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Triple-Band Scheduling with Millimeter Wave and
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Yibing Wang, Hao Wu, Yong Niu, Jianwen Ding, Shiwen Mao, Bo Ai, Zhangdui Zhong, and Ning Wang

Abstract—With the explosive growth of mobile traffic demand,
densely deployed small cells underlying macrocells have great
potential for 5SG and beyond wireless networks. In this paper,
we consider the problem of supporting traffic flows with diverse
QoS requirements by exploiting three high frequency bands, i.e.,
the 28 GHz band, the E-band, and the Terahertz (THz) band.
The cooperation of the three bands is helpful for maximizing
the number of flows with their QoS requirements satisfied. To
solve the formulated nonlinear integer programming problem,
we propose a triple-band scheduling scheme which can select the
optimum scheduling band for each flow among three different
frequency bands. The proposed scheme also efficiently utilizes
the resource to schedule flow transmissions in time slots. Ex-
tensive simulations demonstrate the superior performance of the
proposed scheme over three baseline schemes with respect to the
number of completed flows and the system throughput.

Index Terms—Backhaul network, mmWave band, small cells,
system throughput, terahertz (THz) band.

I. INTRODUCTION

VER the last few years, the explosive growth of mobile
data demand has always been the focus of attention.
Edholm’s law reveals that wireless data rates have doubled
every 18 months. Moreover, the world monthly mobile traffic
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will be about 49 exabytes by the year 2021 [1]. It is ap-
parent that the existing communication technologies and the
available spectrum resources cannot fully support such huge
data demand. Therefore, many solutions have been proposed
to deal with the problem of excessive data demand. Among
the many potential solutions, densely deployed small cells
underlying macrocells are shown effective on achieving higher
network capacity [2, 3]. Traffic offloading with small cells can
effectively ease the burden on macrocells [4]. The short trans-
mission range in small cells enhances the transmission quality
and leads to higher transmission rates. Although various tech-
nologies (such as modulation, multiplexing, multiple antennas,
etc.) have been used to deal with the massive traffic demands,
the communications in higher frequency bands (i.e., spectrum
expansion) seems to be the most effective means to deal with
the ever-increasing rate demands [5]. To this end, millimeter-
wave (mmWave) communications have been proposed as a key
component of 5G wireless networks [6]. However, substantial
studies have shown the limits of the current wireless networks
that rely on the mmWave frequency bands. In order to obtain
greater transmission bandwidth, Terahertz (THz) band should
be utilized to even further increase the achievable rates of the
5G beyond wireless networks. For wireless communications
in the THz band, apart from issues of electronics (such as the
design of high power compact transceivers [7]), the very high
free-space attenuation by spreading loss is also a big challenge.

In fact, behind the explosive growth of data demand is
a large number of existing and emerging applications. The
transmission rate requirements of different applications are
highly diverse. For example, web browsing usually only
requires a multi-Mbps transmission rate, but streaming an
uncompressed high-definition TV (HDTV) requires a multi-
Gbps rate [8-10]. Although the single high frequency band
with enough bandwidth may be used for the scheduling of a
large number of different flows, the advantages would be ob-
vious if multiple bands can be utilized to schedule the diverse
traffic flows. According to the transmission characteristics of
different frequency bands, choosing the appropriate band for
different flow transmissions is conducive to improving the
system performance.

In this paper, we consider the backhaul network with
densely deployed small cells underlying a macrocell. There
are a set of flows to be scheduled with their minimum
throughput requirements (i.e., the lowest transmission rate
requirements), which are also referred to as the quality of
service (QoS) requirements in this paper. QoS requirements
of different flows are highly diverse. We propose to exploit
two mmWave bands (including one lower frequency mmWave
band and the E-band) and one THz band to carry these
flows. The proposed band selection algorithm determines the
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transmission band of each flow based on its QoS requirement
and transmission range. Moreover, we propose a triple-band
scheduling algorithm to schedule transmissions of the flows in
different bands and time slots. The contributions of this paper
can be summarized as follows.

o To fully exploit the available spectrum resources, we
propose the cooperation of three bands (i.e., two mmWave
bands and one THz band) to schedule a large number of
flows with diverse QoS requirements. In order to avoid
the pressure putting all flows in the highest frequency
band, we disperse flows with relatively lower QoS re-
quirements to the lower frequency band for transmission.
This approach allows more resources for other flows with
more stringent QoS requirements.

o We formulate the problem of optimal triple-band schedul-
ing as a nonlinear integer programming problem. More-
over, we propose a heuristic triple-band scheduling algo-
rithm to maximize the number of flows with their QoS
requirements satisfied within a fixed time. The algorithm
determines whether flows conflict with each other based
on their mutual interference.

o We evaluate the proposed triple-band scheduling scheme
for the backhaul network in the 28 GHz, 73 GHz,
and 340 GHz bands with extensive simulations. The
simulation results demonstrate that our proposed scheme
outperforms three baseline schemes on both the number
of completed flows and the system throughput.

The remainder of this paper is organized as follows. Sec-
tion II reviews the related work. Section III introduces the
system model. In Section IV, we formulate the optimal triple-
band scheduling problem as a nonlinear integer programming
problem. In Section V, we propose the triple-band scheduling
scheme with the transmission band selection algorithm. In
Section VI, we evaluate the proposed scheme with simulations.
Section VII concludes this paper.

II. RELATED WORK

There are many studies on flow scheduling in mmWave
networks with a single frequency band. In [11], a scheduling
scheme based on time division multiple access (TDMA) is
proposed to support the communications from one point to
multiple points in mmWave backhaul networks. In [12], the
authors design a scheduling algorithm for backhaul networks
by exploiting mmWave macro base stations as relay nodes.
In [13], an efficient polynomial-time scheduling method and
an approximation algorithm parallel data stream scheduling
method are proposed for no interference network model.
In [14], the authors optimize the scheduling of access and
backhaul links to maximize the achievable minimum through-
put of the access links. In [15], an algorithm is proposed to
find high throughput paths with relays for links by minimiz-
ing interference within and between paths. In [16], a relay
selection algorithm and a transmission scheduling algorithm
are proposed to relay the blocked flows and maximize the
number of completed flows. In this paper, we consider the
transmissions in the THz band in addition to the mmWave
band, and aim to maximize the number of scheduling flows.

In addition, there are also some related works on com-
munications in the THz band. In [17], the authors propose
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an approach to enhance the performance of cellular networks
with THz links. In [18], the authors propose an algorithm of
QoS-aware bandwidth allocation and concurrent scheduling.
In [19], a sub-channel allocation method and power allocation
scheme based on improved Whale Optimization Algorithm is
proposed. Furthermore, multi-band cooperation has also been
applied in a few areas. In [1], a control-data separation archi-
tecture for dual-band mmWave networks is proposed. In [20],
a wireless local area network (WLAN) architecture utilizing
the new multi-beam transmissions in sub-6 GHz and mmWave
dual-band cooperation mechanisms is proposed to improve the
throughput and reliability of the network. This paper variously
seeks a mode of cooperation in mmWave and THz band,
instead of only focusing on mmWave communication or THz
communication as the works listed above.

However, these existing related works have not considered
the case of a triple-band cooperation involving both mmWave
and THz communications. To the best of our knowledge, there
is no research on a scheduling problem that incorporates multi-
band transmissions. This is mainly due to the complexity
of THz transmission itself and the high cost of transmission
equipment. In this paper, through the integration of multi-band
cooperation into the scheduling problem, we will show that the
performance with respect to the number of completed flows
and the system throughput could be greatly improved.

III. SYSTEM OVERVIEW

In this paper, we consider a backhaul network supporting
densely deployed small cells, as shown in Fig. 1. The backhaul
network controller (BNC) resides on one of the gateways
to synchronize the network, receive the QoS requirements
of different flows, and obtain the BS locations. Each BS is
equipped with an electronically steerable directional antenna
which can transmit in narrow beams towards other BSs, and
operate in the half duplex (HD) mode. If there is a certain
amount of traffic demand between any two BSs, a flow is
requested between the pair of BSs. Each flow has its minimum
throughput requirement, which is the QoS requirement of the
flow considered in this paper. To serve a large amount of
traffic demand with a wide range of QoS requirements, we
adopt a triple-band transmission approach that utilizing the
28 GHz band, the E-band, and the THz band. Compared
with the mmWave band, the THz band has much more
bandwidth available, but its higher propagation loss results
in shorter transmission ranges. It is an interesting problem to
investigate how to schedule the flows over the multiple bands
to maximizing the throughput of the network.

A. System Model

Since non-line-of-sight (NLOS) transmissions suffer from
much higher attenuation than line-of-sight (LOS) transmis-
sions in both mmWave and THz bands [21], we assume there is
a directional LOS link between any pair of BSs by appropriate
adjusting the locations of the BSs.! In the heterogeneous

! Although the communications between a transmitter and receiver in the
THz band can also be made in NLOS by building reflections, as the case in
the mmWave band [5], due to the lack of corresponding measurement studies
of THz communications, NLOS transmissions in mmWave and THz bands
are both not considered in this paper.
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TABLE I
SUMMARY OF NOTATION AND DESCRIPTION.
Notation Description
M, At, to Number of TSs, time duration of the TS,

time duration of the scheduling phase
Received power of flow ¢ in mmWave
band (28 GHz band or E-band), re-
ceived power of flow ¢/ in THz band
Transmit power of mmWave transmis-
sion (28 GHz transmission or E-band
transmission), transmit power of THz
transmission

pmmWave (; Z)
7 2 0)s
PIH=(, ")

mmWave THz
Py , Py

G’;i, GT, Directional antenna gain at transmitter
s;, directional antenna gain at receiver
T

ds;r; Distance between ¢; and r;

fTH= Carrier frequency of THz band

AmmWave \THz Wavelength of mmWave band (28 GHz

band or E-band), wavelength of THz
band

Free space path loss of mmWave trans-
mission

Interference at r; from s; in mmWave
band, interference at r; from s;. in THz
band

Path loss of the flow 4’ in THz band
Transmission rate of flow ¢ in mmWave
band (28 GHz band or E-band), band-
width of mmWave band (28 GHz band
or E-band)

Bandwidth of 28 GHz band, bandwidth
of E-band, bandwidth of THz band
Total noise at the receiver of flow i’ in
THz band

Transmission rate of flow 4 in 28 GHz
band, transmission rate of flow 7 in E-
band, transmission rate of flow ¢ in THz

kg)anavc

I;rz_sza'ue , I;I;fllz

lTHz (i/, Z'/)
RmmWa'ue’

i
WmmWave
T

Wwmm_y/me WTHz

Ng"Hz (Z/)

TH
lem’ R;(ne, Ri z

band

Gﬁnl, 07 Beamwidth of the main lobe of trans-
mitter antenna, beamwidth of the main
lobe of receiver antenna

qi, T QoS requirement of flow 4, actual
throughput of flow ¢

DZ;}fI z Reference distance of THz communica-
tion

) Type of bands (0 = mm is 28 GHz

band, 6 = me is E-band or 6 = THz
is THz band)

Q; Binary variable of flow state (Q; = 0
indicates flow 4 is uncompleted or Q; =
1 indicates flow ¢ is completed)
Binary variable of flow state in 28 GHz
band in TS ¢ (a! = 0 indicates flow
i isn’t scheduled in 28 GHz band in
TS t or al = 1 indicates flow 4
is scheduled in 28 GHz band in TS ¢ ),
binary variable of flow state in E-band
in TS ¢, binary variable of flow state in
THz band in TS ¢

imm’ ime’ AT

network, there are N BSs and F' flows which need to be
transmitted among the /N BSs. The flows can transmit in either
one of the mmWave bands or the THz band in this paper.
Therefore, we need to consider the transmission models of a
flow in different bands.

In the system, time is divided into a series of non-
overlapping superframes, and each superframe consists of a
scheduling phase and a transmission phase. The scheduling
phase is the time duration to collect flow requests and their
QoS requirements. The transmission phase consists of M
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BS
()
/—ﬁ\
THz Backhaul

E-band Backhaul

Fig. 1. The backhaul network in the small cells densely deployed scenario.

equal time slots (TSs). For clarity of illustration, we use TSs
to measure the transmission time. For reliable transmission,
the control signaling and BS requests can be collected by
the BSs using 4G transmissions, when the BNC receives the
source/destination BSs information and QoS requirements for
each flow [22] (assuming the BS locations are already known,
since they are fixed). The proposed scheduler is to allow
multiple flows be transmitted concurrently using the spatial-
time division multiple access (STDMA) in this paper [23].

1) mmWave Transmission Model: For a flow ¢ that is
transmitted from transmitter s; in the 28 GHz band or E-band,
the received power at its receiver r; can be calculated as

mmWave/: -\ _ p.mmWave vt r j—n mmW ave
P’l“ (171) - kO GsiGridsi'riPt ) (1)

where kZ"mWave s the free space path loss of mmWave trans-
mission at the reference distance 1m, which is proportional
to (AmmWave /477)2, where A\™mWave ig the wavelength and
pmWave g the transmit power of the mmWave transmis-
sion [24]; Gg and G:i are the directional antenna gain at s;
and r;, respectively; d,,, denotes the distance between ¢; and
r;; and n is the path loss exponent. Since the BSs operate in
the HD mode, adjacent co-band flows that involve the same
BS cannot be scheduled to transmit concurrently. For co-band
flows ¢ and j that do not involve the same BS, the interference
at r; from s; can be calculated as

mmWave __ mmW ave vt r g—n pmmWave
I = pk! G GI.d." P )

where p is the factor of multi-user interference (MUI) that
is related to the cross correlation of signals from different
flows [25].

The transmission rate of flow ¢ can be obtained according
to Shannon’s channel capacity, given by

mmWave __
Ri

N P;anave(Z" Z)
NOWimmWave + Z IﬁmWave ’
J
(3)

where 7 is in the range of (0,1) and describes the efficiency
of the transceiver design. W/™Wav¢ ig the transmission

’f]WmewavelOgg 1
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bandwidth of the flow i, and Ny is the onesided power spectra
density of white Gaussian noise [26].

2) THz Transmission Model: In the case that flow ¢’ is
transmitted in the THz band, the path loss is given by

ITH=(i4') = 92.4 + 20lg(f717%) + 20lg(ds ), (4)

the path loss model is proposed in Ref. [27], and is related to
the frequency and distance of the transmission [28, 29]. The
unit of f7## is GHz, and the unit of d;,,,, is km. For the
main molecule of the atmosphere, i.e., water-based absorption,
the attenuation of some high THz bands can be as high as
hundreds dB/km, and the attenuation of some lower spectrum
THz bands is only few dB/km.

For flow ¢/, the received power at its receiver r; from its
transmitter ¢;; can be calculated as

PTHZ(i/,iI) _ ZTHZ(l'/,i/)G):;i/ G:i,PtTHZ7 (5)

where PT# is the transmit power of the THz transmissions.

Slmllar to the mmWave case, we also consider the inter-
ference between co-band concurrent flows that do not involve
the same BS (i.e., non-adjacent) in the THz band. For flows i’
and j’ in THz band, which are non-adjacent, the interference
at ry from s;/ can be calculated as

ITI;IZ _ /ZTHZ( )Gt Gr PTHz (6)
where p’ is the factor of multi-user interference (MUI), as the
pin (2). ITH=(j" i") is the path loss of the flow from s; to
r;» in the THz band, which is calculated as (4).

Hence, according to Shannon’s channel capacity, the trans-
mission rate of flow 7' can be calculated as

PTHZ(Z Z)
NWTHz £y [TH= | °
j/

RIHZ = qWTHlog, [ 1+ 7

where WTH? is the bandwidth of the THz band.

There is a tradeoff in the choice of the carrier-frequency of
the THz transmission, f7## which affects both the bandwidth
and the path loss of the THz transmission. The higher the
bandwidth that can be utilized, the higher the molecular
absorption [28]. In this paper, we choose frpy. = 340 GHz.
Experiments show that the group velocity dispersion of the
channel in this frequency band is very small, and the signal is
not easy to be broadened. The maximum transmission rate of
this frequency band can achieve more than 10 Gbps [27].

The output power of the THz amplifier is closely related
to the electronic-circuit design and is limited by the current
hardware technology. For instance, the carrier frequency of
340 GHz is adopted in this paper, and the amplified power
can achieve around 20mW with the current electronic tech-
nology [28]. Therefore, compared with the transmit power of
mmWave transmissions, the transmit power of THz transmis-
sion is relatively low, i.e., P/H? < pmmWave,

3) Antenna Model: Since the wavelength of the 28 GHz
band, E-band, and THz band transmissions are all short, we
adopt directional beamforming by utilizing the large antenna
arrays in the small cell BSs. With the directional beamforming
technique, the transmitter and the receiver of each flow are
able to direct beams towards each other for the directional
communication [30].
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TABLE I
DIRECTIVITY GAINS OF THE INTERFERING FLOWS AND PROBABILITIES
OF OCCURRENCE.

Gain value Probability

GTVLH“L' GT’VLH."L‘ ( gt )( )

tha,:c G:fnzn ( 27tr )( %7\' )
Gim,n G:na,z ( - %7; )
Gﬁnzn G:nzn ( - 7t )

For the 28 GHz band and E-band, the gain of the directional
antenna is given by a sectored radiation pattern as [31]

Gd ‘ ed |
d max>’
Gi6) = { Gl 64]> 0

min’

ml (8)

ml»

where d € {t,r}, 6% is the angle of antenna boresight
direction, ¢ € [—m,7), and 2 , is the beamwidth of the main
lobe, G4, is the maximum antenna gain of the desired link
with the perfect beam alignment, and G, is the minimum
antenna gain. We assume that the antennas of the transmitter
and receiver point towards each other before transmission
with the maximum directivity gain G%,,, G ... The beams of
other interfering flows are assumed to be uniformly distributed
in [—m,m), and then there are four possible value of the
directivity gain between an interferer and the receiver of
interest. The four specific gain values and their respective
probabilities are given in Table II, where 29—; and % are the
probabilities that the antenna gains for the alignment directions
of an interfering transmitter and the receiver of interest are
equal to G, . and G7, .., respectively.

For the THz band, the narrow beam antenna model of
F. 699-7 recommended by ITU-R is adopted [32]. The gain

relative to the isotropic antenna G(y) is given by:

=3(5t=9)° °
Graz — 2.5 x 107 3THEZY) 00 (0° < 0 < o
G <p<
G — 1 Pm =P Pr
2 32 — 25logep, pr < < 48°
—13, 48° < ¢ < 180°,
©))

where ¢ is the off-axis angle; G4, is the maximum an-
tenna gain, which is the antenna gain of the main lobe;
D is the antenna diameter; A\THZ is the wavelength of
THz band; G; = 2 + 15log(D/ATH?) is the gain of
the second side lobe; ¢, = 20/\;1{2 VGmar — G1; and
o = 15.85(D/ATH=)(=06) When G,a, = 47 dBi and
D/ NTHz= 152, the antenna is the directional antenna,
which is called the cassegreen antenna. The unit of the gains
in this model is dBi. This antenna model is suitable for
communication systems in the relatively low THz band.

IV. PROBLEM FORMULATION

We present the problem formulation in this section. For
the above network and triple-band transmission model, the
goal of the scheduling scheme is to accommodate as many
flows as possible in the limited time slots. A binary variable
Q; is defined to indicate whether a flow 7 achieves its QoS
requirement under the current transmission schedule. We have
@; = 1 if that is the case, and (); = 0 otherwise. Then
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the objective function of the scheduling algorithm can be
formulated as

F
max » Qi (10)
i=1
For flow i, we define three binary variables a} . a} ., and

afTHz to indicate whether flow i is scheduled in the 28 GHz
band, E-band, and THz band in slot ¢, respectively. If flow ¢ is
scheduled in 28 GHz band in time slot ¢, we have af =1;
otherwise, aj ~=0.aj andaj_  are defined similarly.

Due to the HD transmission mode, the flows that share the
same node as their transmitters or receivers are conflicting with
each other, and they cannot be scheduled concurrently in any
transmission band. If there are conflicts between flows ¢ and j,
they are considered as adjacent flows in a conflict graph model
(where each vertex represents a flow and an edge indicates
conflict between the two flows). We denote conflicting flows
¢ and 7 as [33]

¢ o 4, if there is a conflict between flows ¢ and j.

1)

For adjacent flows ¢ and j, we can obtain the following
constraint.

toy gt

aj, +aj, <1, € {mm, me, THz}. (12)

Each flow ¢ can only be scheduled in one transmission band,
leading to the following constraint.

at + al

Tmm Tme

+at <. (13)

1THz —

In the real heterogenenous network scenario, different ser-
vice flows usually have different QoS requirements. We as-
sume the minimum QoS requirement of flow ¢ is denoted by
q;- Moreover, the actual transmission rate of flow 7, changes
over time, because the concurrent transmission flows of flow
i in the same band may be different in different TSs. The
transmission rate of flow 7 at TS ¢ is denoted by R!. According
to the transmit band of flow i, Rf— can be calculated by (3)
or (7). For flow 4, the actual throughput T; of a frame is

M t
L Lat=1 R - At
Yot + M -AL
where At is the time duration of one TS, and ¢y is the time

duration of the scheduling phase. And then the constraint of
Q; can be formulated as

“7 1 0, otherwise.

(14)

15)

In summary, the problem of optimal scheduling can be
formulated as follows.

max ZQi
s.t. (11_2) — (15).

This optimal scheduling problem is a nonlinear integer pro-
gramming problem, and is NP-hard [16]. Consequently, a
heuristic algorithm which has low complexity is needed to
solve this NP-hard problem in practice.
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Algorithm 1: Transmission band selection algorithm
Input: the location of each BS, the set of flows S,
and the QoS requirement of each flow, set
Smm =0, Sme =0, St =0
OutPUt: Smm’ Smea STHz
1 Calculate Mg™™, Mg and Mgl *# for each flow
Remove D = {i|ds,,, > D?effz&qi > Mq™¢} from
Sau; if [Saqu| # 0 then '

2 for flow i (1 < i < |Sqy|) do

3 if ds,, > D} /[* then

4 if ¢; > Mg then

5 L Sm.e = Sme U i;

6 else

7 if Crne(i) > Chym (i) then

8 L Smm = Smm U i;

9 else

10 L Sme = Sme U i;
11 else

12 if ¢; > Mg;"° then

13 | Stw. = Srm.Ui;

14 else

15 if ¢; > Mg™™ then

16 if Cpne(i) > Crpr2(i) then
17 | Srw. = Srm.Ui;

18 else

19 L Sime = Spme U i;

20 else

21 CM =

min{cmm (7»)7 Cine (7»)7 Cri: (7)}7
2 if C,(i) = CM,
(w € {mm,me,THz}) then
23 Sw =S, Ui, (we
{mm,me,THz});

V. TRIPLE-BAND QOS-BASED SCHEDULING ALGORITHM

In this section, we propose the QoS-aware scheduling algo-
rithm for the three transmission bands, i.e.,the 28 GHz band,
the E-band, and the THz band. For the proposed algorithm, we
first choose the appropriate transmission band for each flow,
and then schedule flows to maximize the number of flows with
their QoS requirements satisfied.

A. The Transmission Band Selection Algorithm

The transmission band selection is based on the QoS
requirements and the distances between the transmitters and
receivers of the flows. We first determine the flows that need
to be scheduled in each band based on the transmitter-receiver
ranges and the flows QoS requirements. We then schedule the
flows in each time slot for transmission.

THz band communications can provide the rates up to multi-
Gbps, but its propagation loss is much higher than mmWave
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communications. Therefore, the THz band is used for only
short-distances. We assume each BS is able to transmit at
28 GHz band, E-band, and THz band, and it can switch among
three bands for different flows. The intelligent switching first
considers the distance between the transmitter and receiver
of each flow. Thus, a reference distance DZ;I}' % is set, which
indicate the maximum communication range of THz commu-
nications. For the reference distance of mmWave communi-
cations, there is no limit. The communication distances in
this paper can satisfy the distance requirement of mmWave
communications. For flow ¢, the choice between mmWave and
THz bands can be decided as follows.

THz if 0 < dy,,, < DIH*

16
mmWave if d,,. > D7T€1;I z (16)

switch(i) = {
In addition to the distance, the QoS requirement is also an
important basis for each flow’s choice of transmission band.
Thus, we explore the transmission capability of each band for
further flow scheduling. According to (3) and (7), we calculate
the transmission rates of flows in different bands, i.e., R;*™
(28 GHz mmWave band), R;"¢ (E-band) and RiTH Z. In this
process, different rates are obtained based on the maximum
bandwidth of different bands, and we do not consider the
interference from other flows in this calculation. Then the
maximum throughput allowed for each band can be expressed
as

s M-At-R
B+ M AL

Therefore, we can draw conclusions as follows:
1) If ¢; < Mqg™™, ¢ can be scheduled in any band.

(]
2) If Mg"™ < q; < Mg, i can be scheduled in E-band
or THz band.
3) If Mg™® < q; < Mql'*#, i can only be scheduled in
THz band.
4) If M ql-T Hz < ¢;, i is abandoned, and is not considered
in the later scheduling process.
Note that Mgq? is larger than the actual maximum QoS
requirement allowed for each band, because the interference
from other flows is ignored during the rate calculation.
According to the transmission distances and QoS require-
ments, one flow may have multiple bands which can meet
its transmission conditions. In this case, the flow needs to
further select among multiple bands. We indicate the sets of
the flows in 28 GHz band, E-band and THz band as S,,,,,
Sme and Sty ., respectively. Then we define a parameter to
compare the adaptability of each band with respect to flow
transmissions. In order to schedule more flows in one frame,
it is important to minimize the number of conflicting flows in
each band. Hence, we define this comparison parameter of a
band as the sum of the number of slots required by conflicting
flows in this band. For flow i, the comparison parameter of
the w (w € {mm, me, THz}) band can be defined as

Co(i) =

0 € {mm, me, THz}. a7

Y & e {mm me THz}, (18)

{i']i’ €84 i’} ¥

The backhaul scheduling algorithm is summarized in Al-
gorithm 1. It works as follows. First, remove flows which do
not satisfy the transmission conditions of these three bands
in Line 1. In addition to the flows in set I, other flows

443

are divided into two categories based on whether their trans-
mission distances are shorter than the maximum transmission
range of the THz band in Lines 4-31. In Lines 5-6, some
flows satisfying dg,,, > DZ;I]}’Z will be put in the E-band
since their QoS requirements are larger than the maximum
throughput allowed in the 28 GHz band. In Lines 8-11, other
flows that satisty dg,,, > DTTeHZ and ¢; < Mg"™ will be
put in either the 28 GHz band or the E-band according to the
comparison parameter defined in (18). In Lines 15-30, flows
that satisfy d,,, < D}/}* can be divided into three categories
according to their QoS requirements, i.e., flows that can only
be transmitted in the THz band, flows that can be transmitted in
both THz band and E-band, and flows that can be transmitted
in all the three bands. Flows are put into the THz band and
E-band according to the comparison parameter (18) in Lines
18-23. Finally, flows that can be transmitted in all the three
bands will be scheduled in one of the bands according to the
comparison parameter in Lines 25-27.

For the complexity of the selection algorithm, the number
of the iterations of the outer for loop in Line 3 is |Sgy|,
where |Syy;| in the worst case is O(F). So the computational
complexity of this algorithm is O(F).

B. The Backhaul Scheduling Algorithm

In this section, we propose the QoS-based scheduling
algorithm which can schedule as many flows as possible
in each band. Actually, the scheduling algorithm based on
the flow QoS requirements is similar to the time division
multiplexing algorithm (TDMA). We divide time into multiple
TSs and schedule the appropriate flows in each TS. Because
of the multi-band transmission, more flows can be scheduled
simultaneously while achieving their throughput requirements.
To clearly present the algorithm, we first introduce the conflict
limit between flows and the priority of flow scheduling.

Regarding the contention among flows within each band,
we consider two cases. First, the flows share the same BS as
their transmitter or receiver cannot transmit data at the same
time, because of the HD mode. Second, the interference on
the flow from another flow is so severe, such that these two
flows cannot be scheduled concurrently. For the second case,
we define a parameter to represent the relative interference
between flows as follows.

se; o _ L

RI°G = 5555
where I7}™ and I77¢ are defined by (2), and I J:’;H z is defined
by (6). PZ’””(LZS and P™¢(i,i) are defined by (1), and
PTH=(; i) is defined by (5). For the mutual interference
among the flows that are transmitted concurrently, thresholds
omm, gmm  gTHz are given for 28 GHz band, E-band
and THz band, respectively. Hence, we draw the following
conclusion

, 6 € {mm, me, THz}, (19)

al +a, <1,if RI°(j,i) > 0°,6 € {mm, me, THz}, (20)

In addition to conditions for concurrent transmissions, the
order of the flow scheduling also needs to be determined. We
define the number of flows which share the same BSs with flow
i as the degree of flow ¢, and schedule flows with a smaller
degree preferentially. This way, more flows can be scheduled
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Algorithm 2: Triple-band backhaul scheduling algo-
rithm

Input: S, Sime, STH:, the location of each BS
and the QoS requirement of each flow, the
scheduled flow set Sch = (), the F' « M
scheduling matrix A = 0, the number of
completed flows Ny = 0

Output: A, Ny,

1 Calculate the degrees and the priority values of the
flows in each band;
2 for slott (1<t< M) do

3 S:SmmusmeUSTHz;

4 Consider the degree first and rearrange the flows in
S by increasing degree, then sort the flows with
the same degree in descending order by priority
value;

5 if |.S| # 0 then

6 for each flow i € S do

7 Find the set S, that ¢ € S

(v € {mm, me, THz});
8 if ¢ has no contention with the flow(s) in
Sch then

9 Sch = Sch U1,

10 S=5-—1

1 Sy =S5y —i (v € {mm, me, THz});

12 for each flow j € Sch do

13 A(j,t) =1,

14 Calculate the rate R?

(6 € {mm, me, THz}) in the current time
slot;

15 Calculate the remaining throughput demand

of Flow 7;

16 q; = q; * (to + M - At) — RS x At;

17 if g; < 0 then

18 Sch = Sch — 7,

19 Q; =1,

20 Necom = Neom + 1;

21 else
2 | break

to be transmitted simultaneously. If the degrees of multiple
flows are the same, we define another parameter to prioritize
the scheduling order of the flows, which is the inverse of a
flow’s required number of TSs in a frame to satisfy its QoS
requirement. Flows that can reach QoS requirements quickly
can complete their transmissions soon and leave time resources
to other flows. Therefore, prioritizing flows that require less
time slots can transmit more flows in the fixed time. For flow
i, the priority value can be expressed as

R? - At
qi * (to + M - At)’

pri(i) = § € {mm, me, THz}. (21)

In (21), the transmission rate Rf is not the actual rate; it is
the estimate value without considering the interference from
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other flows. For each band, we calculate the priority value
of each flow in the corresponding set according to (21), and
schedule the corresponding flows in the descending order in
the subsequent process.

For the QoS-based backhaul scheduling, flows that need to
be scheduled in each frequency band are obtained first, and
then we record the flows of three frequency bands as three
non-overlapping sets, i.e., Sym, Sme, and Sy, for the flows
in the 28 GHz band, E-band and THz band, respectively, and
[Smm| + |Sme| + |STH:2| < F. We denote the scheduling
scheme by an F' % M binary matrix A, where A(i,t) = 1
means flow ¢ is scheduled in slot ¢. We also propose a
parameter N, to indicate the number of completed flows.

When scheduling flows, the scheduling algorithm selects
flows that can transmit simultaneously from each set by their
priority. Selecting the flows having no contention is based
on the two principles mentioned earlier: (i) Concurrent flows
cannot share the same BS to be their transmitter or receiver;
(i) the mutual interference between concurrent flows in the
same band cannot exceeded the threshold. If flows that wait
for being scheduled follow the above two principles, they can
be concurrently transmitted with flows being transferred. If a
flow is scheduled with its QoS requirement satisfied, it will
no longer be assigned any time slot and another new flow
will be selected for concurrent transmission with other current
transmitting flows. This way can prevent the waste of time
slots and serve more flows.

The backhaul scheduling algorithm is summarized in Algo-
rithm 2. After the initialization steps, we rearrange flows by
increasing degree and decreasing priority value in Lines 2-3.
In Lines 4-13, we find new flows that can be concurrently
transmitted with the existing, scheduled flows. In Lines 14-23,
we calculate the rate and remaining throughput demand of
each scheduled flow, and set the scheduling matrix. In the end
we obtain the flow transmission schedule and the number of
completed flows.

For the complexity of the scheduling algorithm, we can
see that the outer for loop has O(M) iterations. The for
loop in Line 5 has |S| iterations, and |S| in the worst
case is O(F). Besides, the loop of contention verification
in Line 7 has |Sch| iterations, and |Sch| in the worst case
is O(F — 1). Therefore, the complexity of the triple-band
backhaul scheduling algorithm is O(M F(F — 1)). The low
complexity of the scheduling algorithm reflects its value for
practical implementations.

VI. PERFORMANCE EVALUATION

In this section, we evaluate the performance of the triple-
band transmission backhaul scheduling algorithm. The algo-
rithm involves three bands for flow transmissions: The 28 GHz
band, the 73 GHz band (i.e., the E-band), and the 340 GHz
(i.e., the THz band). We also compare the performance of the
proposed algorithm with several baseline schemes.

A. Simulation Setup

We consider a backhaul network deployed within a
100 mx100 m square area. There are 20 BSs which are
randomly distributed in this area and at most 350 flows
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TABLE III

SIMULATION PARAMETERS.
Parameter Symbol Value
mmWave transmission power ~PyrmWave [ w
THz transmission power priz 20 mW
MUI factor o, 0 1
Transceiver efficiency factor n 0.5
Path loss exponent n 2
28 GHz bandwidth wmm 800 MHz
E-band bandwidth wme 1.2 GHz
THz bandwidth wTH= 10 GHz
Background noise Ny —134 dBm/MHz
Minimum antenna gain Gmin 0 dB
Maximum antenna gain Ggmaer 20 dB
Beamwidth of the main lobe  6,,,; /6
Slot time At 18 us
Beacon period to 850 us
Number of slots M 2000

need to be scheduled. Each flow is generated with randomly
selecting its source and destination among all BSs. The QoS
requirement of each flow is uniformly distributed between
1 Mbps and 10 Gbps. Other parameters are shown in Table III.

The transmission powers of mmWave communication and
THz communication are about two orders of magnitude differ-
ent in this paper, so we set the mutual interference thresholds
oTHz = 1072 and ™™ = o™ = 1074,

According to the current research, the distance coverage of
THz communications can reach about 50 m. So we assume
the reference distance of THz communications with D /[* =
50 m. The transmission range of THz communications can be
extended with a larger transmitter gain [18]. However, we do
not consider such cases in the simulations.

For comparison purpose, we implement the common single-
band scheme and the dual-band scheme and the state-of-
the-art mximum QoS-aware independent set (MQIS) based
scheduling algorithm [25] as baseline schemes.

o Single-band Scheme: This is essentially the same as
the proposed triple-band scheduling scheme, but it only
operates in one band. Considering the distance limitation
of the THz band and the bandwidth limitation of the
lower-frequency mmWave band, E-band is selected for
this single-band scheme.

o Dual-band Scheme: This scheme operates in 2.4 GHz
(with 20 MHz bandwidth) and 60 GHz (with 2.16 GHz
bandwidth) [20], and the scheduling is similar to the
proposed scheduling scheme. Currently, the dual-band
cooperation of sub-6 GHz and mmWave has been ex-
tensively studied.

o MAQIS: This is the concurrent scheduling algorithm based
on the maximum QoS-aware independent set proposed
in [25]. We apply triple-band cooperation to the MQIS
algorithm. Flows are divided into multiple independent
sets. When all flows in one set are scheduled and com-
pleted, flows in another set can start to be scheduled.

For the evaluation study, we consider the following perfor-
mance metrics:

o Number of completed flows: The number of scheduled
flows with their QoS requirements being satisfied. Those
flows that have been scheduled but their QoS require-
ments cannot be met are not counted as a completed flow.
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Fig. 3. System throughput versus different numbers of requested flows.

o System throughput: The total throughput that the network
system can achieve. This metric is the sum of the average
throughputs of all flows carried in the network.

B. Comparison with Existing Schemes

In Figs. 2 and 3, the number of time slots is set to 2000.
The abscissas of these two figures are both the number of
requested flows, which is varied from 50 to 350. As the
number of requested flows is increased, Figs. 2 and 3 plot
the simulation results of the number of completed flows and
system throughput, respectively.

From Fig. 2, we can see that the trend of the proposed
triple-band scheme curve is rising with the increased number
of flows. The more flows that need to be scheduled, the
more flows can be scheduled simultaneously and the more
spatial reuse comes into play. Because of the system capacity
limitation, the growth of the number of completed flows of
the triple-band scheduling scheme gets slowed down with the
further increasing of the number of offered flows. Compared
with our proposed scheme, although there is also a trend
of growth in the number of completed flows of MQIS, the
increase is much slower than that of the proposed scheme.
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Fig. 5. System throughput versus different numbers of time slots.

The ability of MQIS to schedule flows is inferior to the
proposed triple-band scheme, because MQIS cannot schedule
flows without interruption, which wastes a certain amount
of the time resource. For the dual-band scheme and the
single-band scheme, there are also slower growths in the
number of completed flows along the x-axis direction. This
is because the single-band scheme does not exploit the THz
band, and its ability to schedule the flows is thus limited.
Besides, the completed flows of the dual-band scheme and the
single-band scheme are both relatively few. Some flows with
large QoS requirements cannot be scheduled without the THz
band. When the number of flows is 350, the proposed triple-
band scheduling scheme improves the number of completed
flows by 56.3% compared with the MQIS scheme, by 64.1%
compared with the dual-band scheme, and by 79.7% compared
with the single-band scheme.

From Fig. 3, we can observe that the trend of the throughput
curves is similar to the trend of the number of completed flows.
There is a certain gap between the completed-flow numbers
of the four schemes. and the gaps of throughput curves are
similar as that in Fig. 2 except for the dual-band scheme.
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For the dual-band scheme, we set a very large bandwidth
for one of its frequency bands (even larger than W'™¢), so
its performance on the system throughput can be better than
MQIS. Specifically, when the number of flows is 350, the
proposed triple-band scheduling scheme improves the system
throughput by 67.9% compared with the dual-band scheme, by
64.3% compared with MQIS, and by 87.5% compared with
the single-band scheme.

In Figs. 4 and 5, the number of flows is fixed at 350.
The number of time slots is increased from 500 to 4500.
With the number of TSs is increased, Figs. 4 and 5 plot
simulation results of the number of completed flows and
system throughput.

From Figs. 4 and 5, we can see that the number of com-
pleted flows and system throughput have the same trend with
increased number of TSs. These schemes also exhibit similar
trends. When the number of time slots starts to increase,
both the number of completed flows and system throughput
increase. When the number of time slots is increased over
a certain value (i.e., to 2000 in Figs. 4 and 5), the number
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of completed flows and system throughput become saturated
and do not increase significantly anymore. This shows that
properly extending the duration of each frame is conducive
to improving the transmission performances, but the improve-
ment is limited. In this case, the numbers of completed flows of
the proposed triple-band scheduling scheme, MQIS, the dual-
band scheme and the single-band scheme can be up to 40, 18,
16, and 7, respectively. Furthermore, it is not necessary to set
a very large value for the number of TSs.

In Figs. 6 and 7, the number of flows is set to 350 and the
number of time slots is set to 2000. We evaluate the impact
of the reference distance of THz communications, i.e., Dg;ﬁc[ z
which is set to 30 m, 40 m, and 50 m. With increased number
of flows, Figs. 6 and 7 plot the number of completed flows
and system throughput under different DTTeI}’ # values.

From Figs. 6 and 7, we can see that the number of
completed flows and system throughput exhibit similar results
as D] !{# is increased. The larger the D}*, the more flows
can be scheduled simultaneously and the larger the system
throughput. If the reference distance DTTEI}I % is large, there will
be more flows that can be scheduled in the THz band, leading
to more completed flows and larger throughput. We can also
observe that the gap between the curves of DZ;IJ{Z =40 m
and DfeH # = 30 m is bigger than the gap between the curves
of DI/l = 50 m and D[/[* = 40 m. The performance
improvement decreases with further increased DTTSIJ{Z, which
shows that the performance improvement caused by DTT;}Z
is also limited. However, we need to consider the actual
transmission characteristics of the THz band, while ngz
cannot be too large. If the distance of the THz communications
is too large, the higher propagation loss will cause more flow
transmission to fail.

In Figs. 8 and 9, the number of flows is set to 350 and
the number of time slots is set to 2000. Abscissas of these
two figures are —lg(ocT##), which is varied from 0 to 6.
—1g(c™™) and — 1g(c™*) are about two orders of magnitude
lower than —1g(c7##), so they are varied from 2 to 8 with
—lg(cTH?) is varied from O to 6. With decreased threshold,
Figs. 8 and 9 plot the number of completed flows and system
throughput achieved by the four schemes.

From Figs. 8 and 9, we can see that trends of the number
of completed flows and system throughput are similar with
the decrease of interference threshold. For the triple-band
scheme, when thresholds start to decrease, both the number
of completed flows and system throughput increase. Properly
decreasings of thresholds can avoid simultaneous scheduling
of some flows that have serious interference between them-
selves. And then their transmission rates can be increased,
which will lead to more flows to be completed more quickly.
When oTHz gme and ¢™™ are decreased to a certain order
of magnitude (i.e., c7H* = 1072, 0™ = ¢™™ = 10~ in
Figs. 4 and 5), the number of completed flows and system
throughput start to decrease significantly. A too small thresh-
old will weaken the advantages of spatial reuse and reduce
flows that can be scheduled simultaneously. Therefore, the
appropriate actual interference threshold is important for the
transmission performance. In the case of our simulation study,
actual interference thresholds o7#% of 10~2 order, c™¢ and
o™™ of 10~ order seem to be suitable. For the single-band
scheme, their scheduling capabilities have been limited by
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their specific designs when the number of flows is 350. Hence,
the number of completed flows and system throughput of this
scheme decrease with decreased threshold.

In Fig. 10, the number of time slots is set to 2000. The
abscissas of the figure is the number of requested flows, which
is varied from 50 to 350. As the number of requested flows is
increased, Fig. 10 plots the simulation results of the delay of
different schemes.

From Fig. 10, we can see that the trends of all the schemes
curve are rising with the increased number of flows. Compared
with our proposed scheme, other schemes have different
advantages in terms of delay. However, combined with the
advantage of the proposed triple-band scheme shown in Fig. 2,
the advantages of other schemes in terms of delay are of little
significance. It is obvious that the more scheduled flows, the
greater the delay of the scheme. When the number of flows is
350, the delay of the proposed triple-band scheduling scheme
is 0.25 s, and it is the delay size that allows communications
between BSs.
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VII. CONCLUSIONS

In this paper, we considered the problem of scheduling
a large number of flows with diverse QoS requirements
over three frequency bands (i.e., the 28 GHz band, E-band,
and THz band). To maximize the number of flows while
satisfying their QoS requirements, we proposed the triple-
band scheduling scheme, which can schedule flows to be
concurrently transmitted and reduce the waste of resource,
while considering the QoS requirements and transmission
ranges of the flows. Extensive simulations showed that our
proposed scheme outperformed three baseline schemes on the
number of completed flows and system throughput. However,
the complexity of THz transmission itself and the high cost
of transmission equipment limit the communication, and we
require further research and follow-up. In the future work,
we will consider a more realistic scene and transmission
model. Besides, we will do the performance verification of our
algorithm on the actual system platform to further demonstrate
the practicality of our scheme.
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