creative
commons

C O M O N § D

Ol2XtE= otele =2E 2= R0l 8ot 7S

o Ol == SH, HHE, 85, Al SH L 58 = U
o OIXH MAEESE HdE = UsLICH
Ol HHES del SR 0|8 = AsU T

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

o 7lot=, Ol M& =2 MOISO0ILE HHEZ2l H<, 0l A =0l HE= 0125
S Bt LIEHLHO10F B LICH
o MNAEAXNZRE EE2 3IIE &2 0lE ZHE2 HEL X ZSLICH

AEAYH OHE 0I8XA2 dele f12 W20l 26t gets 2 X ZSLICH

01X 2 0l Ed = 772 (Legal Code)S OloiotIl &Ml kst 23 LI CY.

Disclaimer |:|._'|

Collection



http://creativecommons.org/licenses/by/2.0/kr/legalcode
http://creativecommons.org/licenses/by/2.0/kr/

M.S. Thesis

Fast Terahertz Beam Management
via Frequency—-dependent
Beamforming

FHF-F

A

LT I L) G R o= I b s

BY

PARK JUNG—-JAE

FEBRUARY 2023

DEPARTMENT OF ELECTRICAL ENGINEERING
AND COMPUTER SCIENCE
COLLEGE OF ENGINEERING
SEOUL NATIONAL UNIVERSITY



Fast Terahertz Beam Management

via Frequency—-dependent
Beamforming

Zu 4 B 7 A7

Aedsta st
A7 8 B3

a4y A

agA ] ZEAHA}L B ERLS

2023 d 2 €

e
ANF=T+

Rk 4 ¢ (2D)
29197 4 & (2D)
9 4 o] A &

(D



Abstract

Terahertz (THz) communications are envisaged as an attractive
way to attain richer spectrum resources and surmount the
bandwidth desert. One main difficulty of the THz communication is
the severe attenuation of signal power caused by the high
diffraction and penetration losses and atmospheric absorption. To
compensate for the severe path loss, a beamforming technique
realized by the massive multiple —input multiple—output (MIMO) has
been widely used. Since the beamforming gain is maximized only
when the beams are appropriately aligned with the signal
propagation paths, the acquisition of accurate beam directions is of
great importance. A major issue of the conventional beam
management schemes is the considerable latency being proportional
to the number of training beams. In this paper, we propose a THz
beam management technique that simultaneously generates multiple
frequency—dependent beams using the true time delay (TTD)-—
based phase shifters. By closing the gap between the frequency—
dependent beamforming vectors and the desired directional
beamforming vectors using the TTD-—based signal propagation
network called intensifier, we generate very sharp training beams
maximizing the beamforming gain. From the numerical results, we
demonstrate that the proposed scheme achieves more than 70%
reduction in the beam management latency and 60% increase in

the data rate.
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management
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I. INTRODUCTION

Recently, terahertz (THz) communications have received much attention to alleviate spectrum
bottleneck and support high data rates for 6G wireless communications [1], [2]. Using the
abundant spectrum resource in the THz frequency band (0.1~10THz), THz communications
can support immersive mobile services such as digital twin, metaverse realized by XR devices,
and high-fidelity mobile holographic displays [3], [4]. Well-known drawback of the THz com-
munications is the severe attenuation of the signal power caused by the high diffraction and
penetration losses and atmospheric absorption [5]. To deal with the problem, a beamforming
technique realized by the massive multiple-input multiple-output (MIMO) has been widely used
[6], [7]. Since the beamforming gain is maximized only when the beams are properly aligned
with the signal propagation paths, the base station (BS) needs to acquire the accurate channel
information in a form of angle-of-arrivals (AoAs) and angle-of-departures (AoDs). The process
to acquire the AoAs/AoDs associated with the paths between the BS and the mobile and then
send the directional beams to the acquired directions is collectively called beam management
[8], [9]. In general, the beam management consists of two steps: 1) beam sweeping and 2) beam
refinement. In the beam sweeping step, the BS sequentially transmits the training beams carrying
the reference signal and the mobile reports the index of the beam corresponding to the highest
reference signal received power (RSRP) to the BS. After that, in the beam refinement step, the
BS narrows down the direction of the mobile by sending multiple pilot signals (e.g., channel
state information reference signal (CSI-RS)) to the direction obtained from the beam sweeping
[10].

Over the years, various beam management schemes have been proposed [11]-[14]. In [11], a
beam management scheme using the hierarchical multi-level beam codebook has been proposed.
In [12], [13], a beam management scheme that generates the training beam using the antenna
deactivation technique has been proposed. In [14], a deep-learning (DL)-based beam selection
technique for the mmWave communications has been proposed. In these schemes, the analog
phase shifters are often used in the training beam generation to reduce the hardware cost and
computational complexity. Since the analog phase shifters generate one training beam at a time,
the BS can probe only one spatial direction in each time slot, incurring a considerable beam
management latency being proportional to the number of training beams. Recently, to speed

up the beam management process, multiple beam generation approaches have been proposed



[15], [16]. In these approaches, the true time delay (TTD)-based phase shifter, a unit generating
a specific time delay using multiple switched delay lines, is employed for the training beam
generation [17]. By controlling the propagation path of the RF transmission signals, a phase shift
being proportional to the product of time delay and the signal frequency is induced to the RF
signal. Since the BS can simultaneously generate multiple frequency-dependent training beams
using the TTD-based phase shifters, the beam management latency can be reduced considerably.
While this approach is promising, since micro-electromechanical systems (MEMS) relying on
costly semiconductor lithographic process is used in switching the delay lines in the TTD,
hardware complexity and implementation cost of the TTD are considerable! [18]. To reduce
the hardware complexity and the implementation cost, a partially-connected structure where one
TTD is connected to multiple antennas has been suggested [18]. While this so-called delay-
phased precoding (DPP) scheme can save the hardware cost, it will cause a severe degradation
of the beamforming gain due to the strong sidelobe power of the generated beams.

An aim of this paper is to put forth an efficient THz beam management technique reducing
the beam management latency without the loss of beamforming gain. The proposed scheme,
henceforth referred to as frequency-dependent beamforming (FDB), simultaneously generates
multiple frequency-dependent training beams using the TTD-based phase shifters. A distinctive
feature of the FDB-based beam management over the previous efforts is that we exploit a
deliberately designed TTD-based signal propagation network called intensifier to compensate
for the difference between the desired beamforming vectors and the frequency-dependent beam-
forming vectors. Since the BS can search multiple directions simultaneously while suppressing
the sidelobes of the beams, we can obtain the significant reduction in the beam management
latency and at the same time achieve the maximum beamforming gain with very marginal increase
in the number of TTDs.

From the beam misalignment probability analysis, we show that the probability of FDB to
find out the optimal beam direction is much higher than that of DPP. Also, from the numerical
evaluations on the realistic THz systems, we demonstrate that FDB significantly reduces the
beam management latency over the conventional approaches. In particular, FDB achieves more
than 90% reduction on the beam management latency over the conventional beam management

scheme in 5G NR [19]. Even when compared with DPP, FDB achieves more than 70% beam

The cost of the TTD is nearly 10 times higher than that of the analog phase shifter [17].



management latency reduction.

The rest of this paper is organized as follows. In Section II, we discuss the wideband THz
system model. In Section III, we explain the FDB beam generation mechanism. In Section IV, we
present the FDB-based beam management process and provide the beam misalignment analysis.
In Section V, we present the simulation results and then conclude the paper in Section VI.

Notation: Lower and upper case symbols are used to denote vectors and matrices, respectively.
The superscript (-)T, (), and (-)" denote transpose, hermitian transpose, and pseudo-inverse,
respectively. ||x|| is the Euclidean norm of a vector x and ||X||r is the Frobenius norm of
a matrix X. Re{z} and Im{z} are the real and imaginary parts of z, respectively. ay(z) =
[1er . ej(Nfl)z)}T is the NV x 1 array steering vector corresponding to z. Also, X ® Y and

X ®Y denote the Kronecker and Hadamard product of X and Y, respectively.

II. WIDEBAND TERAHERTZ SYSTEM

In this section, we briefly discuss the wideband THz MISO system model and true time delay,

followed by a description of the conventional frequency-dependent beamforming technique.

A. Terahertz MISO-OFDM System Model

We consider a downlink THz MISO-OFDM system where a BS equipped with a uniform linear
array (ULA) of NV antennas serves a single-antenna mobile. The number of OFDM subcarriers
is S, the carrier frequency is f., and the bandwidth is B. To reduce the hardware complexity,
we consider the analog beamforming architecture where an RF chain is connected with N phase

shifters?. Under this setup, the received signal y; of the mobile at the i-th subcarrier is given by

=/ Phifs; +n;, i=1,---,8, (1)

where P, is the BS transmit power, h; € C" is the downlink THz channel vector from the BS to
the mobile, f; € CV is the frequency-dependent beamforming vector, s; is the transmit symbol,

and n; ~ CN(0,02) is the Gaussian noise at the i-th subcarrier. The corresponding data rate R

He |2
ZlogQ( Pt‘h £l ) (2)

’I’L

of the mobile is given by

“The proposed scheme can be readily extended to the hybrid beamforming architecture scenario where multiple RF chains
are connected to the phase shifters. In fact, when the number of RF chains is larger than one, one can generate the oversampled

FDB beams between the FDB beams generated by the single RF chain.



As for the channel model, we use the frequency-selective line-of-sight (LoS)-based THz
channel model where the downlink i-th subcarrier channel vector h; € CV from the BS to

the mobile is expressed as [20]

h, — \//_)aie*jzﬂfﬁa]v(qﬁi), i=1---,8, 3)

where p is the large-scale fading coefficient accounting for the path loss and the shadow fading,
a; ~ CN(0,1) is the small-scale fading coefficient, 7 is the propagation delay, f; = f. — & +
%(i — 1) is the i-th subcarrier frequency, and ¢; is the subcarrier channel direction at the i-th
subcarrier, defined as®

qﬁi:%ﬂsingp, i1=1,---,5, 4)

C

where ¢ is the AoD at the BS. Also, ay(¢;) € CV is the array steering vector of BS given by

an(¢;) = [1e/% .- ej(N—1)¢,L.]T‘ 5

From (2) and (3), one can easily see that the optimal beamforming vector f maximizing the
achievable rate is f* = ay(¢;). It is worth mentioning that the optimal beamforming vector
for each subcarrier is different. In order to find out {f}? ,, one should acquire the channel

directions {¢;}7_, for all subcarriers, which requires quite a bit of time.

B. True Time Delay-based Phase Shifter

In 5G NR, analog phase shifters are employed for the training beam generation. Since the
generated phase is invariant to the frequency, beams for all subcarriers are directed toward the
same spatial direction. Due to this limitation, analog phase shifters can generate only one training
beam at a time and thus the beam management latency is directly proportional to the number
of training beams [10]. In fact, the time to complete the beam management process of 5G can
easily exceed 20 ms, making it difficult to support even a mild mobility of human’s movement
(e.g., walking).

Recently, approaches to generate multiple frequency-dependent beams using the TTD-based

phase shifters have been proposed [15], [16]. Essence of these approaches is to exploit TTD,

3In the conventional mmWave systems, the difference between f. and f; is relatively small, and thus one can readily assume

that v; = J{%

difference between f. and f; is no longer negligible due to the large bandwidth. Thus, ; can be larger or smaller than 1. This

~ 1. This means that all subcarrier channel directions are almost identical. In the THz systems, however, the

phenomenon where the subcarrier channel direction depends on the subcarrier frequency is called the beam squint effect [21].
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Fig. 1: Structure of a 3-bit TTD and TTD array. The time delay is A = % where L is the length
of the dotted delay line and c is the propagation speed of RF signal.

a device consisting of multiple switches and electrical impedances, to change the phase of the
RF signal. As illustrated in Fig. 1, when the fifth switch SWj is activated, the RF signal will
propagate through the dotted delay line and the phase shift being proportional to the product of
time delay A = % and the signal frequency f; is induced. Specifically, if a time delay A is induced
to an input RF signal (i.e., a sum of subcarrier signals) s(t) = Zle si(t) = Zle s;e?" /it then
the output RF signal will be s(t — A) = 327 5,627 it=8) = S5 5,(t)e~92m/i2 5o that the
frequency-dependent phase shift —27 f; A is induced for each subcarrier signal s;(t).

Using the multiple TTD-based phase shifters, say N TTDs, one can generate multiple frequency-
dependent beams, each of which is heading toward the distinct direction. Specifically, let z; , (¢, 7)
be an output of the n-th TTD for the i-th subcarrier signal, then x;,(f,7) can be expressed as
Tin(t,7) = si(t — (n — 1)7) = 5;(t)e 7 "=V27fir By stacking x; ,(t,7) of all N TTDs, one can

express the output vector x;(¢) of TTDs for the i-th subcarrier signal as

Xz(t) = [$i71(t, T) e ZEZ‘7N(t, T)]T (6)
=1 e TN s ) ™)

From this relationship, one can see that f;(7) = [1e 7™/ ... e*j(N*I)%fﬂT = ay(—27f;7)
is the TTD beamforming vector at the i-th subcarrier. One can also see that the spatial direction
of f;(7) is —27 f;7, which is the function of the subcarrier frequency f;. In summary, using the
TTD-based phase shifters, one can generate S distinct beams {f;(7)}7_, (S is the number of

subcarriers), each of which is heading toward the distinct directions.



=T TTD-based phase shifter /®/ : Analog phase shifter Y: Antenna element
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Parallel to Time delay Analog
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Fig. 2: Overall structure of the conventional DPP scheme.

C. Conventional Delay-phased Precoding

To simultaneously generate the multiple training beams heading toward the desired directions,
DPP employs both TTDs and analog phase shifters [18], [22]. Let N and 7' be the numbers of
analog phase shifters and TTDs, then each TTD is connected to P = % analog phase shifters
(see Fig. 2). The DPP beamforming vector fi”> € CV at the i-th subcarrier is

fidpp = (0) o f9(r), i=1,---,05, 9)
where () € CV is the beamforming vector generated by the analog phase shifters:
f2(9) = [Lef? ... dN-DIT (10)
and f9(7) € CV is the beamforming vector generated by the TTDs:
£9(r) = [Le 2 ... e—j(T—l)QﬁfﬂT ® 1p, (11

where 7 is the time delay provided by the TTDs. Noting that f*(f) = ay(f) and f9(7) =

d
ar(—27f;7) ® 1p, one can re-express f; " as

£ = ay(0) © (ap(—27fiT) ® 1p) (12)
Y (ar(PO) @ ap()) © (ap(—27fi7) @ 1p) (13)
2 (ar(PO) © ar(~2nfir)) © (ap(6) © 1p) (14)
9 ar(PO — 21 f,7) @ ap(0), (15)

where (a), (b), and (c) follow from ay(f) = ar(Pf)®ap(d), (A®B)®(C®D)=(A0C)®
(B® D), and ay(0) ® ay(¢) = ay(f + ¢), respectively®.

*For example, when N = 6, T = 2, and P = 3, then any(f) can be re-expressed as ag(f) = [1e/? ... /%7 =

[[1e79 e729)T e739[1 1% 32917 = 1737 @ [1 €7 72" = a2(36) ® a3(h).
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Fig. 3: Beam patterns of DPP beam and directional beam (N = 32, f. = 100 GHz, B = 10 GHz,
S=16,T =8, P=4,0 =—-0.25 and 7 = —4.2 x 107!%). One can see that the sidelobe

leakage of the DPP beam is much larger than that of the directional beam.

By properly controlling 7 and 6, one can generate S DPP beams {f;1 PP15 | directed to the
desired directions. However, due to the Kronecker product in (15), one cannot easily guess the
spatial direction of ff PP By the spatial direction, we mean the direction of the array steering

vector having the highest correlation with £***. Put it formally, the spatial direction 6; of £ is

all ()|,

defined as 6; = arg maxy
Lemma 1. The spatial direction 0; of the DPP beamforming vector f°** is 0; = 0 — % [18].

Due to the partially-connected structure where one TTD is connected to multiple analog phase
shifters, DPP cannot generate sharp training beams. To measure the difference between the DPP
beamforming vector ff PP and the desired directional beamforming vector ay(6;), one can re-

express ay(6;) as

aN(Gi) = aT(PQZ) &® ap(ei) (16)

a 2r f;
(:) aT(Pe—Q’]TfiT) ®ap(9— ﬂ—gT>,

17

where (a) is from Lemma 1. It is clear from (15) and (17) that £ and ay(6;) are not the same
due to the difference between ap (9 — %) and ap(f), which implies that the signal power is
not fully concentrated onto the mainlobe. Power leakage of the sidelobes causes a considerable

degradation of beamforming gain. To quantify this behavior, we evaluate the beamforming gain
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Fig. 4: Overall structure of the proposed FDB scheme.

G = | Lal (6,)f™|? of the DPP beam f;™ at the i-th subcarrier channel:
Gt = [gatoor] (18)
’%(aT(PQ —2nfiT)@ap (9 - QWJfT))H(aT(PQ — 27 f;7) @ ap(h)) i (19)
_ ‘ all (9 _2nfir )aP(0> 2 o0)
| sin(n fi7) 2 on
Psin ”fTiT

One can see that Gfpp is a function of 7 and achieves the maximum value at - = 0. If 7 = 0,
then the spatial directions of all DPP beams will be the same (¢; = 6 — @ = 0) so that the
BS would simply search one direction at a time. If 7 # 0, there would be a degradation in the
beamforming gain G?pp . Indeed, as shown in Fig. 3, the mainlobe of the DPP beam fid PP is 2dB

lower than that of the desired directional beam ay (6;).

ITI. FREQUENCY-DEPENDENT BEAMFORMING FOR WIDEBAND TERAHERTZ SYSTEMS

Main purpose of the proposed FDB is to simultaneously generate multiple frequency-dependent
beams achieving the maximum beamforming gain. To this end, FDB employs three signal
propagation networks (see Fig. 4): 1) time delay network generating frequency-dependent beams
using the TTD-based phase shifters, 2) analog network changing the spatial directions of the
beams generated by the time delay network, 3) intensifier network suppressing the sidelobes of
the subcarrier beams generated by the time delay network and the analog network. Key ingredient
of FDB is the intensifier network compensating for the difference between the FDB beam and
the desired directional beam. By generating very sharp training beams, the received power of
the beam aligned with the channel propagation path gets larger while those of the misaligned

beams get smaller, resulting in a significant improvement of the beamforming gain.
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Fig. 5: FDB beam generation via time delay network, analog network, and intensifier network.

A. Overall Operation of Frequency-dependent Beamforming

The FDB beamforming vector f; € C constructed by the time delay network, analog network,

and intensifier network can be expressed as
f, = £'(n) 0 F"(0) O £(7), i=1,---.8, (22)

where 6 is the phase shift of the analog phase shifters and 7 and 7 are the time delays
provided by the TTDs in the time delay network and intensifier network, respectively. Also,
fid(7), f22(9), f'(n) € CV are the beamforming vectors generated by the time delay network,
analog network, and intensifier network, respectively. By deliberately controlling the FDB pa-
rameters (7, 6,n), the BS can generate {f;}?_, directed to the desired probing area [fmin, Omax]-
We start by defining the notions used in our beamforming algorithm design. First, the angular
range of {f;}5, is defined as
Range({f;}{_,) = [61, 0], (23)

where 0; = argmaxgl|af}(0)f;|? is the spatial direction of f;. Note that Range({f;}5_,) is a

function of the central direction and the width, defined by
1
Center({fi}le) = 5(91 +0s), (24)

Width({f;}7_,) = 5 — 6,. (25)



Thus, to enforce Range({f;};_;) = [fmin, Omax], We should set Center({f;}7_;) = 1(Omin + Omax)
and Width({f;}5_)) = Omax — Omin-

The overall operation of FDB is as follows (see Fig. 5):

o Time delay network: By controlling the time delay 7 in the time delay network, multiple
frequency-dependent beams {f'4(7)}7, such that Width({f{9(7)}?_,) = Omax — Omin are
generated.

« Analog network: By controlling the phase shift § in the analog network, the central direction
of the generated beams {f*"(#) ®f!4()}7_, is set to Center({f**(0) ©f!(7)}7,) = 5 (Omin+
Omax) While maintaining the width.

« Intensifier network: By controlling the time delay 7 in the intensifier network, we can
bridge the gap between the FDB beamforming vectors {fi'(n) ® f*"3() ® f9(7)}7_, and the

desired directional beamforming vectors {ay(6;)}5,.

B. Frequency-dependent Beam Generation

In this subsection, we explain the detailed operation of the FDB beam generation.
1) Time Delay Network: To generate the multiple frequency-dependent beams, we employ
T(< N) TTDs, each of which is connected to P = I phase shifters in the analog network. The

time delay network beamforming vector f!4(7) at the i-th subcarrier is
£9(7) = [Le 27 ... T2 @ 1 = ap (=21 f,7) @ 1p. (26)

Using Lemma 1, one can see that the spatial direction of f'(7) is —%. For example, the
spatial direction of the first subcarrier beam fi9(7) is —@ and that of the last subcarrier beam
fi9(7) is —2H5T. Since Width({fi}7 ;) = — 2 (fs — f1), by setting T as

P (emax - emin) P (emax - emin)

= S , 27)
27(fs — f1) 2B
we can enforce Width({f9(7)}?,) = Omax — Omin. Note that the central direction of the generated
beams {£4(r)}., is Center({£9(r)}5.,) = —=Utlolr — Lotfs(g . —0,,)
2) Analog Network: In the analog network, the central direction %(émax — Omin) of the

beams generated from the time delay network is changed to %(Qmin‘f‘emax). The analog beam-

forming vector £*"(6) is

fana<0) — [1 €j9 L. 6j(N—1)6]T — aN(H), (28)



Using (26)-(28), the i-th subcarrier beam fa4(0) ® f'9(7) generated by the time delay network

and analog network can be expressed as

£(0) @ £4(7) = an(0) © (ar(—27f;7) @ 1p) (29)
= (ar(P9) @ ap(9)) © (ar(—27fi7) ® 1p) (30)
= ar(P0 — 27 f;7) ® ap(0) (3D
@ ar (Pe + %fi(em . emm)> ® ap(6), (32)

where (a) is from (27). One can see from Lemma 1 and (32) that the spatial direction of

£12(0) © £9(7) i 0 + L (Omax — Omin)- Since Center({f(0) © £1(7)}5 ;) = 0+ L5 (Gax — Oumin)»

by setting 6 as

L JitJs
0= 2<9mm+9max) 2B

we can enforce Center({f*(0) © f4(7)} ) = %(Qmin + Onax)-

ngmin - flemax

(emax - Gmin) = B

(33)

In summary, by setting 7 and 6 as (27) and (33), respectively, we can set the angular range
of {f™2(0) ® f9(7)}2_; 0 [Omin, Omax)-

3) Intensifier Network: Although the angular range of the generated beams is set to the desired
probing area [fyin, Omax), the generated beams suffer from a severe degradation of beamforming
gain due to the high sidelobe leakage (see (18)-(21)). Main purpose of the intensifier network
is to concentrate the signal power to the mainlobe by closing the gap between the FDB beam f;

and the desired directional beamforming vector ax(6;) (0; is the spatial direction of f;).

Basically, the intensifier network consists of P TTDs, each of which is connected to 7' = %
analog phase shifters. The intensifier beamforming vector f!'(n) at the i-th subcarrier is
fil(n) = 1p @ [Le 2 ... e7dE=D20ImT — 10 @ ap(—27 fin). (34)
Substituting (32) and (34) into (22), the FDB beam f; can be re-expressed as
f; = f'(n) © £°(0) © £(7) (35)
Pfi
= (12 @ ap(=2fim) © (ar (P0+ =5 (Onax = Ouin) ) © a2 (0)) (36)
Pfi
= ar (P@ + ?(9max — ‘gmin>> ® ap(G — 27Tf,7]) (37)
a , — 1 emin - emax
Dt (P (i + O — ) ) ) @ (B S0y )
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Fig. 6: Beam patterns of FDB beams when (a) [Oin, Omax] = [—7, ij] and (b) [Omin, Omax] = [0, Z].

where (a) is from (27) and (33). From Lemma 1, one can see that the spatial direction 6; of f;

is given by
1 —1
i — Umin =~ 7 UYmax — Umin)- 39
0; = Omin + T (0 Omin) 39)
Using this, f; in (38) can be re-expressed as
£, = 20 (P) © ap (0, — L (Guus — Ouin) — 27fin). (40)

Also, the desired directional beamforming vector ay(6;) can be expressed as
aN(Hi) = aT(PQZ) X ap(9i>. (41)

From (40) and (41), one can easily see that n satisfying f; = ay(6;) is

emax - emin

2nB
In summary, by setting the FDB parameters (7,6, 7n) as (27), (33), and (42), one can generate .S

n=- (42)

FDB beams {f;}?_, directed toward the desired probing area [0nin, Omax]. As shown in Fig. 6, these

beams achieve the maximum beamforming gain G = |%a%(0i)fi|2 = %aﬁ{v(@i)aN(Oi)F =1.

IV. FREQUENCY-DEPENDENT BEAMFORMING-BASED TERAHERTZ BEAM MANAGEMENT

As mentioned, the conventional beam management scheme is based on the analog phase
shifters, so that the BS can search only one direction at a time. To speed up the beam management

process, we propose the FDB-based beam management strategy that simultaneously searches

3 ok -
-':'x_i 'kI:. -] i: o
| nilld 1

1
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Fig. 7: llustration of the proposed FDB-based beam management.

multiple directions using the frequency-dependent beams. The essence of the proposed scheme
is to deliberately design the FDB parameters, i.e., the time delay of the time delay network 7
(see (27)), the phase shift of the analog network 6 (see (33)), the time delay of the intensifier
network 7 (see (42)), to generate the FDB beams directed to the desired probing area. Since the
number of FDB beams is the same as the number of subcarriers in the wideband THz systems
(e.g., 64 ~ 256), we can achieve a significant reduction in the beam management latency. Also,
since the sidelobe levels of the FDB beams are properly suppressed by the intensifier network,
the probability to find out the optimal beam direction increases significantly.

The proposed scheme consists of two major operational steps (see Fig. 7). In the first step
called beam spraying, the BS simultaneously transmits the FDB beams directed to the whole
angular area and the mobile feeds back the index of the FDB beam maximizing the RSRP to
the BS. In the second step called beam purification, to find out the precise beam direction, the

BS performs the fine-tuning to the narrow angular area identified in the first step.

>Note that to narrow down the beam direction, one can perform multiple beam purification processes.



A. Beam Spraying Process

In the beam spraying process, to acquire the rough estimates of the subcarrier channel di-

rections {¢;}:_,, the BS transmits the FDB beams f1(0)7 e ,féo) whose spatial directions are

2w (S—1)

uniformly distributed in [—71', —7T+T} . This task is performed by setting the FDB parameters

as

P(S—1) _ 2rfi(S—1) S- 1>

0) (o) . (0) :<___ _
(T 70 777 ) BS b ﬂ- BS b) BS

In doing so, the generated FDB beam fi(o) at the ¢-th subcarrier is directed toward the spatial

(43)

direction ng) = —71+ 25 (i — 1) € [—m, 7] (see (39)). After the FDB beam generation, the BS
(0)

i

simultaneously transmits {fi(o) 5 | carrying the reference signal. Then the received signal ¥

of the mobile at the i-th subcarrier is given by

) =05 £ 0l =108, (44)

where s is the pilot symbol and n; is additive Gaussian noise. The mobile feeds back the

subcarrier index i(*) of the FDB beam fi(<?3)> maximizing the RSRP to the BS as

10 = arg max |y§0) ‘2. (45)

Since the RSRP is maximized only when the FDB beamforming vectors are properly aligned
with the subcarrier channel vectors, the BS can acquire the estimates of the subcarrier channel

directions {¢;}2_, from the FDB beam index feedback ().

Lemma 2. The angular area of the carrier channel direction ¢. = msin ¢ designated by the
©) (0 ©) 50

(";w) +9g<o>_1)fc (9;<o> +"g(om)fc
Lothoo, 7 Hothoy

chosen FDB beam f;, is given by . Also, using ¢; = %gbc, the

subcarrier channel directions {¢;};_, can be bounded as
(0) (0) (0) (0)
(9;<0) + 9;<o>_1)fi < b < (egm) + 0g<0>+1)fi
fio+fioe — T fio+ Lo
Proof. See Appendix A. 0

. i=1,--,8. (46)

Due to the large number of subcarriers S in the wideband THz systems (e.g., S = 128 ~
512), the angular area covered by the FDB beam is much smaller than that of the conventional
synchronization signal block (SSB) beam used in the beam sweeping process of SG NR. In fact,
in 5G NR, up to 64 SSB beams are transmitted so that the angular area covered by each SSB

beam is around 32—20 ~ 5.6° [19]. In contrast, when S = 256, the angular area covered by each

360°

FDB beam is around 556

~ 1.4°, which is 4 times sharper than that of each SSB beam.
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From Lemma 2, one can easily see that the range of {¢;}_, is { ( 0 ’(0)*1) ( i 0 1) }
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——F— > 0 and , otherwise. After the beam spraying
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Lotho_y 7 FoyTho .,

process, the BS transmits the FDB beams toward {( } to narrow

down the beam direction.

B. Beam Purification Process

In the beam purification process, to find out the precise beam direction, the BS transmits the
FDB beams toward the angular area determined by the beam spraying process. In essence, the
beam purification process is similar to the beam spraying process in the sense that the FDB
beams are transmitted to the probing area. The difference is that the probing area of the beam
spraying process is the whole angular area while that of the beam purification process is the

narrow angular area designated by the FDB beam chosen at the beam spraying process.

©) 50 ©
(91<o> +0.0) _ 1)f1 (9 o 1o (o>+1)f5
fo+ho_, 7 fo+tho,,

Specifically, the FDB beams fl(l), e ,fg) directed to

generated by setting the FDB parameters as

(1) ) (1) (1)
(7—(1) 9(1) n(l)) — [ _ P(gmax — mm) f Hmm flemax dex — Qmm (47)
o 27 B ’ B ’ 27 B ’

(0) (0) (0) 4 5(0)
PO ("(oﬁ‘)(o) 1)f1 (9<o> l<o>+1)f5

where = and HI(IBX = . Note that each FDB beam ") heads
min F0 04 Fio+ 04 v
toward the spatial direction 6" = g\ 4 =L (B — 65)) € [6'L), B5] (see (39)). Then the

received signal y-(l)

,~ of the mobile at the i-th subcarrier is given by

o =W b, =18 @)

After that, the mobile measures the RSRP and feeds back the subcarrier index i) of the FDB

beam f;ll)) maximizing the RSRP:

i® = arg max_[y"]" (49)
Using the beam index (") fed back from the mobile, the BS can acquire the channel direction
of the i(M-th subcarrier as ¢5q) = ;1) = Hmm Zm L (Qr(nld)x - Hmm) Then by exploiting the
relationship ¢; = f%—’l)gzﬁ;(l), the BS can acquire the channel directions of all subcarriers as

’ fi ( a 1Y =
T emin +
¢ fio S—1 (

min

o) — 9”)) i=1,---,8 (50)



Note that to narrow down the beam direction, one can perform multiple beam purification
processes.

Once the subcarrier channel directions are identified, the BS performs the downlink transmis-
sion (i.e., frequency-dependent data beamforming) to the mobile. The overall procedures of the

FDB-based beam management are summarized in Table I.

C. Beam Misalignment Probability Analysis

In this subsection, we provide the beam misalignment probability analysis of FDB. By the
beam misalignment probability, we mean the probability that the optimal beam is different from
the beam chosen in the beam spraying process. For simplicity, we analyze the beam misalignment
probability of the beam spraying process but the extension to the beam purification process is
straightforward since the mechanical process is the same.

Let 60, be the spatial direction of the i-th FDB beamforming vector f;. Then the optimal beam
direction index ¢* is defined as the subcarrier index of the FDB beam whose spatial direction is

closest to the subcarrier channel direction:
i* =arg min |0; — ¢ (51)
i=1,-.8

) p fi 2md sin ¢
=arg min |0 — ————
gi:l,---,S o e ’

where ¢ is the AoD at the BS. Also, the chosen beam direction index 7 is defined as the subcarrier

(52)

index of the FDB beam maximizing the RSRP:

| = arg _max 3|2 (53)
= arg max [h'f; + n, (54)
gy (L )

Then the beam misalignment probability Py 1S deﬁnedcas
Piss = Pr(i # i¥) (56)
= Pr(]yi* > <yl?) (57)
/ r(lyie* < luil* | @) i (58)

1

=2—/ (U {lyie* < 1o }’ )dso, (59)



TABLE I Frequency-dependent beamforming based THz beam management
Input: The numbers of BS and mobile antennas N and /NV,, the numbers of TTDs in the time

delay network and intensifier network 7" and P (I'P = N), the central frequency f., the
subcarrier frequencies {f;}7_,, the bandwidth B, the number of time slots for BS beam

purification L

Beam spraying process:

1: [er(mna max] = |: — T, =T + Ms—l)]
_ P(5-1) 2 fi(S—1)  S-1
2 (10, ))_(_B—S,_W_lB—S’_B_S)

3. 9?0):—n+2—“(z’—1) i=1,---,8

2

4: BS simultaneously transmits the FDB beams {f }S , toward {9 g
5: Z(O) = argmaX;=i,.. . |yl ‘2

6: Mobile feeds back the subcarrier index 1) to the BS

Beam purification process:

7. forl=1,--- L do
0@ (0

+
g if 22 1941 > () then
Lo +f50 14
(l 1) | -1) (1-1)  p(1-1)
N g0 o) ] 9(1 a1 _ l)fl (9 a-n - 1)+1)f5
) Ornins max] La-n+ho-n_y 7 fu-nthae-n
10: else . ( )
(l 1 -1 1-1) -1
. l) (9(1 o 9 a-1) 0 1, )fS (9<z ey )fl
’ mm’ max - f(z nthe-ny, 7 Hu-ythe-y
12 end if
ORPION 0) 0} W _ 0
. (l Gmax 0 f 0 f 9 emax 0
13. (7— 27TB mm , mmB , 27erlﬂ
. @ 7 1 _
14. 61 —0m1n+s 1 max_emln) Z—1’~--7S
! !
15:  BS simultaneously transmits the FDB beams {f"}5 | toward {6"}5
~ 112
16: i) = argmax;_; ... g |yz( )‘

17: Mobile feeds back the subcarrier index i) to the BS

18: end for

19 ¢7,_ )( r(nlllr)l_l_z(L) 1(91g’ll€/lx_9mln)> 7::17'.' 7S

Output: Subcarrier channel directions {¢;}%_,
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where (a) is from the fact that ¢ is uniformly distributed in [—, 7). Using the Boole’s inequality,

Phiss can be upper bounded as [23]

Puc<y [ S Be((ye [ < uf? | o)do (60)
10"
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2
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where (a) is from the fact that the ratio 2% of two chi- square random variables A7 and J; is an
F-distributed random variable and chf(x)lz Pr(X < z) is the cumulative distribution function
(CDF) of F-distributed random variable X. Also, (b) is from the property that Fiu(z) = e
[24].

In Fig. 8, we plot the beam misalignment probability as a function of SNR. We observe that the
obtained analytic upper bound in (61) is close to the simulation result. We also observe that the

beam misalignment probability of FDB is lower than that of the conventional DPP scheme. This

is because FDB minimizes the sidelobe leakage of the subcarrier using the intensifier network so
f"' 27d sin 2
‘ N(fL Xe ¢>fi +"721

f* 2mdsin @
”‘aN( fo  *e )fZ*

that the ratio of RSRPs of the misaligned beam and the optimal beams

+o2
is much smaller than that of the conventional DPP scheme.

V. SIMULATION RESULTS
A. Simulation Setup

In this section, we investigate the performance of the proposed FDB. In our simulations, we
consider the THz MISO-OFDM systems where the BS equipped with N = 256 antennas serves
a single-antenna mobile. The mobile is located randomly around the BS within the cell radius
of r = 100m. We use the wideband THz LoS channel model where the carrier frequency is
fe = 0.1 THz, the bandwidth is B = 10 GHz, and the number of subcarriers is .S = 128. The
large-scale fading coefficients are modeled as p = PL X 10™%" where PL represents the path loss
and 107%™ represents the shadow fading (0, = 4dB and zg, ~ CN(0,1)). We use the path loss
model in 3GPP Rel. 16 [25]. The small-scale fading coefficients are generated according to the
complex normal distribution (i.e. a; ~ CN(0,1)). The number of time slots used for the beam
management is L = 5. We set the transmit SNR to 20 dB. The number of TTDs used in the time
delay network and the intensifier network are set to 7' = P = v/N. As performance metrics, we
use the average data rate defined as R = ¢ ZZ , log, (1 + —5 Pt‘h f‘ > and the normalized mean
square error (NMSE) defined as NMSE = 101log;, (& 327, (25% o ) ). In each point of the plots,
we test at least 100, 000 randomly generated wideband THz systems.

For comparison, we use four benchmark techniques: 1) ideal system with the perfect channel
information, 2) DPP-based beam management scheme [18], 3) hierarchical beam management
scheme generating the hierarchical beam codebook [11], and 4) 5G NR beam management

scheme based on the beam sweeping process [10]. Note, to make a fair comparison between the
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Fig. 9: Average data rate vs. transmit SNR (N =256, L =5, T'= 16, P = 16, and S = 128).

DPP and FDB, the number of TTDs used for the DPP beam generation is set to be the same as
the total number of TTDs used for the FDB beam generation (7% = T + P).

B. Simulation Results

In Fig. 9, we plot the average data rate as a function of the transmit SNR. We observe that FDB
outperforms the conventional beam management schemes by a large margin. For example, when
SNR = 10dB, FDB achieves a significant rate gain (more than 670% data rate improvement)
over the hierarchical beam management scheme. As mentioned, a phase shift of the conventional
schemes relying on the analog phase shifters is invariant to the frequency so the beams for all
subcarriers are directed toward the same spatial direction. Since the directions of THz subcarrier
channels are distinct due to the beam squint effect (see Section II.A), a mismatch between the
analog beam and the subcarrier channels is unavoidable, resulting in a considerable loss of the
data rate. Whereas, in the proposed scheme, multiple frequency-dependent beams are generated
using the TTD-based phase shifters so that the data rate loss caused by the beam squint effect
can be effectively mitigated.

In Fig. 10, we set the transmit SNR to 20 dB and plot the NMSE as a function of the number
of time slots L. We observe that FDB achieves significant NMSE gains over the conventional

schemes. For example, when L = 5, FDB achieves more than 30dB and 35dB NMSE gains
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Fig. 10: NMSE vs. the number of time slots (N = 256, T'= 16, P = 16, and S = 128).

over the hierarchical beam management technique and the 5G NR beam management scheme,
respectively. This is not quite a surprise since the conventional schemes search one direction at
a time but FDB simultaneously searches S = 128 directions. Interestingly, as shown in Fig. 10,
FDB can identify pretty accurate beam direction even in a single time slot. Even when compared
to DPP, the NMSE gain of the FDB is more than 17 dB since the high sidelobe leakage of DPP
will cause a degradation of the beam alignment performance but such is not the case for FDB
due to the suppression of the sidelobe leakage using the intensifier network.

In Fig. 11, we plot the average data rate as a function of the number of time slots L. We observe
that the proposed scheme achieves more than 70% reduction in the beam management latency
over the conventional approaches. For instance, to achieve the average data rate of 13 bps/Hz,
FDB requires only L = 5 time slots but DPP requires around L = 17 time slots. Since FDB
can generate very sharp beams achieving the maximum beamforming gain, we also observe that
when L > 5, FDB performs similar to the ideal system with the perfect CSI.

In Fig. 12, we plot the average data rate as a function of the number of transmit antennas V.
Interestingly, we observe that the data rate gain of FDB over the conventional schemes increases
with the number of antennas. For example, when N = 64, FDB shows around 0.6 bps/Hz data
rate gain over DPP but it increases up to 6.3bps/Hz when N = 400. This is because when

the number of antennas increases, the number of analog phase shifters connected to TTD also
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increases so that the loss of the beamforming gain caused by the mismatch between the DPP beam
and the directional beam also increases (see (21)). In contrast, the beamwidth of FDB beams is

inversely proportional to the number of antennas so the beam direction accuracy increases with

s 4 2Ty 8

o
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the number of antennas. This implies that FDB would be more effective in the THz ultra-massive
MIMO systems where the number of antennas is extremely large.

In Fig. 13, we set the number of time slots to L = 2 and plot the average data rate as a function
of the number of subcarriers S. We observe that the performance gain of FDB increases with
the number of subcarriers. Specifically, when the number of subcarriers increases from S = 16
to S = 240, the data rate gain of FDB over the conventional DPP-based scheme increases from
7.5bps/Hz to 9.6 bps/Hz. This is because FDB hierarchically finds out the beam direction so
that the beam direction accuracy increases exponentially with the number of subcarrier beams.
Whereas, DPP uniformly splits the probing area and then sequentially searches the divided areas

so that the beam direction accuracy increases linearly with the number of subcarrier beams.

VI. CONCLUSION

In this paper, we proposed a THz beam management scheme that simultaneously generates
multiple frequency-dependent beams using the TTD-based phase shifters. By employing the
generated FDB beams as the training beams, the proposed technique searches multiple directions
(as many as the number of subcarriers) simultaneously, thereby reducing the beam management

latency. Intriguing feature of the proposed FDB is to exploit a deliberately designed TTD-based
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signal propagation network called intensifier to bridge the gap between the desired beamforming
vectors and the frequency-dependent beamforming vectors. In doing so, RSRP of the beam
aligned with the channel propagation path gets larger while those of the misaligned beams get
smaller, resulting in the significant improvement of the beam direction accuracy. From the beam
misalignment probability analysis and the numerical evaluations on 6G THz environment, we
demonstrated that FDB is very effective in improving the beam direction accuracy and also
reducing the beam management latency. In our work, we restricted our attention to THz com-
munications, but there are many interesting applications of FDB including vehicle-to-everything

(V2X) communications and reconfigurable intelligent surface (RIS)-assisted communications.

APPENDIX
A. Proof of Lemma 2

First, the channel direction ¢;e) of the 1(©)-th subcarrier channel is upper bounded as

G500 — G0y < Gi0) 41 — Pj0) 41 (62)

Recalling that ¢;0) = fio msinp (see (4)), the upper bound of sin ¢ is

fe
(0300 + G000 11) fe

msinp < . (63)
(o) + fro41)
Similarly, the lower bound of sin ¢ is
0:10) + 0- :
msinp > Gio + 30 1) f, ) (64)
(fio + fio_1)
Combining (63) and (64), sin ¢ is bounded as
O-0) + 0 3 O-0) + 0 :
( 2(0) + 2(0)—1)f S Wsingo S ( 2(0) + Z(OH—I)f (65)

(fio + fro_1) (fio + fiog)

Finally, using ¢; = £ sin ¢, we obtain the bound of the subcarrier channel directions {oi}

S
fe =1

as
(0) (0) (0) (0)
(ng) + 9g<o>_1)fi < b < (9;«)) + 9“-<o>+1)fi

7
fio + fio_y fio + fio

,i=1,---,S. (66)
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Abstract (In Korean)

HE2=x F4L ¢ 5T AY9EH JYS R d9gE AlgS

B 5 e WE€Ed WHOE 75dn. HEFEx A9 FQ
HE T e 2 IE 4 AF 4 7] FE AT 4SS A9
Az Ao olgs A%t AR &4AE HAS| f3 daE
MIMO (multiple—input multiple—output) & T&3 W FA 7)Ho] dg
AREE I T ® BA o]52 Ho| A3 M3 A= AHEsA HEH
ologt HustHuz A&d W WF FSo] d¢ T V€Y H
g P9 Fo A= 8 HY Fol HHEHse Ade 7] Alzto|th
E =& TTD(True Time Delay) 7|4t $iA Hol7|& o]&£3}4
g% T35 F5 1S FAl A3 HEE= W B JHe At
3tt}. Intensifierg}til 3= TTD 7|4k A3 A YEYPIE AL F
b F5 9 34 HHY d3le B 1 I 9Y Apolg A4S F
dozx W FA o5& Hdgehs e E7tEL F4 WS A4S
T2 AHZEE A Tl Hl #AY thr] AE T0% ol HAA
713 dolg £EE 60% S7H7I= A& B
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