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Abstract—Terahertz (THz) band is currently envisioned as the
key building block to achieving the future sixth generation (6G)
wireless systems. The ultra-wide bandwidth and very narrow
beamwidth of THz systems offer the next order of magnitude
in user densities and multi-functional behavior. However, wide
bandwidth results in a frequency-dependent beampattern causing
the beams generated at different subcarriers split and point
to different directions. Furthermore, mutual coupling degrades
the system’s performance. This paper studies the compensation
of both beam-split and mutual coupling for direction-of-arrival
(DoA) estimation by modeling the beam-split and mutual cou-
pling as an array imperfection. We propose a subspace-based
approach using multiple signal classification with CalibRated for
bEAam-split and Mutual coupling (CREAM-MUSIC) algorithm
for this purpose. Via numerical simulations, we show the pro-
posed CREAM-MUSIC approach accurately estimates the DoAs
in the presence of beam-split and mutual coupling.

Index Terms—Array calibration, beam split, DoA estimation,
mutual coupling, subspace-based harmonic retrieval, Terahertz.

I. INTRODUCTION

Terahertz (THz) band (0.1-10 THz) is widely viewed as a

technology to enable significant performance enhancements in

sixth-generation (6G) wireless networks [1]. An accuracy of

milli-degree in direction-of-arrival (DoA) estimation is critical

to guaranteeing the reliability of THz sensing as well as

communications [2, 3]. However, significant challenges remain

in realizing this goal at the THz band owing to high path

losses, complex propagation/scattering phenomena, and the

use of extremely large arrays [1, 4, 5].

In particular, the ultra-dense integration of the antennas

in the THz array is accompanied by mutual coupling (MC)

which leads to degradation in the direction finding accuracy

[2, 6, 7]. The existing works on reducing MC in THz mostly

involve array design with new metamaterials [8], graphene

monolayers [9], THz metasurfaces [10] or frequency-selective

graphene surfaces [7], while MC calibration at THz-band via

signal processing remains relatively unexamined. Furthermore,

THz arrays also suffer from beam-split arising from the

subcarrier-independent (SI) analog beamformers (ABs) [11–

13]. This causes the generated beams at different subcar-

riers split and point to different directions. At lower fre-

quencies (e.g., up to millimeter-wave [14]), beam-squint is
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used to describe the same phenomenon, and negative group-

delay networks are used to compensate for it [15]. Whereas

beam-squint causes slight deviations in the beam direction

while they still cover the targets with their mainlobes, the

generated beams are completely non-overlapping in beam-

split. The latter is, therefore, a more severe form of the

former (Fig. 1a). This angular deviation eventually impacts

MC, which is direction-dependent because of the directional

beampattern [16]. The existing techniques to mitigate beam-

split are mostly hardware-based [11]. Specifically, additional

hardware components such as time-delayer networks to realize

subcarrier-dependent (SD) ABs, they are expensive because

each phase shifter is connected to multiple delayer elements.

Further, each such element consumes approximately 100 mW

which is more than that of a single phase shifter (40 mW) at

THz [3].

Although THz channel estimation [12] and hybrid ana-

log/digital beamforming [11, 17] under beam-split have been

explored in prior THz studies, these algorithms did not ex-

amine either DoA estimation or MC calibration. The hybrid

architectures at mm-Wave [18, 19] and THz [2] so far employ

orthogonal matching pursuit (OMP) [18], maximum likelihood

(ML) [19] and MUltiple SIgnal Classification (MUSIC) [2,

6] for DoA estimation but exclude beam-split and MC. The

calibration of beam-split in THz systems is considered for

different array geometries, e.g., uniform linear/rectangular

array (ULA/URA) [12, 20, 21]. Specifically, the ULA provides

a simple design whereas the URA-based THz systems allow

a compact and efficient design with array/group of subarrays

architecture [17]. While the calibration procedure is the sim-

ilar, the use of URA introduces the calibration of beam-split

in both azimuth and elevation.

In this work, contrary to previous works, we address the

aforementioned shortcomings by considering beam-split as

an array imperfection in a similar way as MC has been

investigated in the well-studied array calibration theory [16,

22, 23]. Specifically, we model the beam-split errors as a

diagonal matrix, which represents a linear transformation

between the nominal and actual steering vectors corrupted by

beam-split. Using this transformation and incorporating the

signal-noise subspace orthogonality, we develop a calibrated

for beaam-split and MC MUSIC (CREAM-MUSIC) algorithm

to obtain accurate DoA estimates. In particular, we introduce

an alternating approach, wherein the DoAs, beam-split, and

MC coefficients are iteratively estimated. For DoA, while

the degree of beam-split is proportionally known a priori,

it depends on the unknown target direction. For example,

http://arxiv.org/abs/2309.03195v2
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Fig. 1. The MUSIC spectra of (a) all subcarriers without beam-split
compensation, (b) all subcarriers with beam-split compensation, (c) CREAM-
MUSIC algorithm for the source location depicted with vertical line. fc = 300
GHz, B = 30 GHz, M = 11, θ̃ = 60◦ , N = 128 and NRF = 8.

consider fm and fM to be the frequencies for, respectively, the

m-th and last/highest subcarriers. When θ is the physical target

direction, then the spatial direction corresponding to the m-th-

subcarrier is shifted by fm
fM
θ. We then construct the CREAM-

MUSIC spectra which accounts for this deviation and thereby

ipso facto mitigates the effect of beam-split (Fig. 1b-c).

II. SYSTEM MODEL & PROBLEM FORMULATION

Consider a wideband THz ultra-massive multiple-input

multiple-output uplink scenario, wherein the base-station (BS)

employs hybrid analog/digital beamformers with N -element

ULA and NRF radio-frequency (RF) chains. In sensing appli-

cations, the equivalent signals would be from K targets. With-

out loss of generality, assume the targets are in the far-field of

the BS with the physical DoAs θk for k ∈ {1, · · · ,K} = K,

where θk = sin θ̃k (θ̃k ∈ [−π
2 ,

π
2 ]).

To begin with, we first consider the conventional MC- and

beam-split- free scenario, wherein the N × 1 steering vector

corresponding to the k-th target is

a(θk) = [1, ej2π
d
λ⋆ θk , · · · , ej2π(N−1) d

λ⋆ θk ]T, (1)

where d stands for antenna spacing and λ⋆ = ν
fM

denotes the

wavelength corresponding to the highest subcarrier frequency.

Hence, d is selected as d = ν
2maxm fm

= ν
2fM

in order to

avoid spatial aliasing [24]. Here, ν is speed of light and fm =
fc+

B
M (m−1− M−1

2 ) is the m-th subcarrier frequency (m ∈
{1, · · · ,M} = M) with fc and B being the carrier frequency

and total bandwidth, respectively.

In order to sense the targets, the BS employs the sensing sig-

nal sm(ti) ∈ CNRF and the SI precoder F ∈ CN×NRF . Then,

the BS activates NRF RF chains and applies F ∈ CN×NRF

to the sensing signal sm(ti), and the N × 1 transmit signal

becomes xm(ti) = Fsm(ti) where i = 1, · · · , T and T is the

number of data snapshots.

Beam-Split: During the search phase of the THz radar,

the AB is designed with the structure of steering vectors

corresponding to the search directions. For an arbitrary a(θk)
for direction θk. Then, the n-th element of a(θk) is defined

as [a(θk)]n = 1/
√
N exp

{
j(n− 1)2πdλm

θk
}

, i.e.,

[a(θk)]n = 1/
√
N exp

{
j(n− 1)πηmθk

}
, (2)

where ηm = fm
fM

. We can see that the direction of AB designed

for θk is split and points to the spatial direction θ̄k,m = ηmθk.

It is also clear that when fm = fM , we have θ̄k,m = θk,

which leads to the definition in (1).

Lemma 1. Let a(θ̄m) and a(θ) be the beam-split-corrupted

and nominal steering vectors for an arbitrary direction θ
and subcarrier m ∈ M as defined in (2) and (1), respec-

tively. Then, a(θ̄m) achieves the maximum array gain, i.e.,

AG(θ,m) = |aH(θ)a(θ̄m)|2
N2 , if θ̄m = ηmθ.

Proof. The array gain varies across the whole bandwidth as

AG(θ,m) = |aH(θ)a(θ̄m)|2
N2 . By using (1) and (2), AG(θ,m) is

AG(θ,m) =
1

N2

∣∣∣∣∣

N∑

n1=1

N∑

n2=1

e
−jπ

(

(n1−1)θ̄m−(n2−1)
λMθ

λm

)

∣∣∣∣∣

2

=

∣∣∣∣∣∣

N−1∑

n=0

e
−j2πnd

(

θ̄m
λM

− θ
λm

)

N

∣∣∣∣∣∣

2

=

∣∣∣∣∣

NT−1∑

n=0

e−j2πnd (fcΦm−fmΦ)
c0

N

∣∣∣∣∣

2

=

∣∣∣∣∣
1− e−j2πNd

(fM θ̄m−fmθ)

ν

N(1− e−j2πd
(fM θ̄m−fmθ)

ν
)

∣∣∣∣∣

2

=

∣∣∣∣
sin(πNµm)

N sin(πγm)

∣∣∣∣
2

= |ξ(µm)|2,

where µm = d (fM θ̄m−fmθ)
ν . The array gain implies that

most of the power is focused only on a small portion of

the beamspace due to the power-focusing capability of ξ(·),
which substantially reduces across the subcarriers as |fm−fM |
increases. Furthermore, |ξ(µm)|2 gives peak when µm = 0,

i.e., fM θ̄m − fmθ = 0, which yields θ̄m = ηmθ.

Above lemma indicates that the split direction θ̄m should

be taken into account to achieve accurate DoA estimation

performance. Finally, we define the relationship between the

nominal and beam-split-corrupted steering vectors as

a(θ̄m,k) = Bm,ka(θk), (3)

where Bm,k = diag{bm,k,1, · · · , bm,k,N} is an N × N
diagonal matrix with bm,k,n = exp{j(n − 1)π∆m,k}, where

∆m,k is defined as beam-split, i.e., ∆m,k = θ̄m,k − θk.
Mutual Coupling: Experimentally, the MC matrix is found

from the inverse of the measurement transformation matrix

Zm ∈ CN×N , which maps the coupled voltages to the

uncoupled voltages [25–27] as ZmVm = Um. Here, Vm =[
v
1
m, · · · ,vΩ

m

]
∈ CN×Ω comprises the coupled measurements

collected for Ω ≥ N distinct directions when all the antennas

are residing in the array whereas Um =
[
u
1
m, · · · ,uΩ

m

]
∈

CN×Ω is obtained with N antenna elements, each of which is

considered one-by-one separately while the remaining N − 1
antennas are removed. Then, the direction-independent MC

matrix is obtained as Cm = Z
−1
m . When the MC is DD, it

should be computed for a certain angular sectors [16].

The MC matrix of a ULA1 is represented by

an L-banded Toeplitz matrix [22, 28, 29]. Define

Cm(θk) ∈ CN×N as the SD and direction-

dependent MC matrix with L MC coefficients, i.e.,

1The proposed approach is easily applicable to different array geometries,
e.g., UCA/URA. Specifically, the MC matrix has circular-symmetric and
block-Toeplitz structure for UCA and URA, respectively [22].
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Cm(θk) = Toeplitz{1, cm,k,1, · · · , cm,k,L, 0, · · · , 0},

where {cm,k,l}Ll=1 are the distinct MC coefficients. Denote

the actual steering vector by ã(θ̄m,k) ∈ CN . The steering

vector corrupted by both beam-split and MC becomes

ã(θ̄m,k) = Cm(θk)a(θ̄m,k) = Cm(θk)Bm,ka(θk), (4)

for which we define the MC-corrupted steering matrix in a

compact for as Dm = [ã(θ̄m,1), · · · , ã(θ̄m,K)] ∈ CN×K .

Our goal is to estimate the DoAs of the targets {θk}Kk=1

while accurately compensating for beam-split and MC.

III. PROPOSED METHOD

Define Xm = [xm(t1), · · · ,xm(tT )] ∈ CN×T as the radar

probing signal transmitted by the BS for T data snapshots

along the fast-time axis [30], where E{XmX
H
m} = PrT

MN IN ,

for which FF
H = 1/N , and Pr is the radar transmit power.

Limited number of RF chains yield NRF × 1 received base-

band data vector. When K ≥ NRF, it results in poorer

parameter estimation [24, 31]. To collect the full array data

from NRF RF chains, we follow a subarrayed approach. That

is, the BS activates the antennas in a subarrayed manner

to apply the N × NRF analog beamforming matrix W̃ =[
W

T

1 , · · · ,W
T

J

]T

. Then, the BS collects the received target

echoes for J = N
NRF

time slots. The target DoAs remain

invariant within a time slot but change across different time

slots. This is reasonable for the THz system, wherein the

symbol time is of the order of picoseconds [2, 30]. Then,

for the j-th time slot, the BS applies the combiner matrix

Wj =




0jNRF×NRF

Wj

0N−(j+1)NRF×NRF


 ∈ CN×NRF , where Wj ∈

C
NRF×NRF represents the j-th block of W̃ corresponding to

the j-th subarray. Then, the NRF × T echo signal from the

K targets at the j-th time slot is

Ym,j =

K∑

k=1

βkW
H

j ã(θ̄m,k)
[
ã(θ̄m,k)

]T
Xm + Ñm,j, (5)

where βk ∈ C denotes the reflection coefficient of the k-th

target. Ñm,j = W
H
j N̄m,j ∈ CNRF×T is representing the noise

term, where N̄m,j = [n̄m,j(t1), · · · , n̄m,j(tT )] ∈ CN×T with

n̄m,j(ti) ∼ CN (0, σ2
nIN ). Denote the target steering matrix

and reflection coefficients by Am,j = W
H
jDm ∈ CNRF×K

and Π = diag{β1, · · · , βK} ∈ CK×K , then (5) becomes

Ym,j = Am,jΠD
T
mXm + Ñm,j. Stacking all Ym,j into a

single N × T matrix leads to the overall observation matrix

Ym ∈ CN×T as

Ym =
[
Y

T

m,1, · · · ,YT

m,J

]T

= AmΠD
T

mXm + Ñm, (6)

where Am =
[
A

T
m,1, · · · ,AT

m,J

]T
= W

H
Dm ∈

C
N×K , W = [W1, · · · ,WJ ] ∈ C

N×N , and Ñm =[
Ñ

T
m,1, · · · , ÑT

m,J

]T

. We now introduce an alternating al-

gorithm, wherein the beam-split-corrected DoA angles and

the MC coefficients are estimated iteratively such that MC

parameters are kept fixed while estimating the DoA angle or

vice versa.

A. DoA and Beam-Split Estimation

In order to estimate the target directions, we invoke the

wideband MUSIC algorithm [24, 31]. Define Rm ∈ CN×N

as the covariance matrix of Ym, i.e.,

Rm =
1

T
YmY

H

m =
1

T
Am

(
PrT

MN
Π̃

)
A

H

m +
1

T
ÑmÑ

H

m

≅
Pr

MN
AmΠ̃A

H

m + σ2
nIN , (7)

where ÑmÑ
H
m ≅ σ2

nT/NIN and Π̃ ∈ C
K×K is defined

as Π̃ = ΠD
T
D

∗
Π

∗. Then, the eigendecomposition of Rm

yields Rm = UmΘmU
H
m, where Θm ∈ CN×N is a diagonal

matrix composed of the eigenvalues of Rm in a descending or-

der, and Um =
[
U

S
mU

N
m

]
∈ CN×N corresponds to the eigen-

vector matrix; U
S
m ∈ CN×K and U

N
m ∈ CN×N−K are the

signal and noise subspace eigenvector matrices, respectively.

The columns of US
m and Am span the same space that is or-

thogonal to the eigenvectors in U
N
m as ‖UN

m
H
(WH

ã(θ̄m,k))‖22,

i.e., ‖UN
m

H
(WH

Cm(θk)Bm,ka(θk))‖22 = 0, for k ∈ K and

m ∈ M [31]. Thus, given the MC matrix Cm(θ), the

conventional MUSIC spectra is given by

P (θ) =

M∑

m=1

Pm(θ), (8)

where Pm(θ) is the spectrum corresponding to the m-

th subcarrier as Pm(θ) = 1
f(m,k) , where f(m, k) =

a
H(θ)CH

m(θ)WU
N
mU

N
m

H
W

H
Cm(θ)a(θ). The MUSIC spec-

tra in (8) yields MK peaks, which are deviated due to

beam-split (see Fig. 1a) while correct MUSIC spectra should

include K peaks which are aligned for m ∈ M. In other

words, beam-split-corrected steering vectors should be used to

accurately compute the MUSIC spectra. The CREAM-MUSIC

accounts for this deviation by employing beam-split-aware

steering vectors em(θ) = W
H
Cm(θ)a(θ̄m) ∈ CN . Then, the

CREAM-MUSIC spectra is P̃ (θ) =
∑M
m=1 P̃m(θ), where

P̃m(θ) =
1

eH
m(θ)U

N
mUN

m
H
em(θ)

, (9)

for which, the K highest peaks of (9) correspond to the esti-

mated target DoAs {θ̂k}Kk=1, and the beam-split is computed as

∆̂m,k = (ηm−1)θ̂k, for m ∈ M, k ∈ K. Note that combining

the spectra of M subcarriers results in only a single peak-

search in place of separately estimating the DoAs for each

subcarrier.

B. Mutual Coupling Estimation

Define cm,k = [cm,k,1, · · · , cm,k,L]T as the L × 1
vector MC coefficients. Then, we construct the

following useful matrix-vector transformation between

cm,k and Cm(θk), i.e., Cm(θk) = Tm,kcm,k, where

Tm,k =
[
Sm,1a(θ̄m,k), · · · ,Sm,La(θ̄m,k)

]
∈ C

N×L, for

which Sm,l is an N ×N matrix, and it is defined for any array

geometry as Sm,l =

{
1, if [Cm(θk)]i,j = cm,k,l
0, otherwise

[16].

Given the DoAs {θk}Kk=1, we solve the following

optimization problem to estimate cm,k, i.e.,
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minimizecm,k

∑M
m=1 f(m, k), s. t. : cm,k,1 =

1, which is equivalent to

minimizecm,k

∑M
m=1 c

H

m,kΣm,kcm,k, s. t. : v
T
cm,k = 1,

where v = [1, 0, · · · , 0]T ∈ CL×1 and Σm,k ∈ CL×L is

Σm,k = T
H

m,kWU
N
mU

N
m

H
W

H
Tm,k. Then, the closed-form

solution for cm,k is

ĉm,k = Σ
−1
m,kv

(
v

T
Σ

−1
m,kv

)−1

. (10)

In Algorithm 1, we present the proposed alternating ap-

proach to effectively estimate the DoAs, beam-split, and MC

coefficients. Specifically, we first partition the angular search

space into S sectors as Φ = ∪Ss=1Ψs, where Φ = [−π
2 ,

π
2 ]

for a ULA, and Ψs denotes the angular sector, for which the

direction-dependent MC matrix Cm(Ψs) is kept fixed [16].

Then, the estimates of the DoAs and MC coefficients are

alternatingly computed until the algorithm converges for a

predefined error threshold parameter ǫ. While the alternating

algorithm does not guarantee optimality, its convergence has

been shown in prior works [22, 29]. Nevertheless, the proposed

approach almost achieves the CRB (see Fig. 2).

The implementation of CREAM-MUSIC is similar to the

other alternating algorithms for DoA and MC estimation

and beam-split compensation stage does not impose an ad-

ditional constraint on the problem. The computational com-

plexity of the proposed approach is similar to the existing

techniques [22, 28, 29] except that wideband processing is

involved. Therefore, the complexity order is O(M [N3 +
KL3]) because of eigendecomposition for DoA estimation

(O(MN3)) and computation of the direction-dependent MC

coefficients (O(MKL3)) for M subcarriers.

IV. NUMERICAL EXPERIMENTS

We evaluate the performance of our CREAM-MUSIC

approach in comparison with the MUSIC algorithm with no

calibration, only beam-split compensation (BSC), and only

MC calibration (MCC), as well as the Cramér-Rao bound

(CRB) [12], in terms of root mean-squared-error (RMSE),

i.e., RMSEθ = ( 1
JTK

∑JT

i=1

∑
k∈K ||θ̂i,k − θi,k||22)1/2, where

θ̂i,k stands for the estimated DoA for the i-th experiment

of JT = 100 Monte Carlo trials. The simulation parameters

are fc = 300 GHz, B = 30 GHz, M = 64, N = 128,

NRF = 8, T = 100, K = 2 and L = 5 [2, 16, 17]. Our

CREAM-MUSIC method in Algorithm 1 is run approximately

for ℓ = 50 iterations with ǫ = 10−4. The DoAs are selected

uniform randomly as θ̃k ∼ unif[−π
2 ,

π
2 ]. The AB matrix

is modeled as [W]i,j = 1√
N
ejψ, where ψ ∼ unif[−1, 1]

for i = 1, · · · , N and j = 1, · · · , NRF. The direction-

dependent MC coefficient vectors are selected as cm,1 =
[0.85ejϕm,1,1, 0.8ejϕm,1,2, 0.4ejϕm,1,3, 0.2ejϕm,1,4]T and

cm,2 = [0.9ejϕm,2,1, 0.75ejϕm,2,2, 0.45ejϕm,2,3, 0.25ejϕm,2,4]T,

where ϕk,l ∼ unif[−π, π] for m ∈ M and l = 1, · · · , L.

In Fig. 2, we present the DoA estimation RMSE with

respect to signal-to-noise-ratio (SNR), which is defined as

SNR = 10 log10(
ρ
σ2
n
), where ρ = Pr

MN2 = 1. As it is

seen, both MUSIC and MCC-MUSIC have poor performance

because they do not take into account the effect of beam-

split. In contrast, BSC-MUSIC exhibits lower RMSE than

Algorithm 1 CREAM-MUSIC

Input: Ym, W, K , S, Φ, ǫ, ηm.
1: Initialize: ℓ = 1, Cℓ

m(Ψs) = IN , m ∈M, k ∈ K.
2: while not terminated do

3: for m ∈ M
4: Compute Rm and U

N
m from (7).

5: for s = 1, · · · , S do

6: Compute P̃ ℓ
m(Ψs) from (9) using Cℓ

m(Ψs).
7: end

8: Construct P̃ ℓ
m(Φ) = ∪Ss=1

P̃ ℓ
m(Ψs).

9: end

10: P̃ ℓ(Φ)←
∑M

m=1
P̃ ℓ
m(Φ).

11: Find {θ̂ℓ
k
}K
k=1

from the K highest peaks of P̃ ℓ(Φ).
12: for k ∈ K, m ∈ M
13: ∆̂ℓ

m,k
← (ηm − 1)θ̂ℓ

k
.

14: end

15: Solve (10) for Ĉ
ℓ
m(θk) by using a(θ̂ℓ

k
), m ∈M, k ∈ K.

16: if
∑

k∈K
|θ̂ℓ

k
− θ̂ℓ−1

k
| ≤ ǫ then terminate end

17: i← i+ 1
18: end

Return: θ̂k , ∆̂m,k and Ĉm(θk) for m ∈ M, k ∈ K.

-20 -15 -10 -5 0 5 10 15 20
10-3

10-2

10-1

100

101

Fig. 2. DoA estimation RMSE vs. SNR.

that of MCC-MUSIC. Specifically, DoA estimation error due

to beam-split and MC is approximately 4◦ and 0.25◦, re-

spectively. The significance of the DoA error due to beam-

split is directly related to ηm (see Fig.1a), which causes

deviations in the steering vector model (see (2)). This clearly

shows the importance of beam-split compensation. In high

SNR, the performance of BSC-MUSIC maxes out due to lose

of precision, while the proposed CREAM-MUSIC approach

attains the CRB very closely and outperforms the remaining

methods yielding poor precision.

V. SUMMARY

We examined the THz DoA estimation problem in the

presence of beam-split and MC. While the latter has a marginal

impact (∼ 0.25◦) on DoA estimation, the former causes

significant errors in the array gain and be severe (∼ 4◦).

We showed that the proposed CREAM-MUSIC approach can

effectively compensate both DoA errors due to beam-split

and MC. Furthermore, the proposed method does not require

additional hardware components, e.g., time-delayer networks

for beam-split calibration.



5

REFERENCES

[1] I. F. Akyildiz, C. Han, Z. Hu, S. Nie, and J. M. Jornet, “Terahertz Band
Communication: An Old Problem Revisited and Research Directions for
the Next Decade,” IEEE Trans. Commun., vol. 70, no. 6, pp. 4250–4285,
May 2022.

[2] Y. Chen, L. Yan, C. Han, and M. Tao, “Millidegree-Level Direction-
of-Arrival Estimation and Tracking for Terahertz Ultra-Massive MIMO
Systems,” IEEE Trans. Wireless Commun., vol. 21, no. 2, pp. 869–883,
Aug. 2021.

[3] A. M. Elbir, K. V. Mishra, S. Chatzinotas, and M. Bennis, “Terahertz-
Band Integrated Sensing and Communications: Challenges and Oppor-
tunities,” arXiv, Aug. 2022.

[4] H. Sarieddeen, M.-S. Alouini, and T. Y. Al-Naffouri, “An overview of
signal processing techniques for Terahertz communications,” Proceed-

ings of the IEEE, vol. 109, no. 10, pp. 1628–1665, 2021.
[5] S. Venkatesh, X. Lu, H. Saeidi, and K. Sengupta, “A Programmable

Terahertz Metasurface With Circuit-Coupled Meta-Elements in Silicon
Chips: Creating Low-Cost, Large-Scale, Reconfigurable Terahertz Meta-
surfaces,” IEEE Antennas Propag. Mag., vol. 64, no. 4, pp. 110–122,
Jun. 2022.

[6] H. Nayir, G. K. Kurt, and A. Görçin, “Angle of Arrival Estimation for
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