2 (b) demonstrates
the significant improvement in the achievable rate compared to
the existing state-of-the-art beamforming techniques versus the
SNR power. The proposed technique exhibits a performance
closer to the capacity limit, due to its higher gains by effec-
tively eliminating the beam split effect of the THz channel.
Furthermore, we obtain a relative performance improvement
of approximately 13% over the state of the art [3]. Fig. 2
(c) compares the attainable rate (in Gbps) of the proposed
beamforming technique using the existing DPP [3], SOMP
[16] and interference cancellation (IC) technique [18] for
the RRC-PSF based dual-wideband channel and the Rect-
PSF based dual-wideband channel [15]. The latter channel
exhibits spectral leakage, leading to increased interference
levels between neighboring channels. By contrast, channels

utilizing RRC-PSF are susceptible to edge attenuation, which
may degrade signal recovery at the receiver. Consequently,
there exists a clear trade-off between the RRC-PSF and Rect-
PSF based dual-wideband channel formulations. Furthermore,
the improved performance over the other techniques clearly
demonstrates a near perfect elimination of the beam-split
effect. Note that all the results are obtained for a 3-bit ADC.
Fig. 2(d) illustrates the efficacy of the proposed beamforming
strategy using low-resolution ADCs. It is observed that a 3-bit
ADC yields a performance very closes to that of an ideal co-
bit quantizer with a marginal loss of only 2% at high SNR,
making it extremely well-suited for practical systems.

V. CONCLUSION

A novel beamforming technique was conceived for SC-
FDE-based MU THz dual-wideband systems, relying on a
partially-connected architecture at the BS using low-resolution
ADCs. Stage-1 computes the optimal precoders/ combiners,
while Stage-2 transforms the optimal precoders/ combiners to
their frequency-dependent equivalents. The proposed beam-
former design efficiently mitigates the beam-split effect using
very few TTD lines, thus leading to low costs and complex-
ity. Potential future work in this area could include hybrid
beamformer design relying on realistic channel estimation.
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