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Abstract—Terahertz wireless backhaul is expected to meet the
high-speed backhaul requirements of future ultra-dense networks
using millimeter-wave (mmWave) base stations (BSs). In order to
achieve higher network capacity with limited resources and meet
the quality of service (QoS) requirements of more users in the
integrated mmWave access and terahertz backhaul network, this
article formulates a problem of maximizing the number of users
successfully served in both the access and backhaul links. Since the
problem is a non-linear integer optimization problem, a minimum
rate ratio user association and transmission scheduling algorithm is
proposed to obtain a suboptimal solution. The proposed algorithm
takes the minimum rate ratio as the user association criterion and
schedules first the users with fewer backhaul transmission slots. In
addition, the algorithm will update the number of access transmis-
sion slots allocated to users and the access scheduling results after
the backhaul scheduling phase. Numerical results show that the
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proposed algorithm outperforms several benchmark algorithms in
terms of the number of served users and system throughput, and
it can cope with a large number of bursty user requests.

Index Terms—Integrated access and backhaul, terahertz
backhaul, transmission scheduling, user association.

I. INTRODUCTION

DRIVEN by the massive growth of mobile user equipments
(UEs) and various new application scenarios, future com-

munication systems are expected to be equipped with ultra-high
speed access and backhaul. The large bandwidth in the millime-
ter wave (mmWave) band enables it to provide high data rates,
ultra-reliability, and ultra-low latency, which are required by
future wireless access networks [1]. Traditionally, these higher
frequencies are not strong enough for outdoor broadband appli-
cations due to high propagation loss. They are also susceptible
to blockage from buildings and human bodies. These problems
made mmWave only reach out to a few kilometers. As a result,
more mmWave base stations (BSs) equipped with large-scale
antenna arrays need to be deployed to provide good coverage.

Ultra-dense network (UDN) improves network coverage and
multiplies network throughput with the help of low-power small
base stations (SBSs) [2]. However, it also brings about some
inevitable challenges, such as increased cost. At present, most
networks are backhauled through cables, among which, fiber-
supported backhaul can provide a huge bandwidth and high
capacity with low propagation loss. However, laying fiber for
each BS in an UDN incurs a huge overhead, and it is even difficult
to lay optical fiber in some areas [3]. Compared with fiber-based
backhaul, wireless backhaul is more flexible and convenient to
deploy, which is more suitable for the future network archi-
tecture. The 3 rd Generation Partnership Project (3GPP) has
begun to evaluate solutions supporting wireless backhauls, and
is committed to the standardization of integrated access and
backhaul (IAB) technology [4]. The typical feature of IAB is
that the access and backhaul links share wireless resources to im-
prove spectrum utilization. The technology supports mmWave
wireless backhaul to achieve dense cell deployment in areas with
insufficient optical fiber, and helps to improve network capacity
and coverage performance.

Unfortunately, high-capacity wireless access requires the sup-
port of a higher capacity wireless backhaul. MmWave frequency
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bands are insufficient to meet the high demands of 6G [5]. The
available bandwidth of terahertz exceeds that of mmWave by
an order of magnitude, and the terahertz bands can support
extremely high backhaul data rates up to hundreds of gigabits
per second or even terabits per second [6]. Terahertz communi-
cations are regarded as a potential technology for 6 G due to its
ability to enable innovative applications in different scenarios.
The IEEE 802.15.3 d Task Group has carried out relevant re-
search on terahertz communications [7]. High-gain directional
antennas, such as ultra-massive multiple-input multiple-output,
are being designed to compensate for the high propagation loss
of terahertz signals and extend the communication range [8].

Sara et al. in [9] introduce the next-generation mobile hetero-
geneous network (HetNet) architecture, which is the coexistence
of mmWave, terahertz, and traditional microwave. The authors
envision a new communication paradigm that is completely
different from the current one. A medium access protocol is de-
signed to support switching between three coexisting frequency
bands, and the selection of frequency bands is determined by
the communication distance. The performance of the protocol is
evaluated in a realistic scenario, where vehicles communicate
with the infrastructure and traffic is backhauled to the data
center. Therefore, one possible deployment scenario for next-
generation networks is the integration of mmWave access and
terahertz backhaul. The characteristics of the network put for-
ward higher requirements for resource allocation. It is important
and challenging to design an appropriate transmission schedul-
ing scheme to avoid the waste of wireless resources. Moreover,
user association and slot scheduling should be considered jointly
to improve the network efficiency.

In this article, we consider an IAB network architecture in
which access links operate in mmWave frequency bands, while
backhaul links use terahertz bands to provide a high-capacity
backhaul. The network consists of an macro base station (MBS)
and multiple SBSs. It is assumed that the UEs in the network
communicate with the MBS through one of the SBSs, and the
MBS is connected to the core network through optical fiber. To
meet the quality of service (QoS) requirements of more users,
we propose a joint user association and transmission scheduling
algorithm. The main contributions of this article are as follows.
� We investigate the joint user association and transmission

scheduling problem of an integrated mmWave access and
terahertz backhaul network. To meet the QoS requirements
of more users in the network, a non-linear integer opti-
mization problem is formulated to maximize the number of
served users, where a served user is defined as a user whose
throughput on both the access link and the backhaul link
meets the QoS requirements. The optimization problem
is constrained by the limited time slot resources and the
half-duplex mode of BSs.

� A minimum rate ratio user association and IAB transmis-
sion scheduling algorithm is proposed to obtain a subop-
timal solution of the problem. The SBS makes the pre-
decision of access transmission scheduling following the
minimum rate ratio user association policy. In the backhaul
scheduling phase, considering the finite time resources and
the QoS requirements of users, the links that require fewer

TABLE I
SUMMARY OF MAIN MATHEMATICAL SYMBOLS

backhaul transmission slots are preferentially scheduled. In
particular, the algorithm updates the number of access slots
after backhaul transmission scheduling to further improve
network capacity.

� We examine the effect of system parameters on the perfor-
mance of the proposed algorithm. Simulation results show
that the proposed algorithm achieves a better performance
than several baseline schemes in terms of the number of
served users and system throughput, and is able to handle
a large number of bursty user requests.

The remainder of this article is organized as follows. Sec-
tion II summarizes the related research on integrated access and
backhaul. Section III presents the system model and formulates
a problem to maximize the number of served users, which is
a non-linear integer optimization problem. A joint user asso-
ciation and transmission scheduling algorithm is proposed in
Section IV. Section V compares the proposed algorithm with
several benchmark schemes to demonstrate its effectiveness. Fi-
nally, Section VI concludes this article. The main mathematical
notations of this article are given in Table I.

II. RELATED WORK

3GPP envisions an IAB architecture for 5G cellular networks
to enable flexible network deployment. In an IAB network, the
user association policy greatly affects the achievable data rate of
the user and the throughput of the entire network. The authors
of [10] characterized the correlation between user transmission
rate and user behavior parameters, and made user associa-
tion decisions based on the network state and user behavior
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parameters. The problem of maximizing network throughput
was formulated as a stochastic optimization problem. Ref. [11]
focused on HetNets with access links operating in multiple
mmWave frequency bands, and a Markov approximation frame-
work was used to solve the joint user association and power
allocation problems. In view of the interaction between user
association and user scheduling, Ge et al. in [12] proposed
an algorithm based on the alternating direction method of
multipliers for network load balancing. In [13], a deep rein-
forcement learning (DRL)-based algorithm was introduced to
solve the joint user association and channel allocation prob-
lem in HetNets to reduce the communication overhead of the
network.

Terahertz band is expected to provide Tbps-level data rates
for cellular and backhaul communications due to its ultra-large
bandwidth [14]. Some studies have been devoted to optimizing
the user association and scheduling mechanisms in terahertz
communication systems. In indoor terahertz communication
networks, user access may fail due to blockage by the user itself,
surrounding mobile users and walls, or benefit from the 3D
directional antennas that access points and UEs are equipped
with. The coverage performance of the terahertz downlink in
indoor environment was derived in [15]. To serve far more users
than radio frequency (RF) chains in a terahertz communica-
tion system, a cluster-based multi-carrier hybrid beamforming
scheme was designed in [16], in which users were scheduled
to different clusters based on their location information. The
scheme maximized the throughput of the system through a
dynamic connection structure between RF chains and antenna
subarrays. The signal-to-noise ratio (SNR) and ergodic capacity
of a terahertz-RF link was analyzed in [17], where the UE
was associated to the access point over RF and the UE traffic
was backhauled to the core network over terahertz. In [18], a
greedy shrinking algorithm was developed for slots, bandwidth
scheduling and power allocation in a terahertz self-backhaul
network to maximize network throughput.

Resource allocation is also a hot topic in IAB research.
In [19], the expression of rate coverage for dynamic bandwidth
partitioning between access and backhaul links in IAB networks
was derived. The results demonstrated that it is undesirable
to increase the data rate of users by increasing the density of
SBS. Spectrum resources were also allocated through DRL ap-
proaches in [20]. This framework was suitable for different IAB
network structures and enabled real-time spectrum allocation.
Tan et al. in [21] focued on user’s quality of experience, and
proposed to temporarily activate a nearby IAB node or switch to
a new IAB node for UEs with low QoS. Ref. [22] constructed the
topology of the network through the measurement values from
IAB nodes, and then assigned different priorities to each link for
resource allocation through the maximum weighted matching
algorithm.

However, most algorithms were designed for low frequency
or mmWave communications; they may not be suitable for
scheduling in integrated mmWave access and terahertz back-
haul networks. In addition, in the research on the resource
allocation in IAB networks, few prior works took different
QoS requirements of users into consideration, and the same

Fig. 1. Integrated mmWave access and terahertz backhaul network.

QoS requirements cannot reflect the real situation of the
network.

III. SYSTEM MODEL AND PROBLEM FORMULATION

This section presents the system model and formulates the
transmission scheduling problem for an integrated mmWave
access and terahertz backhaul network.

A. System Model

We consider a cellular network composed of one MBS, L
SBSs, and K uniformly distributed UEs in a two dimensional
space R2, as shown in Fig. 1. The MBS serves UEs within its
coverage area over wireless links and is connected to the core
network through wired fiber. Each SBS acts as an IAB node,
then an access link refers to a link between a UE and an SBS.
A backhaul link refers to a link between an SBS and the MBS.
It is assumed that all UEs are connected to the MBS through a
two-hop link, that is, the traffic of UEs is first routed to an SBS
through the access link, and then forwarded to the MBS through
the backhaul link. Furthermore, access traffic and backhaul
traffic are carried over different frequency bands. Access links
are assumed to operate in the mmWave frequency bands, and
backhaul links are assumed to operate in the terahertz frequency
bands to support ultra-high data rate transmission. As a result,
there is no interference between the simultaneous transmissions
of access links and backhaul links. It is assumed that all BSs
and UEs are equipped with antenna arrays to compensate for
the large path loss at these high frequencies.

In this system, time is partitioned into non-overlapping super-
frames. Each superframe is divided into a scheduling phase and
a transmission phase, and each phase consists of multiple slots,
which is illustrated in Fig. 2. Specifically, it is assumed that the
scheduling phase of an access frame and a backhaul frame have
the same duration, denoted by ts, and the transmission phases
of the two consist of N and M equal length slots, respectively.
The duration of each slot is denoted by Δ, then the duration of
an access superframe is tA = ts +NΔ, and the duration of a
backhaul superframe is tB = ts +MΔ.
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Fig. 2. The superframe structure of the backhaul adopted in this paper.

Let B denote the set of SBSs, as B = {b1, b2, . . . , bL}, where
bl, l ∈ L is the lth SBS and L = {1, 2, . . . , L}. Let U denote the
set of UEs, as U = {u1, u2, . . . , uK}, where uk, k ∈ K is the
kth UE and K = {1, 2, . . . ,K}. The MBS is denoted by b0.

For an access link with bl as the transmitter (TX) and uk as
the receiver (RX), we denote the antenna gain of bl by Gtx(θlk),
and the antenna gain of uk byGrx(θlk), where θlk is the off-axis
angle. Accordingly, the received power at uk from bl, denoted
by PA

bl,uk
, is given by

PA
bl,uk

= βPA
t Gtx (θlk)Grx (θlk) d

−α
lk , (1)

whereβ ∝ (λ/4π)2 is a constant coefficient, λ is the wavelength,
PA
t is the transmit power of access links, dlk is the distance

between uk and bl, and α is the path loss exponent. Since the
directional transmission reduces the inter-link interference, the
downlink data rate of uk from bl, denoted by RA

bl,uk
, can be

achieved as

RA
bl,uk

= ηWAlog2

(
1 +

βPA
t Gtx (θlk)Grx (θlk) d

−α
lk

N0WA

)
,

(2)
whereη ∈ (0, 1) is the efficiency of the TX,WA is the bandwidth
of access links, and N0 is the noise power spectral density.

Similarly, we denote PB
t as the transmit power of backhaul

links, and WB as the bandwidth of backhaul links. Then the
data rate of the backhaul link from b0 to bl associated with uk,
denoted by RB

b0,blk
, is given by

RB
b0,blk

=ηWB log2

(
1+

PB
t Gtx (φ0 l)Grx (φ0 l) ρ (b0, bl)

N0WB

)
,

(3)
where Gtx(φ0 l) and Grx(φ0 l) are the antenna gains of TX and
RX, respectively, φ0 l is the off-axis angle, and ρ(b0, bl) denotes
the path loss from b0 to bl.

B. Problem Formulation

In the considered IAB-enabled networks, SBSs act as relays
between UEs and the MBS. After a UE initiates a commu-
nication request, it first associates with an SBS before es-
tablishing an access link. Multiple UEs may connect to dif-
ferent SBSs according to the user association policy. For the
uk, ∀k ∈ K, the binary user-association vector is defined as
xb,uk

= (xb1,uk
, xb2,uk

, . . . , xbL,uk
), where

xbl,uk
(t) =

{
1, if uk associates with bl
0, otherwise.

(4)

Assume that each UE can only associate with one SBS at time
t, that is,

L∑
l=1

xbl,uk
(t) ≤ 1, ∀k ∈ K. (5)

After user association, the SBS and the MBS will schedule
the access link and the backhaul link respectively. A binary
scheduling variable is given by

aA
bl,uk

(t) =

{
1, if the access link (bl, uk) is scheduled
0, otherwise.

(6)

Let aB
b0,blk

denote whether data from uk associated with the SBS
bl is scheduled in the backhaul scheduling phase,

aB
b0,blk

(t) =

{
1, if the data from uk is scheduled
0, otherwise.

(7)

We assume that the MBS and SBSs operate under half-duplex
constraints. If two different UEs ui and uj are both associated
with the same SBS bl, the potential access links (bl, ui) and
(bl, uj) cannot be scheduled to transmit at the same time, i.e.,

aA
bl,ui

(t) + aA
bl,uj

(t) ≤ 1, ∀l ∈ L, i �= j. (8)

Similarly, backhaul links can only be transmitted sequentially,

aB
b0,blk

(t) + aB
b0,bnm

(t) ≤ 1, ∀l �= n, k �= m. (9)

We denote the number of slots allocated to the access link (bl, ui)
and the backhaul link (b0, blk) byTA

bl,uk
andTB

b0,blk
, respectively.

Since the number of transmission slots is limited and each slot
can only be occupied by one link, we have

K∑
k=1

TA
bl,uk

≤ N, ∀l ∈ L. (10)

L∑
l=1

K∑
k=1

TB
b0,blk

≤ M. (11)

Consequently, the throughput achieved by UE uk on the access
link, denoted by CA

uk
, can be expressed as

CA
uk

=
RA

bl,uk
TA
bl,uk

Δ

ts +NΔ
. (12)

The throughput achieved by UE uk on the backhaul link, denote
by CB

uk
, can be expressed as

CB
uk

=
RB

b0,blk
TB
b0,blk

Δ

ts +MΔ
. (13)

In an IAB network, a user can be successfully served only if
the achievable throughput of the access link and the backhaul
link meet the user’s minimum QoS requirements Ωuk

, that is,
CA

uk
≥ Ωuk

and CB
uk

≥ Ωuk
. The user who meets the above

conditions is called a served user. A binary variable Iuk
is defined

to indicate whether uk is a served user, which is given by

Iuk
=

{
1, if CA

uk
≥ Ωuk

& CB
uk

≥ Ωuk

0, otherwise.
(14)
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From the perspective of improving user experience, the opti-
mization problem is formulated as

max
∑
k∈K

Iuk
(15a)

s.t. xbl,uk
∈ {0, 1} , ∀l, k, (15b)∑L

l=1
xbl,uk

(t) ≤ 1, ∀k, (15c)

aAbl,uk
(t) ∈ {0, 1} , ∀l, k, t, (15d)

aBb0,blk
(t) ∈ {0, 1} , ∀l, k, t, (15e)

aA
bl,ui

(t) + aA
bl,uj

(t) ≤ 1, ∀l, i �= j, (15f)

aB
b0,blk

(t) + aB
b0,bnm

(t) ≤ 1, ∀l �= n, k �= m, (15g)

∑K

k=1
TA
bl,uk

≤ N, ∀l, (15h)

∑L

l=1

∑K

k=1
TB
b0,blk

≤ M, (15i)

where constraints (15b), (15d), and (15e) define the user associa-
tion variable and two transmission scheduling variables, respec-
tively. Constraint (15c) ensures that the UE can only associate
with one SBS at any time. Constraint (15f) and (15g) indicate that
the MBS and SBSs operate in the half-duplex mode. Constraint
(15h) and (15i) guarantee that the number of scheduled slots
does not exceed the number of transmission slots per frame.
Since the problem is a non-linear integer optimization problem,
it is challenging to design the optimal joint user association and
transmission scheduling scheme. In the next section, we will
propose a heuristic algorithm to obtain a suboptimal solution to
this problem.

IV. JOINT USER ASSOCIATION AND TRANSMISSION

SCHEDULING ALGORITHM

The purpose of the algorithm design is to maximize the
number of served users. Since the number of access and backhaul
transmission slots is limited, more UEs can be scheduled if
the UE occupies fewer transmission slots of the access frame
and the backhaul frame. The initial user association results will
affect the scheduling of access links and backhaul links. If UE
uk is associated with SBS bl, the number of transmission slots
required for access link (bl, uk), denoted by tAbl,uk

, is calculated
by

tAbl,uk
=

Ωuk
(ts +NΔ)

RA
bl,uk

Δ
. (16)

The number of transmission slots required for the backhaul link
(b0, blk), denoted by tBb0,blk

, is computed by

tBb0,blk
=

Ωuk
(ts +MΔ)

RB
b0,blk

Δ
. (17)

From (16) and (17), it can be found that if UE uk is associated
with the SBS with the smallest Ωuk

/RA
bl,uk

and Ωuk
/RB

b0,blk
,

the number of transmission slots required for the access and
backhaul link will be the smallest. In practice, it would be

Algorithm 1: Minimum Rate Ratio User Association and
Transmission Scheduling Algorithm.

Input: locations of the MBS, L SBSs and K UEs; QoS
requirements for each user

Output: user association and transmission scheduling
results

1: while |B| �= ∅ & |U| �= ∅ do
2: for l = 1 to L do
3: Calculate the rate ratio between the bl and all

unassociated UEs and select the UE uk with the
smallest value as the candidate associated UE;

4: Ubl = Ubl + {uk};
5: Calculate TA

bl,uk
to be allocated to uk;

6: if
∑

u∈Ubl
TA
bl,uk

≤ N then
7: xbl,uk

= 1, U = U − {uk};
8: else
9: Ubl = Ubl − {uk}, B = B − {bl};

10: end if
11: end for
12: end while
13: for l = 1 to L do
14: for ui ∈ Ubl do
15: Calculate TB

b0,bli
to be allocated to ui;

16: end for
17: end for
18: Calculate the total number of backhaul transmission

slots for all associated UEs T =
∑L

l=1

∑
ui∈Ubl

TB
b0,bli

;
19: while T > M do
20: Find the UE uj with the largest TB

b0,bmj
;

21: Ubm = Ubm − {uj}, T = T − TB
b0,bmj

, xbm,uj
= 0;

22: end while
23: for l = 1 to L do
24: for ui ∈ Ubl do
25: Update T̃A

bl,ui
;

26: Calculate CA
ui

, CB
ui

;
27: end for
28: end for

difficult to find an SBS that satisfies both of the above con-
ditions. Considering that the communication request is initiated
by the user, we formulate a user association policy based on
Ωuk

/RA
bl,uk

, which is defined as the rate ratio (QoS/Rate) and
abbreviated as QR in the remainder of this article.

According to (12) and (16), if the access transmission slots
allocated to the UE are more than the required access trans-
mission slots, the throughput achieved by the UE on the access
link will be greater than the required minimum throughput. As a
result, the number of access transmission slots initially allocated
to each UE can be obtained by rounding up the required number
of access transmission slots. Then we have

TA
bl,uk

=

⌈
Ωuk

(ts +NΔ)

RA
bl,uk

Δ

⌉
, (18)

where 	x
 = min{n ∈ Z |x ≤ n}.
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The allocation principle of backhaul transmission slots is
based on the QoS requirements of users. As the achievable
throughput of an SBS depends on the minimum throughput
of the access link and the backhaul link, the throughput of the
backhaul link should also meet the QoS requirements of users.
Then the number of backhaul transmission slots allocated to
each backhaul link is given by

TB
b0,blk

=

⌈
Ωuk

(ts +MΔ)

RB
b0,blk

Δ

⌉
. (19)

A minimum rate ratio user association and transmission schedul-
ing algorithm is proposed, as shown in Algorithm 1. The main
steps of the algorithm are as follows.

1) User association and access link scheduling pre-decision:
User association is based on the minimum rate ratio. An SBS
is associated with the UE with the smallest rate ratio among
all unassociated UEs, as shown in line 3. This process will be
repeated until all SBSs complete the user association. Note that
only associated users satisfying (10) can be pre-scheduled, and
this judgment is done by line 6. Through lines 1 to 12, the user
association results and the scheduling pre-decision of the access
links can be obtained, as well as the number of slots allocated
to each access link according to (18).

2) Backhaul link transmission scheduling: This step first
assumes that the backhaul traffic of all associated UEs can
be scheduled and calculates the backhaul transmission slots
allocated to each UE according to (19), as in lines 13 to 17. Due
to limited backhaul transmission slots, the QoS requirements of
all associated UEs cannot be fully met. From lines 19 to 22,
if the total number of backhaul transmission slots allocated to
all associated UEs is greater than M , the algorithm cancels the
scheduling of the UEs occupying the most slots until (11) is sat-
isfied, that is, the UE who requires fewer slots are preferentially
scheduled.

3) User association and transmission scheduling update: The
access link scheduling for UEs whose backhaul link is not
scheduled will be cancelled. The algorithm then releases the
access transmission slots originally allocated to the unscheduled
UEs, and updates the number of access slots of scheduled UEs,
as shown in lines 23 to 28.

The proposed algorithm makes full use of slot resources and
further improves the throughput of the system by updating the
number of access slots. The update method is as follows.

Assume that the set of UEs associated with SBS bl is Ubl , the
updated number of access slots allocated to uk is

T̃A
bl,uk

=

⌊
NTA

bl,uk∑
uk∈Ubl

TA
bl,uk

⌋
, (20)

where �x� = max{n ∈ Z |n ≤ x}.

V. PERFORMANCE EVALUATION

In this section, we evaluate the performance of the proposed
minimum rate ratio user association and transmission scheduling
algorithm in terms of the number of served users and system

TABLE II
SIMULATION PARAMETERS

throughput. Specifically, we evaluate the impact of system pa-
rameters including the number of UEs, the number of trans-
mission slots in an access frame and a backhaul frame, and the
access and backhaul transmit power on the performance of the
proposed algorithm. The key system parameters are summarized
in Table II. The value of the backhaul bandwidth is determined
by the operating frequency and transmission window [23].

A. Simulation Setup

Assume that there are 8 SBSs and no more than 500 UEs
uniformly distributed in a 100 × 100 m2 area. Considering that
the user experience rate will reach 1 Gbps or even higher in
the near future [26], it is assumed that the QoS requirements
of each user are uniformly distributed between [2, 5] Gbps. We
take the average value of 50 executions of the algorithm as the
final result. The topology of the network, the locations of the
SBSs, the locations of UEs, and the QoS requirements of users
are varied in each simulation.

The realistic directional antenna model is adopted for
mmWave access links [27]. The directional antenna gain, de-
noted by G(θ), is given by

G(θ) =

⎧⎨
⎩G0 − 3.01

(
2θ

θ−3dB

)2

, 0◦ ≤ θ ≤ θml/2,

Gsl, θml/2 ≤ θ ≤ 180◦,
(21)

where θ is the off-axis angle, θ−3dB is the angle of the half-
power beamwidth, and θml is the main lobe width and satisfies
θml = 2.6 · θ−3dB . The maximum antenna gainG0 is computed
as G0 = 10 lg (1.6162/sin(θ−3dB/2))2. The side lobe gain Gsl

can be expressed as Gsl = −0.4111 · ln(θ−3dB)− 10.579.
The ITU-R Recommendation F.699-7 narrow beam antenna

model is adopted for terahertz backhaul links [28]. The antenna
gain relative to an isotropic antenna, denoted by G(φ), is given
by

G (φ) =

⎧⎪⎪⎨
⎪⎪⎩
Gmax − 2.5 × 10−3(D/λφ)2

, 0◦ < φ < φm,
G1, φm ≤ φ < φr,
32 − 25 log φ, φr ≤ φ < 48◦,
−10, 48◦ ≤ φ < 180◦,

(22)
where φ is the off-axis angle, Gmax is the maximum antenna
gain, D is antenna diameter and λ is wavelength. G1 is the gain
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of the first side-lobe and is obtained byG1 = 2 + 15 lg(D/λ). In
the simulation, Cassegrain antennas are deployed on the MBS
and SBSs, with Gmax = 47 dBi and D/λ = 152. Parameters
φm and φr can be calculated by φm = 20λ/D

√
Gmax −G1

and φr = 15.85(D/λ)−0.6 respectively.
Since the terahertz backhaul link suffers from high molecular

absorption loss, the path loss in the terahertz band is defined as
the product of the spreading loss and the molecular absorption
loss, which is given by [15], [29]

ρ (b0, bl) =

(
c

4πfBd0 l

)2

e−k(fB)d0 l , (23)

where c is the speed of light, fB is the operating frequency at the
backhaul link, d0 l is the distance between b0 and bl, and k(fB) is
the medium absorption coefficient. In (23), (c/4πfBd0 l)

2 refers
to the spreading loss, and e−k(fB)d0 l stands for the molecular
absorption loss, that is, the energy attenuation of electromag-
netic waves caused by molecular absorption. Specifically, at
pressure p and temperature T , k(fB) can be further computed
by k(fB) =

p
pSTP

TSTP

T

∑
i,g Q

i,gσi,g(fB), where pSTP and
TSTP are the standard pressure and temperature, respectively,
Qi,g is the molecular volumetric density of the isotopologue
i of gas g, and σi,g(fB) is the absorption cross section for the
isotopologue i of gas g at the frequency fB . ParametersQi,g and
σi,g(fB) can be obtained from the HITRAN (high resolution
transmission molecular absorption) database [30].

B. Comparison With Baseline Schemes

In order to verify the effectiveness of the proposed algorithm
in transmission scheduling, the algorithm is compared with the
following baseline algorithms.
� Integrated access and backhaul with maximum signal-to-

noise (IAB-MSNR): The algorithm takes the SNR as the
association criterion, that is, each UE is associated with
the SBS providing the maximum SNR [31]. The backhaul
scheduling is the same as the proposed algorithm, but the
number of access transmission slots allocated to users is
not updated.

� Random and integrated access and backhaul (RIAB): UEs
will randomly connect to an SBS with this algorithm. In
the backhaul scheduling phase, if the total number of slots
required by the associated UEs is greater than the actual
number of backhaul transmission slots M , the associted
UEs are randomly eliminated.

The proposed algorithm is referred to as the IAB-MQR algo-
rithm in this algorithm.

The results of the number of served UEs and system through-
put of the three algorithms under different user numbers are
shown in Figs. 3 and 4, respectively. The transmit power of
access links and backhaul links are both 1,000 mW, and the
number of access transmission slots and the number of backhaul
transmission slots are both 2,000. In Fig. 3, as the number of
UEs is increased, the number of served UEs of the proposed
IAB-MQR algorithm is steadily rising, while the numbers of
served users of the other two algorithms remain almost the same.
Since the IAB-MQR algorithm takes into account the limited

Fig. 3. The number of served UEs under different user numbers.

Fig. 4. System throughput under different user numbers.

system resources, it preferentially selects and schedules the UEs
with fewer required slots to serve more UEs, while the other two
algorithms can only serve fewer UEs with limited resources.
This also shows that the proposed algorithm can guarantee the
service of more users and respond to a large number of bursty
user requests under the condition of limited resources. When the
number of system UEs is 500, the number of served UEs of the
IAB-MQR algorithm is 35.5% and 42.9% higher than that of the
IAB-MSNR algorithm and the RIAB algorithm, respectively.

In Fig. 4, as the number of system users grows up, the sys-
tem throughput of the IAB-MQR algorithm fluctuates slightly
around 543 Gbps, which shows the advantages of the proposed
algorithm in improving network throughput. The IAB-MSNR
algorithm selects UEs with the strongest SNR for association
and transmission scheduling. UEs with high QoS requirements
and low access rates occupy system resources for a long time,
resulting in access failure of other UEs. Futhermore, the algo-
rithm does not reallocate the slot resources of access links after
backhaul scheduling, and the access transmission slots are not
fully utilized. Similarly, the RIAB algorithm may have more UEs
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Fig. 5. The number of served UEs under different transmission slots of an
access frame.

Fig. 6. System throughput under different transmission slots of an access
frame.

occupying system resources all the time than the IAB-MSNR
algorithm, and the performance of this algorithm is the worst.

Figs. 5 and 6 show the number of served UEs and system
throughput with various access transmission slots, respectively.
We set the transmit power of both access links and backhaul
links to 1,000 mW, the number of backhaul transmission slots to
2,000, and the number of users to 500. The proposed algorithm
is superior to the other two algorithms in terms of the number
of served UEs and system throughput. With the increase of
access transmission slots, the number of served UEs and system
throughput of the three algorithms also increase, and the growth
rate slows down. When there are fewer access transmission slots,
there are fewer schedulable access links in the access phase,
that is, fewer associated UEs, resulting in a portion of unused
backhaul transmission slot resources and fewer schedulable
backhaul links. As the number of access transmission slots goes
up, so does the number of scheduled backhaul links and therefore
the number of served UEs and system throughput. After the
number of access transmission slots reaches 2,000, the number
of served UEs of the proposed IAB-MQR algorithm remains
stable. This is because under the constraints of backhaul slots,

Fig. 7. The number of served UEs under different transmission slots of a
backhaul frame.

Fig. 8. System throughput under different transmission slots of a backhaul
frame.

the scheduled backhaul links are also limited. It is worth noting
that the system throughput of the proposed IAB-MQR algorithm
still increases slightly after the number of access transmission
slots reaches 2,000. The reason is that the algorithm updates
the number of access slots allocated to UEs according to (20)
after the completion of backhaul scheduling, which makes full
use of the access slot resources and further improves the actual
throughput of access links. Because the system throughput satis-
fies C =

∑
U (xbl,uk

·min(CA
uk
, CB

uk
)), the system throughput

also increases slightly.
Figs. 7 and 8 plot the performance comparison of the three

schemes under different backhaul transmission slots, where the
transmit power of access links and backhaul links is 1,000 mW,
the number of access transmission slots is 2,000, and the number
of users is 500. The proposed algorithm serves the most users and
achieves the highest throughput. When the number of backhaul
transmission slots is small, the QoS requirements of most users
cannot be satisfied and thus there are fewer backhaul links
that can be scheduled. In this case, the number of backhaul
transmission slots is the main factor limiting the performance
of the algorithm. Regarding system throughput, the IAB-MQR
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Fig. 9. Number of served UEs under different transmit power of access links.

Fig. 10. System throughput under different transmit power of access links.

algorithm reallocates transmission slots of access links after
backhaul scheduling, hence users achieves higher throughput
on access links. However, the actual throughput depends on
the minimum throughput achieved by the access link and the
backhaul link, the throughput of the IAB-MQR algorithm is also
limited by the finite backhaul transmission slots. In addition,
when the number of backhaul transmission slots is 2,000, the
performance of the proposed algorithm is not further improved,
while the values of the other two algorithms are 1,500 and 1,000,
respectively. This difference also shows the advantages of the
proposed algorithm in resource allocation.

From Figs. 5 to 8, it can be seen that setting the appropriate
number of access transmission slots and backhaul transmission
slots helps improve the overall performance of the network while
making full use of system resources.

The number of served UEs and system throught with varying
transmit power of access links are shown in Figs. 9 and 10
withPB

T = 1, 000 mW,N = 3, 000,M = 2, 000 andK = 500.
The proposed algorithm outperforms the other algorithms with
respect to these two performance metrics. When the access trans-
mission power is 1,400 mW, the number of served users of the
IAB-MQR algorithm is still 33.4% and 40.2% higher than that of
the IAB-MSNR algorithm and the RIAB algorithm, respectively.

Fig. 11. Number of served UEs under different transmit power of backhaul
links.

Fig. 12. System throughput under different transmit power of backhaul links.

Particularly, when the access transmit power exceeds 800 mW,
the number of served UEs of the proposed IAB-MQR algorithm
remains nearly stable, and the system throughput still increases
slightly. Higher access transmission power helps to improve
the transmission rate of access links. Therefore, with the same
number of access transmission slots, the access link can achieve
a greater throughput at higher access transmission power. On
the other hand, when the backhaul resources are consistent, the
performance of the IAB-MQR algorithm is basically the same
under the following two simulation settings: (i) the access trans-
mit power is 800 mW, and the number of access transmission
slots is 3,000, (ii) the access transmit power is 1,000 mW, and the
number of access transmission slots is 2,000. This also shows
that appropriately increasing the number of access transmission
slots can reduce the requirements for access transmit power.

Figs. 11 and 12 plot the results of the three algorithms under
different transmit power of backhaul links with PA

T = 800 mW,
N = 3, 000, M = 1, 500, and K = 500. When the backhaul
transmit power exceeds 2,000 mW, the number of served users
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of the IAB-MQR algorithm is almost constant, and its system
throughput still goes up. Compared with Figs. 9 and 10, the
curves of IAB-MSNR algorithm and RIAB algorithm are rel-
atively flat in general. These two algorithms do not update the
number of access slots of associated UEs after the backhaul
scheduling. According to (12) and (16), the actual throughput of
access links of the two algorithms is only slightly greater than
the QoS requirements of users. Even if the transmit power of the
backhaul link is increased, the actual throughput of the system
cannot be increased.

VI. CONCLUSION

Considering the high data rate requirements of users, this
article studied the transmission scheduling problem of integrated
mmWave access and terahertz backhaul networks. In order to
maximize the number of served users under the constraints
of limited time resources and the half-duplex mode of BSs,
we proposed a minimum rate ratio user association and IAB
transmission scheduling algorithm. The BSs first allocate slots
to the UE with the smallest rate ratio and make pre-decision of
access scheduling. Then, in the backhaul scheduling phase, the
algorithm preferentially schedules users with a small number of
backhaul slots, and finally updates the access users according
to the backhaul scheduling results. In particular, different QoS
requirements of users were taken into account, which was more
suitable for the actual network state. The proposed algorithm
was evaluated under different parameters including the number
of UEs, the number of access transmission slots, the number of
backhaul transmission slots, and the transmit power of access
links and backhaul links. The simulation results showed that
the proposed algorithm outperforms other benchmark schemes
in terms of the number of served users and system throughput.
Moreover, setting the appropriate number of access and backhaul
transmission slots helped to improve the network performance.
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