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Abstract

We study spectrum allocation for terahertz (THz) band communication (THzCom) systems, while
considering the frequency and distance-dependent nature of THz channels. Different from existing
studies, we explore multi-band-based spectrum allocation with adaptive sub-band bandwidth (ASB)
by allowing the spectrum of interest to be divided into sub-bands with unequal bandwidths. Also, we
investigate the impact of sub-band assignment on multi-connectivity (MC) enabled THzCom systems,
where users associate and communicate with multiple access points simultaneously. We formulate
resource allocation problems, with the primary focus on spectrum allocation, to determine sub-band
assignment, sub-band bandwidth, and optimal transmit power. Thereafter, we propose reasonable ap-
proximations and transformations, and develop iterative algorithms based on the successive convex
approximation technique to analytically solve the formulated problems. Aided by numerical results,
we show that by enabling and optimizing ASB, significantly higher throughput can be achieved as
compared to adopting equal sub-band bandwidth, and this throughput gain is most profound when the
power budget constraint is more stringent. We also show that our sub-band assignment strategy in
MC-enabled THzCom systems outperforms the state-of-the-art sub-band assignment strategies and the
performance gain is most profound when the spectrum with the lowest average molecular absorption

coefficient is selected during spectrum allocation.
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I. INTRODUCTION

The scarcity of spectral resources in contemporary wireless communication systems to meet the
unprecedented increase in wireless data traffic in the next decade, has advocated the investigation
of suitable regimes in the electromagnetic spectrum for the sixth-generation (6G) and beyond [1].
Against this backdrop, the ultra-wide terahertz (THz) band ranging from 0.1 to 10 THz has re-
cently attracted considerable attention from the wireless communication research community [2].
The huge available bandwidths in the order of tens up to a hundred gigahertz (GHz) offer
enormous potential to support emerging wireless applications that demand an explosive amount of
data, such as holographic telepresence, augmented reality, virtual reality, and wireless backhaul.
Built on the major progress in THz band channel modeling and standardization efforts over the
past decade, it is anticipated that indoor THz band communication (THzCom) systems will be
brought to reality in the near future.

The exploration of novel and efficient spectrum allocation strategies is of paramount signifi-
cance to harness the potentials of the THz band [3], [4]. When such strategies are to be devised,
the unique characteristics of the THz band pose new and pressing challenges that have never
been seen at lower frequencies [5]. Specifically, in addition to the severe spreading loss and
the higher channel sparsity, the THz band is characterized by the unique molecular absorption
loss which is frequency and distance-dependent. On one hand, the molecular absorption loss
divides the entire THz band into multiple ultra-wide THz transmission windows (TWs). On the
other hand, it introduces drastically varying path loss even within a specific THz TW and this
variation increases further as the transmission distance increases. In addition to these, limited
advancements in THz band digital processors, frequency synchronizers, and transceivers make
it very challenging to apply the complex spectrum reuse and multiplexing strategies that are
suggested for sub-6 GHz and mmWave systems into the THz band [6]. Thus, the design of
novel, low-complexity, and efficient spectrum allocation strategies is of utmost importance to

develop ready-to-use THzCom systems.
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A. Related Studies and Motivation

In the literature, two types of carrier-based spectrum allocation schmes have been studied
for micro- and macro-scale multiuser THzCom systems, namely, multi-TW-based spectrum
allocation and multi-band-based spectrum allocation. In the multi-TW-based spectrum allocation
scheme, individual TWs are fully allocated to separate high-speed communications links while
exploring wideband signals that have bandwidths equal to those of TWs [7], [8]. When this
scheme is adopted in multiuser THzCom systems, the same spectrum needs to be shared among
multiple users, since the number of available TWs within the entire THz band is limited [8].
This necessitates the exploration of spatial and temporal multiplexing strategies [8]. In addition,
broadening and channel squint effect mitigation techniques, as well as efficient beamforming
and medium access control (MAC) protocols, need to be designed to overcome interference. In
the multi-band-based spectrum allocation scheme, the spectrum of interest is divided into a set
of non-overlapping sub-bands that have a relatively small bandwidth, and then the sub-bands are
utilized to satisfy the service demands of single or multiple users in the system [9], [10]. When
this scheme is adopted in multiuser THzCom systems, the users can be assigned to different
sub-bands to ensure intra-band interference-free data transmission, as there is a relatively larger
number of sub-bands. It is also noted that this scheme efficiently allocates spectral resources
when there is high absorption loss variation among the links in multiuser systems. Thus, this
scheme has been widely explored for micro- and macro-scale multiuser THzCom applications.
In this work, we focus on multi-band-based spectrum allocation for multiuser THzCom systems.

The first study on multi-band-based spectrum allocation was presented in [9] and the impacts
of distance-varying usable bandwidth and different types of interference on multi-band-based
spectrum allocation were discussed. Moreover, a distance-aware multi-carrier (DAMC) based
sub-band assignment strategy for multi-band-based spectrum allocation was proposed in [10]
to improve the throughput fairness among users in multiuser THzCom systems. In [10], it was
proposed to assign the sub-bands that exist at the edges of the THz TW to the links with longer
distances and the sub-bands that exist in the center region of the THz TW to the links with
shorter distances, in order to take advantage of the frequency and distance-dependent nature of
THz channels. Adopting DAMC-based spectrum allocation, resource allocation problems in non-
orthogonal multiple access (NOMA) assisted THzCom system and THz band backhaul network

were discussed in [11] and [12], respectively. In other studies, efficient sub-band assignment and



THIS WORK HAS BEEN ACCEPTED FOR PUBLICATION IN IEEE TRANSACTION ON COMMUNICATIONS. 4

transmit power algorithms based on the alternative direction method and K'-means clustering
were developed in [13] and [14], respectively, for NOMA-assisted THzCom systems.

Note that the previous studies in [9]-[14] that analyzed multi-band-based spectrum allocation
all considered equal sub-band bandwidth (ESB), where the spectrum of interest is divided into
sub-bands with equal bandwidth. However, it would be beneficial to explore spectrum allocation
with adaptive sub-band bandwidth (ASB) to improve the spectral efficiency, by allowing the
spectrum of interest to be divided into sub-bands with unequal bandwidths. Specifically, given
that the absorption loss varies considerably within THz TWs, the absorption loss variation among
the sub-bands would be very high when ESB is considered [9], [10]. The impact of this high
variation may possibly be mitigated by adaptively adjusting the sub-band bandwidths, which
leads to an overall improvement in the throughput performance. This is one of the motivations
of this work. We clarify that the studies in [7], [8] considered variable bandwidths for THzCom
systems. However, we note that [7], [8] explored the multi-TW-based spectrum allocation scheme.
Considering variable bandwidth in this scheme, the bandwidths of communication links vary
according to the variation of the usable bandwidth of THz TWs. This is different from the ASB
principle in our multi-band-based spectrum allocation.

A key factor to consider during THz band spectrum allocation is the impact of several 6G-
enabling technologies, such as multi-connectivity (MC) and intelligent reflective surfaces (IRSs),
which have been envisioned to be integrated into THzCom systems [3], [15], [16]. In this work,
we focus on an MC-enabled THzCom system. MC allows users to associate and communicate
with multiple access points (APs) simultaneously' [17]-[19], thereby enabling to overcome the
performance degradation caused by the high vulnerability of THz signals towards blockages. With
careful design, intra-band or inter-band MC strategies can be utilized to enhance the reliability
and/or throughput of THzCom systems, depending on the application scenario. Here, intra-
band MC refers to the utilization of one or more spectra in the THz band for association and
communications [7], [20], while inter-band MC (or multiple radio access technology) refers to
the utilization of spectra in both the THz band and the sub-6 GHz and/or mmWave [21], [22].
In this work, we focus on intra-band MC due to its ability to support high data rate transmission

even when the primary associated link is blocked by blockers.

'We clarify that several terminologies such as multi-connectivity, cooperative transmission, joint transmission, concurrent trans-
mission, and coexisting communication, have been used in the literature to denote simultaneous association and communication

of users with multiple APs [17]-[19]. However, following [17], [18], we use the term multi-connectivity in this work.
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Spectrum allocation in an intra-band MC-enabled THzCom system was discussed [7]. How-
ever, we note that [7] considered multi-TW-based spectrum allocation for a single user and
its primary focus was on analyzing the impact of different types of MC strategies. Moreover,
the resource allocation in an intra-band MC-enabled multiuser THzCom system was discussed
in [20]. However, the impacts of blockages and spectrum allocation with ASB were not con-
sidered in [20]. Furthermore, it is noted that the previous studies on multi-band-based spectrum
allocation in [9]-[14] did not consider the impacts of blockages, nor MC strategies. Thus, there
exists the need to investigate multi-band-based spectrum allocation with ASB for MC-enabled

multiuser THzCom systems.

B. Our Contributions

In this work, we study spectrum allocation for intra-band MC-enabled multiuser THzCom
systems, when users associate and communicate with multiple access points simultaneously.
Specifically, we focus on multi-band-based spectrum allocation under the consideration that the
associated links in the system are served by separate sub-bands. The main contributions of this

work are summarized as follows:

« We propose multi-band-based spectrum allocation with ASB to improve the spectral efficiency
and study the impact of sub-band assignment on MC-enabled multiuser THzCom systems.
To this end, we formulate a generalized resource allocation problem with the objective of
maximizing the throughput of the MC-enabled multiuser THzCom system, while primar-
ily focusing on spectrum allocation. This problem consists of sub-band assignment, user
association identification, sub-band bandwidth allocation, and power control. Although the
generalized resource allocation problem can significantly improve the performance of the
considered THzCom system when the spectrum of interest exists anywhere within a THz
TW, we find that it is extremely difficult, if not impossible, to analytically solve it by using
traditional optimization theory techniques. Due to this, we simplify some of the constraints
in the generalized resource allocation problem and obtain two modified problems that also
correspond to realistic scenarios of the considered THzCom system.

o We formulate the first modified problem, which is the resource allocation with ESB, while
considering that the spectrum of interest is divided into sub-bands with equal bandwidths. The
novelty of the resource allocation with ESB lies in the consideration of sub-band assignment

in MC-enabled multiuser THzCom systems, while the previous relevant studies on THz band
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spectrum allocation have considered DAMC-based sub-band assignment, the optimality of
which for MC-enabled multiuser THzCom systems needs to be validated. We also formulate
the second modified problem, which is the resource allocation with ASB in either a positive
absorption coefficient slope region (PACSR) or a negative absorption coefficient slope region
(NACSR), while considering that the spectrum of interest fully exists in either a PACSR or an
NACSR of the THz band. We define PACSRs and NACSRs as the regions with the increasing
and decreasing absorption coefficient, respectively, within the THz TWs. The novelty of the
resource allocation with ASB in a PACSR/NACSR lies in the consideration of multi-band-
based spectrum allocation with ASB, while, to the best of our knowledge, recent studies on
multi-band-based spectrum allocation for THzCom systems have only considered ESB.

« To analytically solve the resource allocation with ESB, which is a mixed-integer nonlinear
problem, we introduce transformations and propose an iterative algorithm based on the suc-
cessive convex approximation (SCA) technique. Also, we propose reasonable approximations
and transformations to the resource allocation with ASB in a PACSR/NACSR to arrive at an
approximate convex problem. Thereafter, we develop an iterative algorithm based on the SCA
technique to solve the approximate convex problem.

o Aided by numerical results, we show that the proposed resource allocation with ESB out-
performs the DAMC-based spectrum allocation in MC-enabled multiuser THzCom systems.
The performance gain is most profound when the spectrum with the lowest average molecular
absorption loss within the THz TW is selected during spectrum allocation and when the number
of APs with which each user associates is high. Our results also show that the proposed
resource allocation with ASB in a PACSR/NACSR achieves a significantly higher throughput
performance (between 13 % and 33 %) compared to the spectrum allocation strategies that
consider ESB, due to its enhanced ASB capability. The performance gain is most profound
when the power budget constraint is more stringent and when the upper bound on sub-band

bandwidth is very high.

The rest of the paper is organized as follows. In Section II, we describe the system model.
In Section III, we formulate the generalized resource allocation problem and introduce the two
modified problems. In Section IV, we formulate and solve the resource allocation problem with
ESB. In Section V, we formulate and solve the resource allocation problem with ASB in a
PACSR/NACSR. Numerical results are presented in Section VI. Finally, we conclude the paper
in Section VIIL.
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II. SYSTEM MODEL

In this section, we first introduce the system model considered in this work, by describing
the system deployment, the THz spectrum, and the channel model. Thereafter, we specify the

performance metrics of interest.

A. System Deployment

In this work, we consider a cell free architecture based three-dimensional (3D) indoor THzCom
system, as depicted in Fig. 1, where J APs cooperatively support the uplink of / stationary
users which demand high data rates. We consider that APs are mounted on the ceiling of
the indoor environment; thus are modeled as having the same fixed height of hx. We denote
J = {1,2,--- j,---,J} as the set of these APs and assume that their location follows a
particular layout, e.g., the layout corresponding to the indoor environment specified in the 3GPP
standard [23]. We also consider that the users are distributed uniformly in the indoor environment.
We denote Z = {1,2,--- ,4,--- , I} as the set of the users and assume them to be of fixed height
hy. We denote r;; and d;; = (hA—hU)Q—i-r?j as the horizontal and 3D distances of the link
between the ith user and the jth AP, respectively [24].

The extremely short wavelengths of THz signals make the THz signal propagation to be highly
vulnerable to blockages [5], [24]. In our system, we consider moving humans act as potential
impenetrable blockers. These blockers are modeled as cylinders with the radius of rg and height
of hg and their location follows a Poisson point process (PPP) with the density of Ag [25].
We assume that the mobility of blockers follows the random directional model with constant
moving speed of vg [26], [27]. For the sake of practicality, we assume that hy > hg > hy in
the considered system.

We assume that users are enabled with the MC strategy of order N to overcome the perfor-
mance degradation caused by blockages [7], [17]-[19], [27]. Under the MC strategy of order N,
each user associates and communicates with N APs, out of the possible ./ APs in the system,
simultaneously for user session continuity (N < J) [17]-[19]. We also assume that all APs are

connected to a central control unit (CCU) via wired backhaul connection.

B. THz Spectrum

The intermittent absorption loss peaks, that are observed throughout the THz band at different

frequencies, divide the entire THz band into THz absorption coefficient peak regions (ACPRs)
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Fig. 1. Illustration of the considered 3D MC-enabled multiuser THzCom system where 6 stationary users associate with 6 fixed

APs with the MC order of 2, in the presence of dynamic blockers.

and ultra-wideband THz transmission windows (TWs), as shown in Fig. 2 [5]. It is envisioned
that THz TWs, rather than THz ACPRs, can be utilized for applications that demand ultra-high
data rates, since molecular absorption loss is relatively low in THz TWs, but very high in THz
ACPRs [28]. Considering this, we focus on the allocation of the spectrum that exist within THz
TWs in this work.

As mentioned in Section I, in this work we focus on multi-band-based spectrum allocation
with ASB. Thus, we consider that the spectrum of interest is divided into S sub-bands with
unequal bandwidths, as shown in Fig. 2. Also, we consider that these sub-bands are separated
by guard bands that are of fixed bandwidth [9], [10], [29]. We denote S = {1,2,---,s,---, S}
as the set of the sub-bands and further denote Fs = {f1, fo, -, fs, -, fs} and Bs = { By, Bo,

-, By, -+, Bg} as the sets of their center frequency and bandwidth, respectively. We note that
0 < Bs < Buaxs Vs € S, ey

where B, denotes the upper bound on the sub-band bandwidths. We then denote B, as the
fixed bandwidth of guard bands and B, as the total available bandwidth within the spectrum

of interest. Considering this, we obtain

> B+ (S~ 1)By = By )

seS

For notational convenience, we consider that sub-bands are labeled such that f; > fo > --- > fs.

Thus, we have
s—1

fo=tet =) (Bi+By) —B.J2,  Vs€S, 3)

k=1

where f. is the end-frequency of the spectrum of interest as shown in Fig. 2.
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Fig. 2. Illustration of THz transmission windows, THz absorption coefficient peak regions, and the arrangement of sub-bands.

C. Channel Model

The signal propagation at the THz band is determined by spreading and molecular absorption
losses. Considering this, the channel transfer function is obtained as [5]

H(f,d) = g e H01, 0

where c is the speed of light, f is the frequency, d is the distance of interest, and K(f) is the
molecular absorption coefficient at f. In (4), e~3K(Nd represents the molecular absorption loss
which is the result of oxygen molecules and water vapor absorbing THz signal energies for
their rotational transition energies. We clarify that K (f) is calculated using the values from the
HITRAN database for the given pressure, temperature, and humidity setting® [30].

At the THz band, non-line-of-sight (NLoS) rays are substantially attenuated due to high
reflection and scattering losses, as well as blockages. Due to these, NLoS rays are typically

15-20 dB weaker than that of line-of-sight (LoS) rays [5], [24], [31]. Hence, we ignore the
impact of NLoS rays and focus only on the LoS rays of THz signals.

T

_p_Ist 4,9 549
o TP D05, @909 (f), where pstp and Tirp are the standard pressure

*The values of K (f) are obtained from K (f) =
and temperature, respectively, and p and 7" are the pressure and the temperature of the transmission environment, respectively [5].
Also, Q%9 and o> (f) are the total number of molecules per unit volume and the absorption cross section for the isotopologue

i of gas g at the frequency f, respectively, and they are obtained from the HITRAN database [30].
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D. Performance Metrics of Interest

1) Non-blockage Probability: 1f a blocker is moving according to the random directional
model in a given area, the probability density function of the location of blockers is uniform
over time. As such, the location of blockers forms PPP with the same intensity of Ag at any
given time instant [25], [26]. Considering this, the non-blockage probability of the link between
the 7th user and the jth AP can be derived as

Pob(7ij) = Ce T 5

where ¢ = "2 and g = 2\g7s(hs — hy)/(ha—hu) [25].

2) Throughput: We assume that a user transmits data through its associated links only when
the corresponding links are not blocked by dynamic blockers, since blockers are impenetrable.
We clarify that this assumption is adopted in previous relevant studies that investigated resource
allocation in mmWave communication and THzCom environments where blockages exist [7],
[19], [27], [32]. Considering this, the instantaneous achievable rate of the link between the ith

user and the jth AP in sub-band s is obtained as

RM™ . with the probability of pu,(7;.;),
Rty =1 o VieLjeJseS,  (6)
Ry, with the probability of (1 — pu(ri;)),
where R;‘E}S and R';Ls are the achievable rates of the link between the ith user and the jth AP

in sub-band s, when the link is not blocked and blocked by dynamic blockers, respectively, with
RY. = 0. Mathematically, R" _ is written as [5]

T/’j’s 17.]‘78
2
P jsGaGulai

NOBs + \Iji,j,s

R?yg-’s:Bnglng (1+ ) 9 VZEI,jEJ,SES, (7)

where P ; ; 1s the transmit power allocated by the ith user for the link between itself and the
jth AP in sub-band s when the link is not blocked, G5 and Gy are the antenna gains at APs
and users, respectively, Ny is the noise spectral density, and W, ; ; is the intra-band interference

for the link between the ith user and the jth AP in sub-band s. Also,

@i js|? is the path gain

of the link between the ith user and the jth AP in sub-band s, and is given by

fot+ B
=T [ T HGLP VieTjeTses. ®)
S

=B
where 7 is the duration of the pulse transmitted in sub-band s [20]. Note that we assume that

the frame duration, defined as the time interval between two consecutive pulses, is higher than
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that of the duration of a pulse [9], [33]. This is to overcome the impact of pulse broadening in
the time domain which may lead to inter-symbol interference [9]. This is reflected in (7) using
©, where ¢ is the ratio between the pulse duration and the frame duration. Also, the impact of
inter-band interference (IBI) is not considered in this work® [20], [35].

We assume that all link distance values are available at the CCU [20]. Also, we consider
that the CCU determines the optimal resource allocation policy to maximize a certain objective
function. We note that although transceivers are fixed, the blocked/non-blocked state of links
can change very frequently over time due to the dynamic nature of blockers [7], [32]. Therefore,
it is challenging if resources are allocated dynamically over time based on the blocked/non-
blocked state of links. Considering this, we assume that the CCU determines the optimal resource
allocation policy to maximize a certain long-term objective function®. Finally, considering that the
CCU synchronizes and combines the real-time data received from APs, the long-term throughput
achieved by the :th user can be derived from

R; = Tlggof/ DY wijsRigst)dt, Viel ©)

jeJ seS

We next substitute (6) in (9) to obtain

R, = szms lim —/ R; ;(t)dt

JjeT s€S

=Y i (PR + (1= puw(riy)) RY;)

JET seS

=Y i PR (10)

jeT seS

where p,, and R?‘; s are given in (5) and (7), respectively, and z; ; ; is the user association and

sub-band assignment indicator variable which will be discussed in the next section.

3Recently, IBI suppression schemes that can suppress IBI with minimal throughput degradation [34] and waveform designs
that minimize power leakages to adjacent bands [33] were proposed. Due to these and the fact there exist guard bands in between
consecutive sub-bands in our considered spectrum allocation strategy, we clarify that, it is reasonable to not consider the impact
of IBI in this work.

*We define the long-term value of a function as the average of the instantaneous values of this function over a relatively
long-time duration. Specifically, the long-term value of the function © is given by © = lim7 o0 & fOT O(t) dt, where ©(%) is

the instantaneous value of the function © at time instant ¢.
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III. OPTIMAL RESOURCE ALLOCATION

In this section, we first present the sub-band assignment strategy considered in this work.
Thereafter, we present the generalized resource allocation problem. Finally, we discuss the
challenges in solving the generalized resource allocation problem and discuss two modified

problems which also represent two realistic considerations of the main optimization problem.

A. Sub-band Assignment Strategy

The limited advancement in THz band digital processors hinders the benefits of using novel but
complex spectrum reuse schemes for enhancing the spectral efficiency of THzCom systems [10].
Fortunately, it is possible to achieve high throughput in THzCom systems even with a lower
spectral efficiency since the bandwidths available at the THz band are in the order of hundreds
of GHz [9]. Thus, following [9], [10], [20], we assume that the associated links in the system
are served by separate sub-bands. This assumption ensures intra-band interference-free data
transmission, 1.e., ¥; ;s = 0 in (7), thereby eliminating the hardware complexity and the signal
processing overhead caused by frequency reuse in the system. Under this assumption, we set the
number of sub-bands to be equal to the number of associated links in the system, i.e., S = [ x N.

Let us define z; ;s as the user association and sub-band assignment indicator variable, such

that

1, if sub-band s is assigned to the link between the :th user and the jth AP, an
Tijs =

0, otherwise,

where 1 € Z,j € J, and s € S. As each user associates with N APs, we have

>N #.=N, Viel (12)

JET s€S

Also, as each associated link in the system is assigned with one sub-band, we have

1, if the link between the ¢th user and the jth AP is an associated link,

D mij= (13)

s€S 0, otherwise,

where ¢ € 7 and 7 € J. We note that (13) can be equivalently written as

<1, VieILjeJ. (14)

seS
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Fig. 3. Variation of absorption gain for different link distances within the first THz TW above 1 THz.

Moreover, as each sub-band is assigned to one associated link, we have
YD) wija=1,  VseS. (15)
i€l jeJ
We note that the frequency and distance-dependent nature of molecular absorption loss needs
to be considered during user association and sub-band assignment in multiuser THzCom sys-
tems [9], [10]. Specifically, as shown in Fig. 3, on one hand, when the edge sub-bands (i.e., the
sub-bands at the edges of the THz TW) are assigned to the links with different distances, the
variation in molecular absorption gain is relatively high among the those links. On the other hand,
when the center sub-bands (i.e., the sub-bands in the center region of the THz TW) are assigned
to the links with different distances, the variation in molecular absorption gain is relatively low

among the those links. Due to these reasons, we introduce a constraint function given by
‘ai,j,s‘2 = xi,j,sLthr; Vi € I,j € j, S € S, (16)

where Ly, is the path gain threshold imposed on the associated links. The constraint function
in (16) ensures that, while the associated links with longer distances can only be assigned to
center sub-bands, the associated links with shorter distances can be assigned to any sub-band

within the THz TW.

B. Generalized Resource Allocation Problem

It is of utmost importance to design novel and efficient spectrum allocation strategies to

harness the potential of huge available bandwidths at the THz band. With this in mind, we
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study generalized uplink resource allocation for the considered MC-enabled multiuser THzCom
system, with the primary focus on spectrum allocation. Specifically, we aim to maximize the
long-term throughput under given sub-band bandwidth, power, and rate constraints. This problem
consists of sub-band assignment, user association identification, sub-band bandwidth allocation,

and power control. Mathematically, this problem is formulated as

Pe: maXIiDmizg E(Ry, Rs, -+, Ry) (17a)
w@,y,sva/h},’]s,m s

subject to Y Y (e ™xy; P < PMY, Vi€l (17b)

jeJT seS
0< P, < P™, VieZl jeJ,seS, (17¢)
|t gl = i js Lipes VieI,jeJ,seSs, (174d)
R® . > iR, VieZ,jeJ,s€S, (17e)
> B+ (S —1)By = B, (17)

seS

0 < Bs < Baxs Vs € S, (17g)
YN wmiy.=N,  Viel (17h)

JET seS
d wiye<l,  VieIjeJ, (170)

seS

SN mige=1, Vs € S, (17j)

i€T jeJ
D D mgs <M, Vjed, (17K)

€L seS
zijs € {0,1}, VieZ,jeJ,seS. (171)
In P°, £(Ry, Ry, - - -, Ry) is the objective function imposed by the considered long-term through-

put maximization strategy. In this work, we aim to maximize the minimum throughput among
all users, which has also been adopted by some of previous relevant studies, e.g., [10], [20].
Therefore, £(Ry, Ra, - -+ , R;) = min;e7{ R;}. The justifications behind (17d), (17f), (17g), (17h),
(171), and (17j) are given in (16), (2), (1), (12), (14), and (15), respectively. Moreover, (17b)
reflects the energy budget at each user. Specifically, recall that a user transmits data through its

associated links only when the corresponding links are not blocked by dynamic blockers. Thus,
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we have Zjej Y ses TigisPigsTon (1i) < Ei(Tioy), Vi € I, where E;(Tiy) is the energy budget
Ei(Ttot)

of the ith user for the duration 7. This leads to (17b), where P = ot Furthermore, (17¢)
ensures that the achievable rate of all the associated links are lower bounded by the rate threshold
Ry This guarantees that a user is in coverage as long as one of its associated links is in non-
blocked state. In addition, (17k) ensures that the maximum number of users with which each
AP can associate is M. Finally, (171) ensures that the user association and sub-band assignment
indicator variable is binary, which reflects (11).

The novelty of our considered generalized resource allocation problem, P°, is two-fold. First,
we propose multi-band-based spectrum allocation with ASB, while to the best of our knowledge,
recent studies in THz band multi-band-based spectrum allocation have only considered ESB [9]—
[14], [20]. Second, we consider sub-band assignment in MC-enabled multiuser THzCom systems
under given path loss and rate constraints, while the previous relevant studies in THz band
spectrum allocation have considered DAMC-based sub-band assignment, the optimality of which

for MC-enabled multiuser THzCom systems needs to be validated [9]-[12]. In Section VI, we

show the significance of these two considerations using numerical results.

C. Modified Problems

We note that it is challenging to solve the formulated optimization problem P°, due to the

difficulty in obtaining the path gain, |a; ;s|%. On one hand, obtaining |; ; <|* as per (8) involves
an integral and the limits of the integral depend on the design variables By, V k£ € S. On the
other hand, the values of K (f) for all frequencies within the spectrum of interest, i.e., K (f) for
f € F where F' = {f, fret — Bit < f < fret}, are required to obtain |« ; s|>. Although K'(f) for
f € F can be found using the methodology in [5] with the aid of HITRAN database values [30],
there does not exist a tractable expression that maps f to K (f). This implies that it is extremely
difficult, if not impossible, to analytically solve P° using the traditional optimization theory
techniques. Therefore, we need to render the problem P° computationally tractable. With this
in mind, we simplify some of the constraints in P° to obtain two modified problems and solve
them using convex optimization [36]. We clarify that the two modified problems also represent
two realistic scenarios of the considered THzCom system. We next discuss the two modified
problems as follows:

1) Resource Allocation with ESB: In this problem, we consider that all the sub-bands are

of equal bandwidth. We note that the analysis and the implementation of systems with ESB is
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Fig. 4. TIllustration of the positive and negative absorption coefficient slope regions within a THz TW.

less complex than those with ASB, since the center frequency of sub-bands is known and fixed
in the former. Due to this, the spectrum arrangement with ESB has been widely considered
in other emerging THz band technologies and application scenarios, e.g., NOMA for THzCom
systems [11], [13], [14], THz band beamforming design [34], [37] and THz backhauling [12].

We clarify that the novelty of our resource allocation problem with ESB lies in the considera-
tion of sub-band assignment in the considered MC-enabled multiuser THzCom system, while the
previous relevant studies in THz band spectrum allocation have considered DAMC-based sub-
band assignment, the optimality of which for MC-enabled multiuser THzCom systems needs
to be validated. In Section IV, we formulate the resource allocation problem with ESB for the
considered THzCom system. Thereafter, we solve it using convex optimization.

2) Resource Allocation with ASB in either a PACSR or an NACSR: In this problem, we
consider that the spectrum of interest fully exists either in a PACSR or an NACSR of the THz
band. We note that PACSRs and NACSRs are defined as the regions within the THz TWs where
Mg—](cf) > (0 and azg_](cf) < 0, respectively, as depicted in Fig. 4. We clarify that it is reasonable to
focus on the allocation of the spectrum that exists either within a PACSR or an NACSR, since
the available bandwidths in each PACSR and NACSR at the THz band are in the order of tens
of GHz, as shown in Table 1.

We clarify that the main novelty of our resource allocation problem with ASB in a PACSR lies
in the consideration of multi-band-based spectrum allocation with ASB [9]-[14], [20]. In Section

V, by modifying P° we first formulate resource allocation problem with ASB in a PACSR for
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TABLE 1

AVAILABLE BANDWIDTHS WITHIN PACSR AND NACSR AT THE THZ BAND® [5].

PACSR NACSR
Frequency Range (THz) | Bandwidth (GHz) | Frequency Range (THz) | Bandwidth (GHz)
0.4934 — 0.5521 58.7 0.5620 — 0.6107 48.7
0.6734 — 0.7487 78.5 0.6207 — 0.6515 30.8
0.8702 — 0.9159 45.7 0.7559 — 0.8513 95.4
1.0250 — 1.0870 62.0 0.9905 — 1.025 34.5

the considered THzCom system. Thereafter, with reasonable approximations, we transform the
problem into a mixed-integer nonlinear problem. Finally, we transform the problem into a convex
program utilizing additional transformations and then solve it using convex optimization. It is
noted that the formulation and the solution of the resource allocation problem with ASB in an
NACSR are similar to those in a PACSR. Hence, the resource allocation problem with ASB in
an NACSR can be formulated and solved by directly modifying the problem formulation and

the solution presented for PACSR in Section V, which is omitted in this work.

IV. RESOURCE ALLOCATION WITH ESB

In this section, we focus on the resource allocation problem with ESB for the MC-enabled
multiuser THzCom system. We first formulate the problem and then solve it using convex

optimization.

A. Problem Reformulation

When all the sub-bands are of equal bandwidth, the bandwidth of sub-bands, B, which is a
design variable in P°, can be obtained by using (2) as B, = (FS + %(1 — 28)33) /S. This helps
to solve P° in a tractable manner, since |o; ;5> Vi € Z,j € J,s € S can be calculated from (8)
by using the known values of By, where k € §. Considering this, the resource allocation problem
with ESB for the MC-enabled multiuser THzCom system, P¢, is formulated as a computationally

tractable optimization program, given by

>Values are calculated for the standard atmosphere with 10% humidity, while considering that the frequencies where absorption

coefficient values are less that one, belongs to THz TWs.
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P?: minimize max{—R;}

Zi s, Pi5,s i€
Vi,5,8
subject to  (17b) — (17e), (171) — (171). (18)

The optimization problem P¢ yields the optimal sub-band assignment and transmit power for

the ESB scenario. In the next subsection, we present the solution adopted to solve PY.

B. Problem Solution

The formulated problem P9 is a mixed-integer nonlinear problem, which is non-convex in
its original form [36]. In particular, the non-convexity arises from the binary constraint function
(171) since it spans a disjoint feasible solution set. Therefore, it is challenging to determine the
globally optimal solution to P{ problem. To overcome this obstacle, we transform the binary
variables in P{ into real variables [38]—[41]. In doing so, we rewrite the binary constraint function

(171) equivalently as the combination of two constraints, given by
0< ;s <1, VieZ,jeJ,s€S, (19)

and

>33 (muaets) <0 (20)

i€L jeJ seS

Considering (19) and (20), we transform P¢ into the following equivalent problem, given by

PS: IEI?IIII%IJZSC r?eaix{—Ri}
Vi,j,s
subject to  (17b) — (17e), (171) — (17k), (19), (20), 21

We note that in ij‘f, although z; ; ; is relaxed to be real between zero and one, the constraint (20)
guarantees that z; j ; can only be zero or one, since z; ;,—7; > 0,Vi € Z,j € J,s € S. Next,
considering the practical computational feasibility, we relax the constraint in (20) and include it
as a penalty function in the objective function. In doing so, we transform 152 into the following
problem, given by

_0 . . . . . .. —_— 2
P?: minimize I?EELIX{—RZ} + Ay Z Z Z <$m,s xi,j,s)

-Ti,j,sapi.,j,s - .
Vi, j,s €L jeJ seS

subject to  (17b) — (17e), (171) — (17k), (19), (22)
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where Ay > 0 is the constant penalty factor and 3,7 > iz > .cs (xmﬁ—:p?’j’s) is the penalty
function on the violation of the binary constraint over the objective function. We clarify that,
for the optimization problem P¢, different optimal values can be obtained by varying A;. On
one hand, by setting A; extremely high, the optimal values of P$ can be obtained, which would
guarantee the penalty function to be extremely small, which would in turn lead to negligible
violation of the binary constraint. On the other hand, by setting A; extremely low, the optimal
values of f’j’ can be obtained, which would be close to the optimal value of f’o, at the cost
of high violation of the binary constraint. Thus, A; must be carefully selected such that the
optimal value of P¢ is reasonably close to the optimal value of P°, and the violation of
the binary constraint is not high. Considering this, we choose A; to be sufficiently large and
introduce a numerical tolerance level on the penalty function such that it is acceptable to have
Yoier Zjej Y oses (xi7j7s—x§7j75) < ¢, where € is a very small positive number [38]-[40].

After this manipulation, we note that the penalty function in P$ is non-convex in z; .
To handle this non-convexity, we consider the Taylor approximation of the function g(x) =
x — 2% [41]. We observe that the Taylor approximation of g(x) is convex and it provides an
upper bound on g(z). Considering this, we obtain the convex upper bound on the penalty function
in (22), given by

>SS (muas(1-200) 4 (20)7) 2 300D (wseaty). 23)
€T jET sES i€Z jeT sES

Finally, using (23) in (22), we transform P9 into the following approximate convex problem,

given by
PO . o (K) (k) \2
P rinjmrlrpujze I?Eazx{—Ri} + Ay Z Z Z <xi,j,s (1—2%7]-78) + (mi7j7s) >
Vi ieT jeJ seS
subject to  (17b) — (17e), (171) — (17k), (19). (24)

We clarify that 13‘1’ can be solved efficiently by using standard convex problem solvers, such
as CVX [42]. However, the optimal value of f"l’ is a global upper bound on the optimal value
of P9, since the upper bound on the penalty function is utilized in f"l’. Therefore, by using the
successive convex approximation (SCA) technique, we propose an iterative algorithm to tighten
the upper bound obtained from solving P°, which is summarized in Algorithm 1.

We clarify that f"l’ is solved in each iteration of Algorithm 1 with a polynomial computational

complexity. Also, there are totally (2/.JS) decision variables and (31.JS + 2IJ + 2] + S +
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Algorithm 1 Iterative Approach for Resource Allocation with ESB

1: Initialization: Set iteration count x = (. Set initial point for x(?s =05 Viel jeJ,se

S. Select a reasonably high penalty factor A, and low tolerance value e.

2 while 30 52 5 (i (1-2007)) +(215,)7) > € do
1€ jeJ sES ” h
3. Solve (24) using point xz(’;)s’

pProoxr Niel jeJ,seS.

/[:7j7s7 17.]737

where 1 € 7,7 € J,s € S and obtain solution parameters
: (k1) « : :

4. Update point z;; " =x7; Vi€Z,j€J,s€S.

5:  Update iteration count k = K + 1.

6: end while

J) convex constraints in the convex problem 15‘1’. Thus, solving 13‘1’ requires a complexity of

O((21JS)3(31JS +21J + 21 + S+ J)) [43], [44].

V. RESOURCE ALLOCATION WITH ASB IN A PACSR

In this section, we focus on the resource allocation problem with ASB in a PACSR for the
MC-enabled multiuser THzCom system. We first formulate the problem and then solve it using

convex optimization.

A. Problem Reformulation

By modifying P°, the resource allocation problem with ASB in a PACSR for the MC-enabled

multiuser THzCom system is formulated as

PS: minimize max{—R;} (25a)
%i,j,5,P%,5,5,Bs i€l
Vi j,s

subject to  (17b) — (17e), (17g), (171) — (171),
S B, = Bu (25)
s€S
where By = Bt — (S — 1)B,. The optimization problem P$ yields the optimal sub-band
assignment, sub-band bandwidth, and the and transmit power for the scenario when the spectrum
of interest that is to be allocated exists in a PACSR of the THz TW.
We note that the difficulties related to obtaining |« ; s|?, that were mentioned in Section III-C,

still exist when solving P3. To overcome this, we make two assumptions which enable us to
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obtain |« j s|* using a tractable expression of the design variables By, V k € S. We next present
these assumptions as follows:

First, we overcome the obstacle caused due to |a; ;s|? being obtained as in (8) using an
integral. We observe that although the molecular absorption coefficient is frequency-dependent,
its variation within sub-bands are relative small when sub-bands exist within THz TWs. Con-
sidering this, for tractable analysis, we represent |a; ; s|* assuming that the molecular absorption
coefficient remains unchanged within each sub-band® [10], [22], [24]. This consideration enables

us to obtain |a; ;|* as

|Oé' 12 = 4 e_K(fs)di,j
1,5,8 2,2 s
s 1,9

(26)

where o £ (ﬁ)g.

Second, we tackle the intractability caused due to the lack of tractable expression for K (f).
To this end, we first obtain the values of K (f) for all the values of f in the spectrum of interest
using the HITRAN database and observe its variation within the spectrum of interest [30]. We
notice that the variation of K'(f) in spectra that exist within PACSRs generally exhibits the

behavior of an exponential function of f (see Fig. 4). Therefore, through curve fitting, we model

K(f) in the spectrum of interest using an exponential function of f, given by

~

K(f)=e" + o3, 27)

where K'(f) is the approximated molecular absorption coefficient at f and {oy, 05, 03} are the
model parameters obtained with e—confidence interval for the spectrum of interest. We note
that the values of K (f) in other spectra that exist within PACSRs can also be models using
exponential functions of f. However, the model parameters would differ from one spectrum to
another.
We next substitute (3) and (27) in (26) to obtain
e~ K(fo)di; e—dij 1 +o2Fsm2kes %,k Bh) 1 gg)

0 =0 )
(fsdi,j)Q (Fs — Zkes askak)Qd?,j

=

(28)

|Oéz',j,s

®We clarify that the assumption that the molecular absorption coefficient remains unchanged within the bandwidth of interest

has been adopted in previous THz band studies for tractable system design such as [10], [22], [24].
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where fy = frof — (s — 1)Bg and a,p, = 1 if s > k, asp = % if s =k, and a5 = 0 otherwise.
Thereafter, using (28), the multiuser optimization problem for the PACSR, P$, is approximated

as a mixed-integer nonlinear problem, given by

P minmg e
Vi,5,8
subject to  (17b) — (17¢), (17g), (171) — (171), (25b). (29)

B. Problem Solution

The formulated problem P$ is a non-convex problem. In particular, the non-convexity in

nb
Z'7j7s

P arises due to three reasons. First, R™ _ appearing in the objective function in (29) and the

constraint function (17e) is not differentiable at B, = 0. Second, the objective function in (29)
and the constraint functions (17d) and (17e) are non-convex w.r.t. the design variable B,, V

v € S. This is due to the fact that |a;;<|*> and R™

;75 are not concave w.r.t. the design variable

B,, V v € S. Third, the design variable z;;, is binary. We next tackle these challenges as
follows:

We first handle the non-differentiability of R

.75 at Bs = 0. When the objective function is
differentiable in an open domain, the Karush-Kuhn-Tucker (K.K.T.) conditions are sufficient and

nb

0,5 in 153 is not differentiable

necessary for the optimal solution [36]. However, we note that 1
at B; = 0. Thus, to utilize the K.K.T. conditions to characterize the optimality of the problem

in P3, we consider the following approximate problem, given by

PS(6): minimize max{—R; 30a
2( ) xi,j,SaP’i,j,SyBS ZGI{ Z} ( )
Vi,j,s

subject to  (17b) — (17e), (171) — (171), (25b),

5 < By < Buasy  VSES, (30b)

where § is a very small positive number. We note that the optimal value of P$(§) converges to
the optimal value of P when § — 07, i.e., lims_,o+ PS(5) = P [45].

We next handle the non-concavity of |« ;4|* and R

Z7]7S

w.r.t. the design variable B,, Vv € S.

For this purpose, we consider the following substitution for By, given by

Bs = 55 + Wy log(gsZs)a ERS 87 (31)
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where &, ws,ss > 0V v € §. Thereafter, substituting (31) in (28) and (7), we obtain

e_di j[601+02(Fs—EkeS ag g (ptwg IOE(Cka)))_i_O.g}

(Fs = 2 kes @k (& + wi IOg(ngk)))zd?,j7

VieljeJ,seS (32)

!ai,j,sP =0

and
P, ‘SGAGU|ai ’8|2
R?b.s = (&s + wq lo gsZs lo (1 + = -
s (€ g( ) log, No(& + wslog(ssZs))

We observe that the expression for |a; ;s|* and R™ . in (32) and (33), respectively, are highly

l’]’s

), VieIl,jeJ,seS. (33)

non-linear w.r.t. Z, for v € §. However, through careful deliberation, we arrive at the following
Lemma.
Lemma 1: It is found that |o ; ;> and R}

VieZ jeJ,seS,veS when l/w, >w, where v = 09 (Dk(fref)eD”3 — 1), D > dpax.

in (32) and (33), respectively, are concave w.r.t. Z,

dmax 1 the maximum of link distances, i.e., dma = i er%?é{j{di’j}'

Proof: See Appendix A. |
Following Lemma 1, we select w, such that 1/w, > @ V v € S to ensure the convexity of
the objective function in (29) and constraint functions (17d) and (17e) w.r.t. Z,. Thereafter, we

transform P$(0) into the following equivalent problem, given by

minimize max{—R;} (34a)
miJ‘A,SvPi,j,&Zs €L
Vimj’s

subject to  (17b) — (17e), (171) — (171),

S S

[Tz~ [[ oo Ses <o, (34)
s=1 s=1
Zmin,s < Zs < Zmax,s; Vs € 87 (340)

1 Bmax —&s

where Zyins = ée% and Zn s = se e We note that (34b) and (34c) are obtained by

substituting (31) in (25b) and (30b), respectively.

We finally handle the non-convexity arising in (34) from the binary constraint function (17¢).
To this end, we utilize the same procedure adopted in Section IV-B, where the binary variables
are transformed into real variables [39], [40]. In doing so, we approximate (34) into the following

convex problem, given by

- L 2
PS: minimize max{—R;} + A E E E <““ijs(1—2x§@s)+(x§“‘)8) )
T, SaP'L' ¥l s;Zs €T s 5J s 3T

“Vijs ie€T jeJ seS

subject to  (17b) — (17e), (171) — (17k), (34c) — (34b),

0< @, <1, VieZ jeJ,seS, (35)
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Algorithm 2 Iterative Approach for Resource Allocation with ASB in a PACSR

1: Initialization: Set iteration count x = (. Set initial point for 2 = 05,VieZ je J,se€

©,7,8
S. Select a reasonably high penalty factor A, and low tolerance value e.
2 while 30 52 5 (i (1-2007)) +(215,)7) > € do
1€ jeJ sES ” h
3. Solve (35) using point xz(’;)S’

pProar. ZiNiel, je J,seS.

Z7j7s7 17.]737

where 1 € 7,7 € J,s € S and obtain solution parameters

4. Update point xg'jt,l) =z, ,Vi€el,jeJ,seS.

5:  Update iteration count k = K + 1.

6: end while

TABLE I

VALUE OF SYSTEM PARAMETERS USED IN SECTION VI.

Parameter Symbol| Value Parameter Symbol | Value

No. of users and MC order I, N 6, 2 No. of users supported by each AP M 3

Heights of APs and users ha, hu | 3.0m, 1.3 m || Upper bound on sub-band bandwidth Binax 4.5 GHz
Height and radius of blockers| hg, 78 1.7 m, 0.3 m Gaurd band bandwidth B, 0.75 GHz
Density of wall blockers AB 0.2 m™? Ratio of pulse duration to frame duration | ¢ 1/2

Antenna gains G, Gu |25 dBi, 15 dBi|| Path gain and rate thresholds per link L, Rinr 10713, 2 Gb/s
Noise spectral density Ny —174 dBm/Hz || Power budget per user P 3.2 dBm

where Ay > 0 is the constant penalty factor. We note that, similar to the observations in Section
IV, the optimal value of f)g is a global upper bound on the optimal value of P$. Therefore,
using the SCA technique, we propose an iterative algorithm to tighten the upper bound obtained
from solving P2, which is summarized in Algorithm 2. Finally, we note that solving Pg requires
a complexity of O((21JS + S)*(31.JS +21J + 21 + 25 + J + 1)) since there are (21.JS + 5)
decision variables and (31JS + 21J + 2] +2S + J + 1) convex constraints in 133 [43], [44].

VI. NUMERICAL RESULTS

In this section, we present numerical results to illustrate the performance of the two proposed
resource allocation strategies. For clarity, we denote the proposed resource allocation with ESB
by PRAT1 and the proposed resource allocation with ASB in a PACSR by PRA2. The numerical
results are obtained by considering a rectangular indoor environment of size 20 m x 20 m. We
consider that four APs are deployed symmetrically in the indoor environment in the same way

as specified in the 3GPP standard [23]. Also, we consider that the 50 GHz spectrum that exists
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between 1.025 and 1.075 THz in the first THz TW above 1 THz is used to serve the users’. We
use the absorption coefficient values that are calculated for the standard atmosphere with 10%
humidity [5]. The values of the rest of the parameters used for numerical results are summarized
in Table II, unless specified otherwise®.

For PRA2, the values of the model parameters that are utilized in (27) to approximate the
absorption coefficient values in the spectrum of interest are o; = —90.996, oy = 8.326 x 10711,
and o3 = 0.0452. Moreover, in PRA2, for the substitution introduced in (31), we consider
£ =5x10% w,=0.5x 10% and ¢, = 0.001 V s € S. Furthermore, we note that Algorithm 1
and Algorithm 2, that correspond to PRA1 and PRAZ2, respectively, are implemented in AMPL
which is popular for modeling optimization problems® [41], [46]. Additionally, following [40],
[41], we consider A; = 200, Ay = 200, and € = 107% in Algorithm 1 and Algorithm 2.

We consider the state-of-the-art DAMC-based spectrum allocation as the benchmark for PRA1
and denote this strategy by BM [10]. Notably, as mentioned in Section I, BM uses ESB and
considers that the links with longer distances are assigned to center sub-bands and the links with
shorter distances are assigned to edge sub-bands [10]. Also, we consider PRA1 as the benchmark
for PRAZ2 and note that while PRA1 considers spectrum allocation with ESB, PRA2 considers
spectrum allocation with ASB.

In order to demonstrate the performance improvement brought by the proposed resource
allocation strategies, we plot the aggregated multiuser throughput, Rag = vazl R;, versus the
power budget per users for BM, PRA1, and PRAZ2 in Fig. 5. We first observe that R g of PRA1
is higher than that of BM for different user power budget levels. This observation shows that
the throughput fairness achieved by BM among associated links does not necessarily guarantee
the best throughput fairness among users in a MC-enabled multiuser THzCom system. It also

shows that a superior throughput fairness among the users can be achieved by utilizing PRA1.

"We clarify that it is indeed possible to utilize PRA1 when the spectrum that exists anywhere within a THz TW is to be
allocated. Despite this, since PRA2 can only be employed when the spectrum of interest that is to be allocated exists in a
PACSR/NACSR of the THz TW, we present numerical results for PRA1 and PRA2 in a PACSR for fair comparison.

81t is noted we consider that the sub-bands exist only within TWs, where the variation of molecular absorption loss, as well
as pulse broadening, is very small. Differently, a few previous studies, e.g., [9], [33], considered that the sub-bands can also
exist within ACPRs, where the variation of molecular absorption loss, as well as pulse broadening, is very high. Due to this, to
avoid ISI, it is reasonable to consider ¢ = 1/2 in this work, when [9], [33] considered ¢ = 1/5.

°To cross-check, we implemented Algorithm 1 in Matlab CVX, and verified that the results obtained from AMPL well matches
that obtained from Matlab CVX.
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Next, as expected, we observe that PRA2 achieves a significantly higher Rag compared to
PRA1 (between 13 % and 26 %), due to the enhanced capabilities of PRA2 relative to PRAT.
Specifically, while PRA1 achieves a certain Rag with ESB, the ASB capability of PRA2 helps
to further improve R, by varying sub-band bandwidths. These two observations demonstrate
the significance of the optimal sub-band assignment in MC-enabled multiuser THzCom systems
and spectrum allocation with ASB, thereby demonstrating the benefits of our proposed resource
allocation strategies. We further observe that Rsg improves for BM, PRA1, and PRA2 when
the power budget increases. Interestingly, in the lower power budget regime where all strategies
achieve low Rag, the Rag gain of PRAZ2 relative to PRA1 is higher, which shows that it is
more beneficial to adopt ASB when the power budget constraint becomes more stringent.

In order to examine the impact of MC order on the proposed resource allocation strategies, we
plot the average throughput per user versus the MC order for BM, PRA1, and PRA2 in Fig. 6.
We recall that the MC order is defined as the number of APs with which the users associate and
communicate simultaneously. For the sake of fairness, we keep the total number of sub-bands
within the spectrum of interest unchanged. This is achieved by changing the number of users in
the system when the MC order is changed. More precisely, the number of users corresponding to
the MC orders of 1, 2, 3, and 4 are 12, 6, 4, and 3, respectively. We first observe that the average
throughput per user increases as MC order increases. This is because, although the power budget
per user remains the same as MC order increases, the available bandwidth per user increases as

MC order increases, thereby improving the throughput. Second, we observe that although there
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exists a throughput gain for PRA1 relative to BM for the MC orders of 2, 3, and 4, the gain
greatly reduces when the MC order is 1. This is due to the fact that the throughput fairness
achieved by BM among associated links and the throughput fairness achieved by PRA1 among
users are the same when each user associates with one AP only, i.e., MC order is 1. Third, we
observe that the throughput gain for PRA1 relative to BM increases as the MC order increases
from 2 to 4. This is because, as MC order increases, PRA1 gives more room to adapt the
throughput among its associated links to achieve a higher throughput per user. However, as BM
achieves throughput fairness among users by guaranteeing throughput fairness among links, the
ability for a user to adapt throughput among its associated links does not exist when BM is
employed. This leads to a low throughput improvement for BM as MC order increases, leading
to a throughput gain for PRA1 relative to BM. The second and third observations jointly show
that it is more beneficial to employ PRA1 when the MC order is high. Finally, we observe
a steady throughput gain for PRA2 relative to PRA1, which again shows the importance of
spectrum allocation with ASB.

In order to demonstrate the impact of the upper bound on the sub-band bandwidth, By,
which is an important constraint in PRA2, we plot Rag versus Bp.x for PRA1 and PRA2 in
Fig. 7. We first observe that Ry of PRA2 converges to that of PRA1 when B,. in PRA2
is equal to the fixed sub-band bandwidth adopted in PRA1, such as B, = 3.48 GHz in Fig.
7. This shows the correctness of our proposed resource allocation strategies. We next observe a

significant improvement in Rag when By, increases, e.g., a 20 % improvement in R g when
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Biax increases from 4 GHz to 5 GHz. This is expected since a larger B, gives more room
to exploit the ASB capability of PRA2, which improves the Rxg of PRA2. Here, it should be
noted that the THz band amplifiers and transceivers capable of handling large bandwidth, which
are required when B, is higher, are in their infancy. Also, pulses occupying large bandwidths
can be affected by increased pulse broadening and channel squint effects due to the frequency
selectivity of molecular absorption loss within sub-bands. Thus, B, of THzCom systems must
be carefully selected to achieve a trade-off between improving Rag performance and minimizing
the complexity of software and hardware implementation.

Fig. 8 plots Rag versus total bandwidth of the spectrum of interest, By, for the proposed
resource allocation strategies at different densities of human blockers, Ag. Also, the spectral
efficiency is plotted. We first observe that the spectral efficiency of the proposed resource
allocation strategies decreases when By, increases, due to the decrease in the power density
per Hz when B, increases. We next observe that Rag of the proposed resource allocation
strategies increases when B, increases. This shows that the impact of increased availability
of bandwidth for each user overwhelms the impact of decreasing spectral efficiency when By
increases. Moreover, we observe that Rag of the proposed resource allocation strategies decreases
with increasing Ag, due to the decrease in the time during which the links are available for
data transmission when Ag increases. This observation emphasizes the importance of carefully
selecting the system parameters, e.g., power budget, MC order, maximum sub-band bandwidth,

and total available bandwidth, for achieving the desired reliability and throughput performance,
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for different blockage densities.

depending on the density of human blockers in the indoor environment.

We finally investigate the impact of molecular absorption loss on the proposed resource
allocation strategies. To this end, we consider several 50 GHz spectra within the first THz TW
above 1 THz, and plot in Fig. 9 the Rag for BM, PRA1, and PRA2 within these spectra versus
the end-frequency of these spectra, f.r. Also, the average of the absorption coefficient values
of the sub-bands within these spectra, E[K ), is plotted. We first observe that Rag for BM,
PRA1, and PRA2 decreases when f; increases. This is due to the increase in F[K,s] when
fret increases, as shown in the figure, which in turn increases the molecular absorption loss in
the sub-bands and reduces the reduction in Rxg. We next observe that the gain in Rxg of PRA1
relative to BM decreases when f.¢ increases. This observation can be explained as follows. As
fret increases, the number of sub-bands which have high molecular absorption loss increases.
This leads to that the sub-band assignments where edge sub-bands allocated to links with shorter
distances are the only sub-band assignments that can guarantee satisfying the constraint functions
(17d) and (17e) in Pg. This in turn leads to the convergence of Rsg of PRAT to that of BM.
These two observations indicate that in order to ensure improved performance, it is beneficial to
select the spectrum within the THz TW that has the lowest average molecular absorption loss

during spectrum allocation.
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VII. CONCLUSIONS

In this work, we investigated the impacts of ASB and sub-band assignment in multi-band-based
spectrum allocation on MC-enabled multiuser THzCom systems. To this end, we formulated
optimization problems with the primary focus on spectrum allocation. Thereafter, we proposed
reasonable approximations and transformations, and developed iterative algorithms based on the
SCA technique to solve the formulated problems analytically. Aided by numerical results, we
showed that by enabling ASB during spectrum allocation, the significantly higher throughput
can be achieved as compared to adopting ESB and that this gain is most profound when
the power budget constraint is more stringent. We also showed that the proposed sub-band
assignment strategy in MC-enabled multiuser THzCom systems outperforms the state-of-the-art
sub-band assignment strategy and the performance gain is most profound when the spectrum with
the lowest average molecular absorption loss within the THz TW is selected during spectrum
allocation.

We clarify that the solution approach proposed in this work for the spectrum allocation with
ASB is only applicable when the spectrum of interest fully exists in either a PACSR or an NACSR
of the THz band. Nevertheless, to harness the potentials of the huge available bandwidths of
THz TWs, it would be more beneficial to develop a solution for the spectrum allocation with
ASB when the spectrum of interest exists anywhere within a THz TW, which will be considered

in our future work.
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APPENDIX A

PROOF OF LEMMA 1

We first prove the concavity of |ai7j75|2 wrt. to Z,, wherei € Z,5 € J,s € S,v € §. To this

end, we rearrange | ;s> given in (32) to obtain

eff((fs)d efcbs,ue_bsvl’ log(sv Zy)
= Q —2 = Ql 5
(fsd) (QSW — Qs Wy log(gVZV))

where 0 = g% /d?, @y, = d(e7 ), Qg = F g — Y askée — . wilog(Zy), and
keS keS/v
bs,, = 02a,,w,. We note that the subscript ¢ and j are dropped in (36) for brevity. Thereafter,

| 2
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0%(|a,?) ) BTN, v <,

W— SGS,VGS, (37)

E}Y,  elsewhere,

s,v-v

where B} = —pi]a,|??, ((1+ 1/b,,) — dK( fs)edoz) dK (f,)e®3Q; 27, and By = 0. It
can be shown that £y] < 0,V s € S,v € S when 1/w, > @, V v € S. Based on this, we
2

conclude that |a; ;s|° in (32) is concave w.r.t. to Z, when 1/w, > .
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and Ey; = 0. It can be shown that £ < 0 when 1/w, > @. Also, it can be shown that E5; < 0
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