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Abstract—Terahertz (0.06–10 THz) band communication is en-
visioned as a key technology to satisfy the increasing demand
for ultrahigh-speed wireless links. In this paper, a distance-aware
bandwidth-adaptive resource allocation scheme is developed for
THz band communication networks, which has the objective to
improve the distance. The proposed scheme captures the unique
channel peculiarities including the relationship between the dis-
tance and the bandwidth, and strategically utilizes the spectrum
to enable multiple ultrahigh-speed links. Based on the developed
scheme, the subwindows of the THz spectrum, the modulations,
and the transmit power are adaptively allocated, for both single-
user and multiuser communications. The numerical results show
that the developed resource allocation scheme improves the dis-
tances and exploitation of the THz spectrum significantly. Specif-
ically, 10 Gb/s can be supported at 4 m in the multipath channel,
while 100 Gb/s is achieved up to 21 m in the line-of-sight trans-
mission with the use of 20 dB gain antennas. Furthermore, in the
multiuser network, 14 10 Gb/s links can be supported simultane-
ously in the multipath channel. With the use of 20 dB gain antennas,
13 100 Gb/s links can be supported at the same time. Moreover,
the developed resource allocation scheme outperforms the existing
millimeter-wave systems and the nonadaptive scheme. This paper
achieves the design objective and contributes to enable multiple
ultrahigh-speed links in the THz band communication network.

Index Terms—Bandwidth (BW)-adaptive, distance-aware, re-
source allocation, strategic spectrum allocation, terahertz (THz)
band.

I. INTRODUCTION

IN recent years, the wireless data traffic grew exponentially,
further accompanied by an increasing demand for higher

data rates. The data rates have doubled every 18 months over
the last three decades and are currently approaching the ca-
pacity of wireless communication systems [2]. Following this
trend, the ultrahigh-speed data rates are expected to reach 100
Gigabit-per-second (Gb/s) or more within the next decade. New
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spectral bands as well as advanced physical layer solutions are
required to support this high data rate for future wireless com-
munications. In addition to many proposed solutions for next-
generation advanced cellular systems [3], the (0.06–10) tera-
hertz (THz) band is identified as one of the promising spectrum
bands to enable ultrahigh-speed communications [4], [5].

For the realization of ultrahigh-speed wireless communica-
tion networks in the THz band, it is imperative to develop a
novel communication scheme that can address the unique chal-
lenges and requirements, which are summarized as follows.
First, the transmission distance for ultrahigh-speed communi-
cation is very limited due to the very high path loss. An advanced
communication scheme needs to be developed with the object
to improve the transmission distance to support single or even
multiple ultrahigh-speed links simultaneously [6]. Second, the
physical properties in the channel need to be taken into account.
For example, the very strong relationship between the distance
and the bandwidth (BW) in the THz band requires adaption of
the utilized BW as a function of the distance. Moreover, the delay
spread and the coherence BW [7] affect the physical parame-
ters design in the communication scheme. Third, the enormous
usable BW in the THz band needs to be fully and efficiently
exploited in multiuser networks. In particular, a strategic spec-
trum utilization design is demanded to simultaneously support
multiple ultrahigh-speed links in the THz band.

In light of these challenges, the development of a resource al-
location scheme appears to be attractive, which have been well
investigated for the multiuser multicarrier systems at lower fre-
quencies [8]–[12]. However, none of these existing works fully
addresses the aforementioned challenges. Recently, ultrahigh-
speed communication schemes in the THz band have been stud-
ied. For example, a single-band pulse-based scheme was pro-
posed in [13]. Moreover, a multiwideband waveform design
was analyzed in [14], in which an optimization framework is
formulated to solve for the transmit power and the number of
frames, with the aim to maximize the distance. Nevertheless,
these two schemes rely on pulse-based communications and do
not support more spectrum-efficient modulations, which poses a
limitation on the maximum achievable data rates. Furthermore,
experimental studies in [15]–[17] have shown the feasibility of
broadband communications by exploiting the low THz frequen-
cies (i.e., around 0.3 THz) to enable 100 Gb/s wireless links
below 20 m. However, the resources including the ultrabroad
BW, the modulation scheme, and the transmit power are not
jointly and intelligently utilized, by being aware of the distance-
BW dependence in the THz band.
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Fig. 1. System model of the distance-aware BW-adaptive resource allocation
scheme, by using the control unit.

In this paper, we develop a distance-aware BW-adaptive re-
source allocation scheme for THz band communication net-
works with the objective to improve the distance. The developed
scheme captures the unique channel peculiarities including the
relationship between the distance and the BW, and strategically
utilizes the spectrum to enable multiple ultrahigh-speed links
in long-range networks. In particular, this scheme determines
the BW as a function of the distance, and has three functionali-
ties: subwindow allocation, modulation adaptation, and transmit
power controlling. These interrelated functionalities of resource
allocation are realized in the control unit. A system model that
employs this resource allocation scheme is illustrated in Fig. 1.

The main contributions of this paper are summarized as
follows.

1) We develop a distance-aware BW-adaptive resource allo-
cation scheme in the THz band communication network,
which captures the peculiarities of distance-varying spec-
tral windows and efficiently exploits the Terahertz spec-
trum. The solutions to the BW utilization, the spectrum
allocation, the modulation techniques, and the transmit
power are jointly derived, aiming to improve the com-
munication distance and concurrently support multiple
ultrahigh-speed links.

2) We propose a strategic spectrum allocation principle for
the multiuser network to intelligently allocate the center
spectrum of the spectral windows to the long-distance
users first, and then the side spectrum to the short-distance
users. Theoretical bounds on the network data rate are
analyzed.

In the formulated optimization frameworks for the single-
user and multiuser cases, the objective focuses on the distance
maximization, and the constraints cover the transmit power,
the BW, the error rate, and the data rate, which are all closely
related to the physical parameters such as the path loss, the
delay, and the coherence BW that result from the unique THz
channel. Then, an optimal solution based on the KKT method is
analytically derived for the single-user case, while a suboptimal
solution based on our proposed strategic spectrum allocation
principle is provided for the multiuser case. Numerical results
show that the developed schemes can effectively improve the
spectrum utilization and enable multiple ultrahigh-speed links
in the THz band networks.

The remainder of this paper is organized as follows. In
Section II, channel characteristics in the THz band are an-

alyzed. The resource allocation for the single-user commu-
nication is formulated and an optimal solution is derived in
Section III. Then, we propose the strategic spectrum alloca-
tion principle, and develop the resource allocation scheme in
the multiuser network in Section IV. The extensive numerical
analysis for both single-user and multiuser cases is provided in
Section V. Finally, the paper is concluded in Section VI.

II. TERAHERTZ BAND CHANNEL CHARACTERIZATION

In this section, we provide an overview of the THz band chan-
nel and its associated characteristics. In particular, the distance-
varying spectral windows, the delay spread, and the coherence
BW are investigated for the THz frequencies. Based on these
characteristics, we highlight the design implications for the THz
band communication.

A. Overview of the Terahertz Band Channel

Due to the frequency dependence appearing in the propaga-
tion channel and antennas, a multipath (MP) propagation model
in the THz band is developed as the combination of many indi-
vidual subwindows in our previous work [7]. The line-of-sight
(LOS) and the reflected rays are included in this MP model,
while scattered and diffracted rays are neglected since they have
insignificant contributions to the received signal power. We de-
note t as the time and d as the communication distance. By
including N

(u)
Ref reflected rays, the channel response of the MP

model in the uth frequency subwindow is given by

hu (d) = α
(u)
LOS(d)δ(t − tLOS)1LOS

+
N

(u )
R e f∑

q=1
α

(u,q)
Ref (d)δ(t − t

(q)
Ref ) (1)

where 1LOS is the indicator function that is equal to 1 or 0
for the presence of LOS path or not. For the LOS path, α

(i)
LOS

refers to the attenuation, and tLOS stands for the delay. For
the qth reflected path, α

(i,q)
Ref is the attenuation and t

(q)
Ref is the

delay. In the uth frequency subwindow, the center frequency is
denoted by fu . The total number of MP components is given
by Nu = 1LOS + N

(u)
Ref , with N

(u)
Ref < 10 [5]. On the one hand,

the MP signal consists of the LOS and multiple reflected paths,
when the gains of the transmitting and receiving antennas are
Gt = Gr = 0 dBi. On the other hand, with the use of high-
gain antennas or very large antenna arrays, the number of MP
rays and the delay spread decrease, while the total received
signal power increases. In particular, when the gains of the
transmitting and receiving antennas are Gt = Gr = 20 dBi, the
THz band transmission is highly directional and the number of
MP components reduces to a small number, i.e, Nu = 1.

B. Distance-Varying Spectral Windows

To analytically characterize the distance-varying spectral
windows, we define the path loss threshold PLth . The spectrum
that has smaller path loss than this threshold forms the spectral
windows. This path loss threshold is computed by invoking the
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Fig. 2. Channel characterization of the THz band for MP and directional
transmission through LOS. (a) Distance-varying path loss. (b) Total usable BW.

link budget equation as

PLth = PTx + Gt + Gr − γth − Pw (2)

where PTx = 10 dBm refers to the transmit power, and γth =
10 dB stands for the threshold SINR. We note that the ambi-
ent noise in the THz band channel is mainly contributed by
the molecular absorption noise, which is frequency-dependent
and colored, as suggested in [18]. Besides the ambient noise
originated in the channel, a major noise source comes from
the receiver, which depends on the device technology in use.
As adopted in [14] and [19], we consider that the noise effect
can be approximated as a white Gaussian noise, with the power
Pw = −80 dBm. Using this threshold, we determine the spectral
windows and the total usable BW for the different transmission
cases.

1) Spectral Windows for Gt = Gr = 0 dBi: In the MP
propagation model, we consider the received signal as a con-
structive superposition of the LOS and four reflected paths, over
the frequency band 0.06 to 1 THz, where the material parameters
are readily available [7]. The path loss values for the different
distances are shown in Fig. 2(a), where the threshold is 80 dB.
In this case, the communication distance is limited up to 8 m for
the MP propagation. At the distance above 8 m, there is no us-
able spectrum in the THz band. Below 8 m, the total usable BW
is illustrated in Fig. 2(b), which is equal to 0.29 THz at d = 1m.
The decreasing rate from d = 1 to 8 m is 40.91 GHz/m.

2) Spectral Windows for Gt = Gr = 20 dBi: With the use
of the high antenna gains, the transmission is directional through
the LOS path in one narrow beam. The path loss of the LOS con-
sists of the spreading loss and the molecular absorption loss [18],
and is shown in Fig. 2(a). According to (2), the path loss thresh-
old is enhanced to 120 dB. The path loss peaks caused by the
molecular absorption create spectral windows, which have dif-
ferent BW, and drastically change with the variation of the dis-
tance. A few path loss peaks appear over this frequency band,
such as at 0.56, 0.75, and 0.98 THz, and the number of peaks
increases with the distance. According to this threshold value,
the total BW over the THz spectrum is identified in Fig. 2(b),
for the different distances. For example, the total BW over the
0.06–1 THz band shrinks from 0.94, 0.87, 0.50 to 0.26 THz,
when the distance rises from 1, 10, 30 to 70 m. The decreasing
rate of the total usable BW from 1 to 70 m this range is small
and equals to 9.9 GHz/m.

C. Delay Spread

In the MP channel, the delay spread is a measure of how dis-
persive the channel is, which reduces as the antenna directivity
increases. This temporal parameter relates to the performance
degradation caused by ISI and useful for the physical system de-
sign. Moreover, the coherence BW, that is defined as the range
of frequencies over which channel correlation exceeds 50%, is
given by 0.2/σu where σu refers to the rms delay spread of
the MP channel. For example, at f = 0.3 THz and d = 5 m, the
coherence BW for the MP propagation is 1 GHz, over which
the channel experiences flat fading. Due to the decrease of the
beam width in the directional antenna (DA) case, the number
of significant MP components decreases. Hence, the rms delay
spread reduces and the coherence BW rises.

D. Design Guidelines

The very strong relationship between the distance, the spec-
tral windows, and the total usable BW in Fig. 2(b) motivates
the development of distance-aware BW-adaptive transmission
schemes. Moreover, the ultrabroad BW of the spectral window
ranges from multi-GHz to THz, which allows the multiband
transmission by dividing each spectral window into many sub-
windows. The utilization of the subwindows needs to be intelli-
gently selected to avoid spectrum with the path loss peaks. For
example, in the MP propagation with d = 5 m, the spectrum
above 0.1 THz has significantly large path loss and cannot be
used. In the directional propagation, the communication around
0.56, 0.75, and 0.98 THz need to be prevented.

As a result, the created subwindow has smaller BW and sup-
ports slower data rates, which effectively relaxes the design
requirements of individual subwindows, and is helpful for THz
band communication to process very high data rates. Over each
band, adaptive modulation can be used for transmission for the
features of spectral efficiency and in conjunction with the de-
sign of transmit power and error rate. These resource allocation
techniques have been well explored for lower frequencies in
[8]–[10], [20]. In the realm of THz band communications, the
distance improvement becomes the focus, and moreover, the
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available BW varies over the different distances. Furthermore,
the peculiarities of the channel lead us to rethink the physical
parameters in the resource allocation scheme, as follows. From
the investigation in Section II-C, the width of the subwidth can
be set as Bg = 1 GHz, which is smaller than the coherence
BW. This eliminates the ISI effects and thereby, allows the nar-
rowband communication over each subwindow. However, in
this multiband system, the interband interference (IBI) occurs
which causes from the power leakage from the neighboring sub-
windows. Hence, the subwindow width (Bg ), the utilization and
the allocation of the spectrum, the IBI, the transmit power, and
the modulation schemes, and the distance enhancement, need
to be thoroughly investigated in the THz band communication
network.

For each subband or subwindow, we consider that a single
carrier is implemented in an individual modulator/demodulator
circuit at the transmitter/receiver. The overall multiband modu-
lators/demodulators are included in the system design in Fig. 1.
Then, the signal over each subband is radiated by using an indi-
vidual THz antenna with a directivity gain. Thanks to the very
small wavelengths at THz frequencies, the multiband architec-
ture can be implemented by using the graphene-based nanoan-
tenna [21], [22] and nanotransceiver [23], [24] technologies,
among others. Although orthogonal frequency-division multi-
plexing (OFDM) is suggested for 60 GHz systems to enhance
the spectral efficiency [25], the BW is not scarce in the THz
band. Furthermore, the very complex transceivers, high peak-
to-average power ratio, and strict requirements for frequency
synchronization make OFDM very challenging in the THz band,
where digital processors that can handle such very high data
rates (e.g., over 1 Tb/s) do not exist to date. On the contrary, the
multiband system allows nonoverlapping utilization of the spec-
trum to improve the spectrum efficiency compared to the pulse-
based systems [13], [14], while has less complex transceivers
and more relaxed synchronization requirements than OFDM
systems.

III. DISTANCE-AWARE BW-ADAPTIVE RESOURCE

ALLOCATION: SINGLE USER

In this section, we develop the distance-aware BW-adaptive
resource allocation scheme in the single-user communication.
The objective is to increase the communication range and ex-
plore the relationship between the distance and the BW. This
can be realized by maximizing the data rate, since it decreases
monotonically as the distance rises. In this case, the available
spectrum is determined as a function of the link distance and
the entire BW is allocated to one user. Then, once the data
rate requirement is determined, the largest attainable distance is
obtained accordingly.

A. Signal-to-Interference-Plus-Noise Ratio (SINR)

For a communication distance d, we consider that there are
U(d) subwindows or subbands for transmission. We first de-
termine the expression for the SINR, which is affected by the
transmit power, the channel gain, the interference, and the noise.
In particular, the interference associated with the multiband

system includes the ISI and the IBI. ISI is negligible in the
narrowband communication over each subwindow. The IBI cap-
tures the power leakage from the surrounding subwindows, and
increases if the separation between the consecutive subwindows
(i.e., the BW of the subwindow) decreases. With the use of
high-gain antennas, the delay spread reduces significantly and
the channel frequency response varies less frequency selective.
However, the path loss of the channel is reduced and, hence, the
IBI becomes more significant in this case.

In the THz band, the number of subwindows is at the order of
multiple tens. To model this interference, we invoke the central
limit theorem to approximate the IBI with a Gaussian process.
The IBI accounts for the power leakage from the surrounding
subwindows. It is shown in [14] and [26] that the interference
from the adjacent frequency bands can be approximated as a
Gaussian distributed random variable. The distribution of the
interference power on the uth subwindow that superimposes
from the other subwindows follows:

Iu
B ∼ N

⎛

⎝0,

∫

fu

U (d)∑

v ,v �=u

Pv |Gv (fu )
Nu∑

m=1

α(v )(m)|2dfu

⎞

⎠ (3)

where Gv describes the waveform. The interference on the uth
subwindow is contributed as the power leakage from the vth
subwindow with v �= u. Moreover, from the channel model in
(1), the path attenuation

α(v ) =
[

α
(v )
LOS , α

(v ,1)
Ref , . . . , α

(v ,N
( v )
R e f )

Ref

]

.

Next, the instantaneous SINR in the uth subwindow, γu (d), is
analyzed, which is affected by the channel response, the transmit
power, the interference, and the noise, as

γu (d) =
GtGr |hu (d)|2PTx

GtGrIu
B + BgSw

(4)

where hu is the channel response in the uth subwindow given
in (1), PTx represents transmit power in (2), Sw denotes the noise
power spectral density, and Iu

B is the interference from (3). As
a function of the instantaneous SINR in (4), the received SINR
in this subwindow equals to γu (Pu (γ)/PTx), with Pu standing
for the transmit power that is allocated on the uth subwindow.

B. Resource Allocation Model

In the single-user communication, the broad BW in the THz
band enables very high data rate transmission. Hence, different
from the traditional resource allocation problem which either
minimizes the energy consumption or maximizes the data rate,
distance maximization becomes the objective, while the data
rate needs to exceed some threshold.

In order to address this distance maximization problem ef-
ficiently, we transform it into a set of data rate maximization
problems for different distances. Then, the solution to the orig-
inal distance maximization problem is found at d∗, when the
transformed optimal data rate drops to the threshold Rth

su at the
distance d∗. Since the resource allocation problem for data rate
maximization is well investigated and the optimal solution re-
quires low complexity, the distance maximization in the realm
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of the THz band communication can be solved efficiently. To
start with, the original distance maximization problem is written
as

Objective: max d (5)

Subject to: Rsu(d) > Rth
su . (6)

To transform this into the data rate maximization, we first
express the single-user data rate at one particular distance as the
sum of the data rates on individual subwindows as

Transformed objective: max
Pu ,ku

Rsu (d) = Bg

U (d )∑

u=1

ku (γu (d)). (7)

The solution to the distance maximization problem is found
by iteratively solving (7) with the increasing d to satisfy (6).

Note that the SINR is a function of the distance and the trans-
mit power Pu depends on the SINR. For conciseness, these
dependencies are declared when the parameters are defined,
whereas the dependencies are omitted in the later equations.
Moreover, εu refers to the bit error rate (BER) on the uth sub-
window, which is a function of the SINR as well. In particular,
the BER expression of square MQAM as a function of SINR is
approximated as [12]

εu (γu (d)) ≈ 0.2 exp
(
−1.5γu (Pu/PTx)

2ku − 1

)

. (8)

For a given BER, the rate on the subwindow in (7) is obtained
by rearranging (8)

ku (γu (d)) = log2

(

1 − 1.5γu (Pu/PTx)
ln (5εu )

)

(9)

where the expression in log(·) represents the maximum con-
stellation of MQAM that can be supported, as a function of the
BER, the transmit power, and the SINR.

There are two constraints associated with the single-user op-
timization problem. First, the total transmit power for each user
is bounded by

Constraint 1:
U (d)∑

u=1

Pu (γu (d)) ≤ PTx (10)

where PTx is the threshold of the transmit power budget. The
second constraint is for the error rate, which is equivalent to the
constraint on the SINR per bit in the communication system.
Specifically, the average BER ε as

Constraint 2: ε =
Bg

U (d)∑

u=1
εu · ku

Bg

U (d)∑

u=1
ku

≤ εth (11)

where εth refers to the average BER threshold value, and the
BER is derived in (8), which is related to the SINR, the distance,
the modulation scheme, and the transmit power.

C. Solution

This constrained optimization problem with inequalities can
be solved by using the KKT method [27], [28], with the convex

objective of maximizing the data rate. By defining the KKT
multipliers μ1 , μ2 ≥ 0, we obtain the Lagrangian function as

L (Pu , ku , μ1 , μ2 ) =
U (d )∑

u=1

ku + μ1

[

PTx −
U (d )∑

u=1

Pu

]

+ μ2

⎡

⎣εthBg

U (d )∑

u=1

ku − Bg

U (d )∑

u=1

εu · ku

⎤

⎦. (12)

By differentiating the Lagrangian function with respect to
the power adaptation and transmutation rate, we can obtain the
KKT necessary conditions for the optimal solutions, as

∂L

∂Pu
= 0 (13)

∂L

∂ku
= 0. (14)

The above condition (13) can be rearranged since ku is not a
function of Pu , as

−μ1 − μ2 · Bgku
∂εu

∂Pu
= 0. (15)

By recalling (8), the derivative of the error probability can be
rearranged as

∂εu

∂Pu
=

∂
[
0.2 exp

(
−1.5γu (Pu /PT x )

2k u −1

)]

∂Pu

= −1.5γu/PTx

2ku − 1
· εu . (16)

By combining (15) and (16), the BER adaptation is obtained
as

εu =
PTxμ1

μ2Bgku
· 2ku − 1

1.5γu
. (17)

This can be interpreted that the error probability decreases as
the channel quality [i.e., the SINR in (17)] increases, which is
matching with the water-filling principle. From (14), we obtain

1 + μ2εthBg − μ2
∂εu

∂ku
· Bgku − μ2εuBg = 0. (18)

By recalling (8), the derivative of the error probability can be
rearranged as

∂εu

∂ku
= εu · 1.5γu (Pu/PTx)

(2ku − 1)2 · 2ku ln(2). (19)

Then, to combine (17), (18), and (19), the power adaptation
that maximizes the data rate is

Pu

PTx
= max

{[
1 + μ2εthBg

μ2εuBg
− 1

]

·
(
2ku − 1

)2

1.04 · γu2ku ku
, 0

}

= max

{(
2ku − 1

)
(1 + μ2εthBg ) U(d)

PTxμ12ku ln(2)

−
(
2ku − 1

)2

1.04 · γu2ku ku
, 0

}

. (20)
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Algorithm 1: Resource allocation in single-user THz band
communication.

Initialization: choose two constants μ1 , μ2 , and set
Pu = εu = 0
while

∑U (d)
u=1 [Pu ] ≤ PTx and ε ≤ εth do

Step 1: Define SINR boundaries, γ̂i ← μ1 · 2 k̂ m −1
k̂m

,

m = 1, 2, 3, 4, 5, 6
if ku > 0 then

Step 2: Determine rate, ku , using (23) and the
defined SINR boundaries for each γu

Step 3: Calculate BER, εu ← PT x μ1
μ2 Bg ku

· 2k u −1
1.5γu

Step 4: Find power allocation,
Pu ← −PTx ln (5εu ) 2k u −1

1.5γu

end if
Decrease μ1 and increase μ2

end while

By including (4), the solution to the power adaptation is

Pu

PTx
= max

{(
2ku − 1

)
(1 + μ2εthBg )

PTxμ12ku ln(2)

−
(
2ku − 1

)2 (GtGrI
u
B + BgSw )

1.04 · GtGr |hu (d)|2PTx2ku ku
, 0

}

. (21)

The constellation adaptation ku that is defined in (9) is either
zero or the nonnegative solution of the following equation, by
recalling (9), (17), and (21):

1 + μ2εthBg

PTxμ12ku ln(2)
− (2ku − 1)(GtGrI

u
B + BgSw )

1.04GtGr |hu (d)|2PTx2ku ku

= − 1
1.5γu

ln
(

PTxμ1

μ2Bgku
· (2ku − 1)(Iu

B + BgSw )
0.3GtGr |hu (d)|2PTx

)

. (22)

The values of the modulation rate ku and the KKT multipliers
μ1 and μ2 can be found through a numerical search, to satisfy
the transmit power and the BER constraints.

In practice, the transmission rate is discrete and varied within
a fixed set [12]. For example, if we select no transmission,
BPSK, 4-QAM, 16-QAM, 64-QAM, 256-QAM, and 1024-
QAM as the MQAM candidates, the rate ku,v takes the value in
the set {0, 1, 2, 4, 6, 8, 10} b/symbol. Correspondingly, there are
six boundary SINR values, namely {γ̂m ,m = 1, 2, 3, 4, 5, 6},
which are used to assign the transmission rate {k̂m}. In par-
ticular, the rate on each subwindow is determined by using the
following piecewise function:

ku =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0, if γu < γ̂1
1, if γ̂1 ≤ γu < γ̂2
...

...
10, if γ̂6 ≤ γu .

(23)

As a result, the rate adaptation corresponds to finding the rate
region boundaries. If we further assume that the power adaption
Pu is continuous at each boundary [12], we obtain the solutions
to the optimization framework by using Algorithm 1. To start

with, we define two constants μ1 and μ2 , which will be updated
at each iteration. First, the SINR boundaries are defined. They
are used to determine the transmission rate on each subwindow
at the second step. Then, the BER and transmit power allocation
are computed at the third and fourth steps. To finish, we decrease
μ1 and increase μ2 . In the next iteration, we check the current
transmit power and the average BER. If both of these constraints
are satisfied, we proceed to the first step and repeat the process.
Otherwise, we acquire the desired values for Pu , ku and the
iteration is completed.

By using the aforementioned algorithm, the analytical solu-
tion to maximize the rate for a distance in (7) can be acquired
efficiently. Then, the solution to the original distance maximiza-
tion problem in (5) is found at d∗, when the optimal data rate
Rsu(d∗) drops to Rth

su as in (6). Since the resource allocation
problem for the data rate maximization has analytical solution
with a low complexity, the original resource allocation problem
for the distance maximization in the THz band can be solved
efficiently.

IV. DISTANCE-AWARE BW-ADAPTIVE RESOURCE

ALLOCATION: MULTIUSER

In the single-user case, the communication range and the
data rate are maximized by intelligently adapting the transmit
power and the modulation technique on each subwindow. For
example, the data rate over 100 Gb/s (as studied in [1] and in
Section V-A) is attainable for distance up to 21 m, by applying
the distance-aware BW-adaptive resource allocation scheme in
the directional transmission. However, the actual utilized BW
to enable this ultrahigh-speed link is 0.06–0.12 THz or equiv-
alently, 60 subwindows. Being motivated by this spectrum un-
derexploitation, our aim is to seek for the bound on how many
ultrahigh-speed links can be simultaneously supported in the
THz band. To achieve this goal, in this section, we propose a
novel strategic spectrum allocation principle adjunct with the
distance-aware BW-adaptive resource allocation scheme in the
multiuser case.

A. Strategic Spectrum Allocation

In a multiuser network, there are I transmission links to be
allocated. We sort the links in a descending order according to
the distance, such as d1 > · · · > di > · · · > dI . Without loss of
generality, we analyze one spectral window in the THz band
in Fig. 3(a). As the distance decreases, the path loss drops,
and hence, the received power (PR ) and the usable BW of this
window increase, for example, from d1 to d2 and d3 . Based on
this relationship, the strategic spectrum utilization principle is
presented in Fig. 3(b), and summarized as follows. First, the
center subwindows, i.e., the center spectrum in the window, are
allocated to the long-distance links. Then, the side subwindows,
i.e., the side spectrum in the window, are allocated to the short-
distance transmissions.

Based on this principle, on the one hand, the information
on the side subwindows cannot reach the long-distance users
due to the very high path loss. On the other hand, the informa-
tion on the central subwindows can reach not only the intended
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Fig. 3. Multiuser communication network. (a) Receive power and BW. (b)
Illustration of the proposed spectrum allocation principle.

long-distance users, but also the unintended short-distance users,
which causes interference. However, this interference to the
short-distance users can be effectively mitigated in the mul-
ticarrier communication scheme [29]. As a consequence, this
strategic principle efficiently utilizes the spectrum and benefits
from the unique relationship between the BW and the distance
in the THz band. Note that the distance difference between the
consecutive links, for example, di − di+1 , needs to be suffi-
ciently large, so that there is enough BW to be further exploited
to support Ri+1

mu (di+1) ≥ Rth
mu , where Rmu

th represents the data
rate threshold in the multiuser network.

B. Resource Allocation Model

By incorporating this spectrum allocation principle, we for-
mulate the resource allocation model. In a THz band communi-
cation network, there is an existing link over the distance d1 . The
data rate of this link satisfies the requirement of the ultrahigh-
speed transmission, Rth

mu , i.e., R1
mu(d1) ≥ Rth

mu . On the one
hand, we focus on addressing the distance challenge in the THz
band communication. On the other hand, the resource alloca-
tion model in the multiuser network needs to support multiple
ultrahigh-speed links at the same time. Therefore, the objective
of our strategic spectrum allocation principle is to maximize the
total distance

∑I
i=1 di , where I represents the number of trans-

mission links reaching the ultrahigh-speed threshold. Then, the
data rate becomes a constraint that needs to exceed a threshold
(i.e., 10 or 100 Gb/s), thanks to the very broad BW in the THz
band.

The variables associated in this scheme include the transmit
power, the modulation scheme, and the subwindow allocation.
We describe the resource allocation model as

max
P i

u ,k i
u ,ρi

u

I∑

i=1

di (24)

subject to
U (d)∑

u=1

P i
u · ρi

u ≤ PTx , for all i ∈ {1, . . . , I} (25)

Bg

U (d)∑

u=1
εi
uki

uρi
u

Bg

U (d)∑

u=1
ki

uρi
u

≤ εth , for all i ∈ {1, . . . , I} (26)

I∑

i=1

ρi
u = 1, for all u ∈ {1, . . . , U} (27)

Ri
mu(di) ≥ Rth

mu , for all i ∈ {1, . . . , I}. (28)

In (25), the transmit power on each individual subwindow P i
u

needs to satisfy that the total transmit power for each user is
bounded by PTx . The average BER for each user’s transmission
needs to satisfy the constraint in (26), in which εi

u (γ) refers to the
BER of the ith user in the uth subwindow. Moreover, we define
the sharing factor ρ, which is dependent on the transmission
rate, as

ρi
u =

{
1, if ki

u > 0

0, if ki
u = 0.

(29)

The constraint in (27) implies that one subwindow is occupied
by at most one user. Finally, the data rate on each link needs to
exceed the threshold value for ultrahigh-speed communication,
as expressed in (28). The calculation of this data rate is described
as

Ri
mu(di) = Bg

U (d)∑

u=1

ki
u · ρi

u (30)

where di denotes the distance of the ith link. These link dis-
tances in the multiuser case are randomly generated by following
the Uniform distribution, as

di ∼ U [dmin , dmax] (31)

where dmin is the lower-bound distance, and dmax refers to the
upper-bound distance. In the multiuser case, the SINR for the
ith user on the uth subwindow γi

u (di) is defined as

γi
u (di) =

GtGr |hu (di)|2PTx

GtGrIu
B + BgSw

(32)

where the IBI is taken into account as given in (3) which includes
the effect of the multiuser interference. The SINR determines
the allocation of the transmit power, the rate, and the subwindow
utilization. In particular, if the SINR is below than the threshold
γ̂1 in (23), no transmit power is allocated since no transmission
occurs, which equivalently to suggest that Si

u , ki
u , ρi

u are all
zeros in this subwindow.

C. Solution

In the multiuser resource allocation problem, there are totally
3I+U constraints and 3UI variables. To avoid the high complex-
ity of solving this problem, we propose a suboptimal solution,
which efficiently allocates the transmit power, the modulation
scheme, and the subwindow. Numerical results in Section V
will show that the proposed solution with the strategic spectrum
allocation (in Section IV-A) can achieve better results than the
existing solutions.

The flowchart to search for the solutions to (24) is demon-
strated in Fig. 4, and is explained as follows. First, we sort
the links in the network by distances. We initialize the flow by
defining a spectrum/subwindow pool

−→
SP , which contains the
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Fig. 4. Flowchart for the distance-aware BW-adaptive resource allocation in
multiuser networks.

set of subwindows that have already been occupied. Second,
starting with long-range communication, we identify the set of
available subwindows

−→
W (di), which are determined based on

the transmission distance and are not contained in the spectrum
pool, i.e., w /∈ −→

SP for all w ∈ −→
W (di). Third, we estimate the

number of additional subwindows that is needed for the current
user to satisfy Ri ≥ Rth , which is calculated as

Number of subwindows ≥
⌈

Rth
mu − Ri

mu

Bg log2 (M)

⌉

(33)

where �·� stands for the ceiling function. This can be explained
that the number of subwindows is at least equal to the ratio of the
total demanding data rate and the largest rate per subwindow.
Here, M represents the M-QAM modulation and we obtain the
number of subwindows by choosing log2 (M) = 10 for 1024-
QAM, which is the lower bound of the subwindows that are
needed, as considered in Section III. Fourth, after completing
the subwindow allocation, we perform Algorithm 1 to compute
the data rate, and update the spectrum pool based on the sharing
factor information as defined in (27). Finally, we check whether
the current data rate satisfies the threshold as defined in (28).
If the rate constraint is satisfied, we proceed to repeat the pro-
cedures for the next-farthest link. Otherwise, we allocate more
subwindows to the current link by using the updated data rate
and spectrum pool information.

After iterating these steps until all the links are completed, the
solutions to the allocated transmit power, the modulation over
each subwindow, and the distribution of the subwindows are
obtained. However, if the spectrum resources are fully assigned,
i.e., there is no w such that w /∈ −→

SP and w ∈ −→
W (di), I links

cannot be accommodated simultaneously for ultrahigh-speed
transmissions in the THz band. Hence, the network data rate
RTot

mu is equal to the sum of data rates for individual links

RTot
mu =

I∑

i=1
Bg

U (d)∑

u=1
ki

u · ρi
u . (34)

D. Discussions

The objective of our strategic spectrum allocation principle is
to maximize the total distance

∑I
i=1 di in (24), since the distance

limitation poses the main challenge for THz band communica-
tion networks. This is different from the multiuser resource allo-
cation schemes for the lower microwave frequencies, in which
the data rate or the power consumption is the challenge. For the
microwave frequencies, the objective in the resource allocation
schemes is either maximizing the total data rate or minimizing
the total power consumption [11].

In our analysis, a static user topology in the THz band com-
munication network is considered, based on a centralized ar-
chitecture with the use of an access point (AP) [4]. The AP
performs the proposed BW-adaptive resource allocation scheme
to strategically allocate the spectrum. If a new user requests an
admission to the network, the AP could allocate the remaining
available subwindows by referring to the spectrum pool and
decide the communication parameters, as suggested in Fig. 4.
Moreover, the constraints in (25)–(28) need to be satisfied for
a successful user admission, while the objective in (24) might
become invalid. However, it is possible that the remaining sub-
windows in the THz band are insufficient to support the new
user for the ultrahigh-speed communication. On the other hand,
to solve for the objective in (24), the AP needs to reperform the
resource allocation scheme for all the users (i.e., including the
new user), as described in Section IV-C.

In the formulated optimization frameworks for the single-
user (see Section III) and multiuser (see Section IV) cases, the
objective focuses on the distance maximization, and the con-
straints cover the transmit power, the BW, the error rate, and the
data rate, which are all closely related to the physical parameters
such as the path loss, the delay, and the coherence BW that result
from the unique THz band channel as analyzed. Then, an opti-
mal solution based on the KKT method is analytically derived
for the single-user case, while a suboptimal solution based on
our proposed strategic spectrum allocation principle is provided
for the multiuser case.

V. PERFORMANCE EVALUATION

In this section, we numerically evaluate the performance of
the distance-aware BW-adaptive resource allocation scheme
in both single-user and multiple-user regimes. The developed
model is unified in the (0.06–10) THz band, while the perfor-
mance evaluations are limited up to 1 THz where the parameters
of material properties are readily available [7].

The discrete MQAM signal constellation chooses from no
transmission, BPSK, 4-QAM, 16-QAM, 64-QAM, 256-QAM,
and 1024-QAM, which corresponds to the modulation rate
ki

u ∈ {0, 1, 2, 4, 6, 8, 10} b/Hz as in Section III-C. We con-
sider the BER requirement in (11) as εth = 10−3 . For perfor-
mance comparison, we apply our resource allocation scheme
on the state-of-the-art millimeter wave systems at 0.3 [30] and
0.06 THz [31]. In particular, the transmission at 0.3 THz occu-
pies the fixed 50 GHz BW, while the transmission at 60 GHz
uses the fixed 10 GHz BW.
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Fig. 5. Solution to the single-user resource allocation. (a) Transmit power.
(b) Modulation rate.

A. Single-User THz Band Communication

1) Solution to the Resource Allocation: We obtain the nu-
merical solutions to the developed optimization in (7), by using
Algorithm 1. The initial value for the constant μ1 is chosen as
the maximum of the SINR values over the subwindows, which
guarantees the feasibility of the solution. At each iteration, it
is decreased by 5% (i.e., multiply with 0.95). A good value for
the constant μ2 is found via numerical search, and a general
rule is that a smaller value is desired for a larger distance. In the
resource allocation problem in (7), the transmit power and the
modulation constellation are solved for the different transmis-
sion schemes over the different distances in Fig. 5(a) and (b),
respectively.

Transmit Power: In the MP transmission (see Section II-B1),
the normalized transmit power is shown for d = 1 m. The actual
utilized BW is 0.06–0.11 THz. In the LOS with DA case (see
Section II-B2), the transmit power allocation has the shape of a
sawtooth, which is also observed in [12]. The utilized frequency
bands are less than 0.61 THz. Being consistent with the spectral
window analysis in Section II-B2, the path loss peak around
0.56 THz is avoided for transmission as shown in Fig. 5(a).
When the distance increases to 20 m, the utilized frequency
band shrinks to 0.12 THz. This can be explained that the SINR
decreases as the distance or equivalently the path loss in the

Fig. 6. SINR for the different transmission schemes.

channel increases. In this case, the resource needs to be focused
on the high SINR region, which lies in the lower THz band.

Modulation Rate: At d = 1 m in the MP case, 2 b/symbol or
4-QAM is allocated for the 0.06–0.091 THz, while 1 b/symbol
or BPSK is allocated for 0.091–0.11 THz, in our resource allo-
cation model. On the contrary, for the same distance in the LOS
with DA case, 10 b/symbol is supported from 0.06 to 0.061 THz,
which implies the very high-order 1024-QAM. Then, smaller
signal constellations are selected for higher carrier frequencies,
due to their larger path loss values. When the distance is 20 m,
the single-user data rate are approximated as 4 b/Hz · 3 GHz
+ 2 b/Hz · 35 GHz + 1 b/Hz · 20 GHz = 102 Gb/s.

2) SINR: The resulting SINR in (4) is evaluated in Fig. 6,
with the obtained transmit power. We consider the IBI leakage
of 17.47% to the neighboring subwindows, for the rectangular
waveform G in (4). The nonzero SINR values appear when the
subwindows are utilized. When Gt = Gr = 20 dBi and d =
1 m,10 b/symbol is supported and the SINR reaches 28 dB.
Although at some utilized subwindows such as 0.5–0.55 and
0.57–0.61 THz, the SINR drops below the threshold 10 dB,
the average BER requirement in (11) is satisfied. Interestingly,
the fluctuations in the SINR occur when the constellation rate
changes or equivalently, the transmit power changes sharply in
the sawtooth shape, for example, at 0.061, 0.1, and 0.19 THz,
among others. This is due to the sharp change of the transmit
power at these frequencies, which make noticeable effects on
the IBI in (3), and consequently, the fluctuations of SINR.

3) Distance Improvement: The resource allocation model is
used to maximize the data rate in (7), while as the main objective,
the distance maximization is then analyzed as shown in (5), for a
given rate threshold Rsu . The data rate performance for the MP
with Gt = Gr = 0 dBi and the LOS with Gt = Gr = 20 dBi
are illustrated in Fig. 7(a) and (b). For comparison, the water-
filling capacity is an upper bound of the achievable data rates,
while the equal-power capacity suggests the achievable data
rates of the nonadaptive transmission.

MP with Gt = Gr = 0 dBi: In Fig. 7(a), the results based
on the resource allocations scheme is significantly higher than
the nonadaptive equal-power scheme. This advantage is more
notable in the MP case since the intelligent allocation of the
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Fig. 7. Data rates in the single-user THz band communication. (a) MP with
Gt = Gr = 0 dBi. (b) LOS with Gt = Gr = 20 dBi.

transmit power and the symbol constellation is more impor-
tant when the channel quality is degraded. As discussed in
Section II-B1, the path loss threshold sets the distance limit as
8 m. At 1 m, the data rate reaches 81.5 Gb/s. If Rsu = 10 Gb/s,
the solution to the maximal distance in (5) is 4 m, which is
greater than the results from the other schemes, such as 2.3 m
of the equal-power scheme and 1.7 m of the 300 GHz system.
Interestingly, the performance of the 60 GHz system is very
close to our resource allocation scheme (operating over 0.06–
1 THz), particularly when d > 3 m and the channel path loss
is high. This can be explained since the resource is allocated
to the lower frequency bands with better SINR, as discussed in
Section V-A1.

LOS with Gt = Gr = 20 dBi: Fig. 7(b) shows that 1 Tb/s is
achievable with our resource allocation scheme over the 0.06–
1 THz band, up to d = 3 m, since the total usable BW is signif-
icantly enhanced with the use of the antenna gains [as shown in
Section II-B2 and Fig. 2(b)]. When the distance is below 10 m,
the SINR is very high over the subwindows. Consequently, the
resource allocation plays less important role and its data rate is
similar to the equal-power scheme. However, the advantage ap-
pears as the distance increases. If Rsu = 100 Gb/s, the solution
to the maximal distance in (5) is 21 m. The significant distance
improvement is obtained over the equal-power scheme, and the

fixed BW system over 300 GHz, where the results of these two
schemes are 17 and 10 m. With the high-gain antennas, the data
rate of the 60 GHz system is flat and starts decreasing when
the distance is above 60 m, since the SINR below 60 m is large
enough to support the highest MQAM in the 60 GHz system.

Comparing to the 60 GHz system, when the distance is small,
the advantage of our resource allocation using the 0.06–1 THz
band is large, since much BW has high SINR and can be uti-
lized. However, as the distance grows, the path loss drastically
increases particularly for the high frequencies. The transmission
resource is concentrated to the lower frequencies. In particular,
when d ≥ 60 m, the performances of the 60 GHz and the entire
THz band have negligible difference.

4) Discussions: In our resource allocation scheme, the re-
source that includes the transmit power and the signal constel-
lation are preferably distributed to the subwindows with lower
frequencies or equivalently higher SINR. The advantage of our
scheme becomes more important when the distance increases,
compared with the fixed allocation scheme. By using the same
resource allocation scheme to exploit the 0.06–1 THz band has
the better performance over the millimeter-wave technologies at
60 and 300 GHz, particular when the distance is small. Further-
more, the distance improvement is significant with our resource
allocation. In particular, 10 Gb/s can be supported at 4 m in the
MP channel. On the other hand, 100 Gb/s is achieved up to 21 m
in the LOS transmission with the use of 20-dBi gain antennas.
In light of the spectrum utilization, the actual utilized BW is less
than the total usable BW as in Fig. 2(b). Hence, the spectrum in
the THz band is still under exploited in the single-user case. This
further motivates the design of a strategic spectrum allocation
for the multiuser network, as studied in Section IV-A.

B. Multiuser THz Band Communication Networks

We next evaluate the distance-aware BW-adaptive resource
allocation scheme in a multiuser network in the THz band.
Our optimization goal is to maximize the total distance of the
ultrahigh-speed links, since we intend to support multiple links
at the same time and address the distance challenge. Each link
needs to reach the data rate greater than Rth

mu in (28). First, we
study the theoretical bounds and analyze the performance of the
resource allocation scheme in the multiuser network, in terms
of the data rate and the distance.

1) Theoretical Bounds Analysis: We start with link 1 with
d1 = 21 m, which is the largest distance that can support
100 Gb/s for LOS with Gt = Gr = 20 dBi, as studied in
Section V-A3. We show that additional links can be concur-
rently supported by using the unused THz spectrum, without
compromising the transmission of link 1. To allocate the second
link using the unoccupied spectrum, we check the spectrum pool−→
SP and apply the flowchart in Fig. 4. To analyze the theoretical
bounds, we consider the two-user case and study the attainable
data rate, R2 , while the higher number of multiuser networks
can be extended by applying the same principle.

In Fig. 8(a) and (b), the link data rate in the multiuser net-
work is no greater than that of the single-user link with the
same distance, i.e., R2

mu(d2) ≤ Rsu(d2). The central part of the
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Fig. 8. Theoretical bounds in the multiuser THz band networks, for LOS with
Gt = Gr = 20 dBi. (a) Ri

mu (di ) ≤ Rsu (di ), with I = 2. (b) Rsu (d1 ) ≤
RTot

mu ≤ Rsu (dI , I · PTx ), with I = 2.

spectrum is occupied by link 1 and cannot be used by link 2,
which causes this data rate gap. Second, in Fig. 8(b), we observe
that RTot

mu ≥ Rsu(d1 = 21m) = 102.4 Gb/s, since the strategic
allocation scheme provided in Section IV-A utilizes the spec-
trum resource more efficiently than the single-user case, since
additional BW is used in the multiuser network support other
links, without compromising the link 1.

Third, the results in Fig. 8(b) show that the multiuser data rate
is bounded by Rsu(d2 , 2PTx). The total usable BW is dependent
on the shortest link in the network. In the single-user (d = dI )
and the multiuser cases, the total usable BW are equal. However,
in the multiuser network, the centers of the spectral windows
are occupied by long-distance links, which have higher path loss
and consequently, worse rate performance. This results in the
total multiuser data rate is less than the single-user rate, while the
transmit power is calibrated as I · PTx for the fair comparison.
Furthermore, the advantage of Rsu(d2 , 2PTx) decreases as the
distance increases, maintaining greater than Rmu . This can be
explained that the resource allocation scheme in the single-user
communication optimizes the modulation and transmit power
solutions. As for the data rate, we observe that R2 ≥ 100 Gb/s
is reachable as long as d2 ≤ 12 m.

2) Multiuser Ultrahigh-Speed Network: We find the solu-
tion in (24) to maximize the total distance of ultrahigh-speed
links in the multiuser network. By following the proposed

strategic spectrum utilization principle in the flowchart (see
Fig. 4), we iteratively allocate the spectrum to multiple users
to satisfy the data rate requirement.

MP with Gt = Gr = 0 dBi: To start with, we set link 1 at
d1 = 4 m, which is the largest distance that supports Rth

mu =
10 Gb/s, as given in Section V-A3. Then, by exploiting the rest
of the THz spectrum, link 2 is found at d2 = 3 m as the largest
distance to satisfy the rate requirement. By iterating this process,
we obtain 14 links as provided inTable I. In each iteration, the
maximal reachable distance that satisfies Rth

mu is obtained, i.e.,
max di+1 while di+1 ≤ di . This process iterates until we reach
d14 = 1 m, when the remaining spectrum cannot support a link
to exceed Rth

mu = 10 Gb/s. The number of utilized subwindows
as well as the percentage of the total utilizable BW are also listed
for each link. The overall network data rate in this analysis is
140 Gb/s, which is 13 times higher than the single-user rate with
d = 4 m. The sum of the link distances in (24) is equal to 24 m.
However, in this case, the utilized spectrum is between 0.06 and
0.2 THz.

LOS with Gt = Gr = 20 dBi: Similar process is applied in
the LOS case with the high-gain antennas. To start with, we
accommodate link 1 at d1 = 21 m. Then, by inspecting the
spectrum pool, the link 2 has d2 = 12 m, which is the largest
distance to support Rth

mu = 100 Gb/s transmission. The link in-
formation is summarized in Table I. Importantly, by applying
the developed resource allocation scheme, 13 100 Gb/s links
can be simultaneously supported in the THz band network. The
overall network data rate reaches 1.31 Tb/s, which is 12 times
higher than the single-user rate with d = 21 m. The sum of the
link distances in (24) is equal to 71 m.

Moreover, the ultimate spectrum utilization is demonstrated
in Fig. 9, where the constellation rate is shown as the func-
tion of the frequency for different links. The entire 0.06–1 THz
spectrum is utilized, by using the developed strategic principle,
which shows a significant improvement over the single-user
case. Specifically, the spectrum between 0.06 and 1 THz is fully
exploited, while only 60 subwindows as given in Table I (be-
tween 0.06 and 0.12 THz) are utilized for d1 = 21 m. More-
over, the strategic spectrum allocation scheme developed in
Section IV-A is applied and illustrated in Fig. 9, for example,
for the links d7 , d8 , and d9 , over the spectrum around 0.6 THz.
In particular, the central spectrum is allocated to d7 , while the
outer subwindows are allocated to d8 and then d9 , which have
the lower path losses.

The percentage of the total utilizable BW [see Fig. 2(b)],
which is the ratio between the utilized BW and the total utilizable
BW at the particular distance, is also shown in Table I. With the
smaller distance, the total utilizable BW grows, which results in
a reduction of the percentage. However, for the same distance
and for link i and i + 1, the percentage of the link i + 1 is greater
or equal to that of the link i, since the better subwindows have
already been selected for the link i. To achieve the same data
rate Rth

mu , more subwindows are needed for the link i + 1. For
example, this observation is supported in links 7 and 8 with the
LOS communication over 3 m.

Comparison: We compare our resource allocation scheme
with the nonadaptive scheme, in which the fixed frequency
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Fig. 9. Resource allocation solution in the multiuser network, for LOS with Gt = Gr = 20 dBi. (a) Links 1–4. (b) Links 5–8. (c) Links 9–13.

TABLE I
RESOURCE ALLOCATION SCHEME IN MULTIUSER NETWORKS

MP with Gt = Gr = 0 dBi: R t h
m u = 10 Gb/s

Link number 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Distance [m] 4 3 3 2 2 2 1 1 1 1 1 1 1 1
# of Utilized subwindows 10 10 10 10 10 10 10 10 10 10 10 10 10 10
% of Utilizable BW 15% 10% 10% 6% 6% 6% 3.4% 3.4% 3.4% 3.4% 3.4% 3.4% 3.4% 3.4%

LOS with Gt = Gr = 20 dBi: R t h
m u = 100 Gb/s

Link number 1 2 3 4 5 6 7 8 9 10 11 12 13
Distance [m] 21 12 9 7 5 4 3 3 2 2 1 1 1
# of Utilized subwindows 60 61 73 80 82 87 82 101 91 101 33 39 39
% of Utilizable BW 8.1% 7.1% 8.3% 8.9% 9% 9.5% 8.9% 10.9% 9.7% 10.7% 3.5% 4.1% 4.1%

division, the equal transmit power, and the fixed modulation
are adopted. In particular, 50 subwindows are assigned for
each user, as suggested in [30]. The equal transmit power
(i.e., Pu = PTx/50) and the fixed 16-QAM modulation (i.e.,
kfixed = 4) that was designed for the THz system [32] are used
on each subwindow. From (9), the resulting threshold SINR to
support this transmission over each subwindow is given by

γth = − (2k f i x e d − 1) ln (5εth)
1.5

. (35)

However, this nonadaptive scheme supports the largest data
rate of 92 Gb/s at d = 1 m, with only 23 subwindows satisfying
the SINR requirement in (35).

3) Discussions: By using the developed strategic spectrum
utilization principle and the resource allocation scheme in the
multiuser case, the theoretical bounds of the multiuser data rate
are evaluated. Moreover, the spectrum utilization is greatly im-
proved using our scheme. In the MP channel, 14 links can be
supported simultaneously with Rth

mu = 10 Gb/s, and the total
distance over these links is 24 m. When the high-gain an-
tennas are used for the LOS propagation, 13 100 Gb/s links
can be supported simultaneously. The sum of the distances
of these links reaches 71 m. The performance of the devel-
oped resource allocation scheme is significantly better than
the nonadaptive system, due to the successful exploitation of the
THz spectrum and the adaption of the transmit power and the
modulation.

VI. CONCLUSION

In this paper, we developed a novel distance-aware BW-
adaptive resource allocation scheme for THz band communi-
cation networks, with the objective to enhance the distance. The
proposed scheme captures the unique channel peculiarities, and
strategically utilizes the spectrum to enable multiple ultrahigh-
speed links. Based on the developed scheme, we solved the
solutions to the subwindows allocation, the modulation adapta-
tion and the transmit power control in the resource allocation
model, for both single-user and multiuser communications.

Recently, some millimeter-wave frequency bands (e.g., 71–
76, 81–86, and 92–95 GHz) become licensed spectrum. On
the one hand, the developed resource allocation scheme for the
(0.06–10) THz band in this paper can be seamlessly applied by
eliminating the regulated spectrum from the total usable BW
[see Fig. 2(b)] if needed. On the other hand, the proposed solu-
tion in this paper can also benefit the millimeter-wave systems,
by leveraging the concepts of cognitive radio networks [33].
For example, the proposed resource allocation scheme provides
an efficient solution to utilize the regulated spectrum when the
primary users are not present. These research directions will be
investigated in the future work.
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