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ABSTRACT This study investigates the resource management problem for millimeter-wave-based
switched beam (SWB) full-duplex small cell networks with the consideration of user equipment’s (UE’s)
quality of experience (QoE) requirement and time-varying wireless channels. An optimization problem
is formulated to maximize the long-term QoE by implementing beam assignment (BA) and rate control
(RC) under short-term beam and long-term energy efficiency constraints. By leveraging the Lyapunov
optimization technique, the original problem is converted into a series of BA and RC problems in each
time slot. To solve the converted problem with affordable complexity, novel closed-form solutions for
BA and RC are first derived by considering beam constraints in SWB systems. A decomposition-based
BA and RC (DBR) algorithm with only polynomial computational complexity is then proposed based on
the derived closed-form solutions. The simulation results demonstrate that the proposed DBR method can
effectively[‘effectively’ appears to be a more suitable word in this case.] balance the performance and
complexity because the DBR scheme outperforms the benchmark scheme and achieves nearly optimal
performance in terms of system delay and QoE.

INDEX TERMS QoE maximization, beam assignment, rate control, time-varying channels, full-duplex,
millimeter-wave, switched beam systems.

I. INTRODUCTION

THE IMMENSE mobile traffic has increased and led to
the 5G standard to aim for about 100 times the aggregate

data rate of 4G [1]. This explosive growth imposes strin-
gent data rate requirements on 5G mobile communication
systems. Due to the large bandwidth in millimeter (mm)-
wave bands, mm-wave communications have been regarded
as a promising technology to meet data rate requirements
for future wireless cellular networks. The main challenges
of mm-wave links emanate from the severe path losses and
signal blockages [2], [3].

The reliable communication of the mm-wave band relies
on the beamforming technique [4], [5] to compensate for
the path loss effect, whereas the performance gain of
mm-wave transmission is influenced by the beamforming

resource utilization efficiency [6], [7]. In [4], a hybrid
beamforming algorithm was developed to minimize power
consumption while guaranteeing the receive quality of users
in the network. Reference [5] extended the application of
the beamforming technique to high-speed railway systems.
It is demonstrated that reliable transmission along the rail-
way can be achieved by using the proposed beam boundary
determination method. In [6], a suboptimal beam allocation
algorithm is proposed to prevent large computation complex-
ity. To provide further insight into the performance of the
suboptimal algorithm, [7] applied a submodular optimization
theory to analyze the upper-bound performance of their
proposed beam selection algorithm. It can be observed
from [4], [5], [6], [7] that current beamforming and beam
allocation schemes are implemented in half-duplex (HD)
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modes; however, they induce spectral efficiency (SE) reduc-
tion [8]. By transmitting and receiving signals in the same
time slot and frequency band, full-duplex (FD) has the poten-
tial to double the SE of HD communications. The major
challenge of FD is the self-interference (SI) created from
the downlink (DL) transmission to uplink (UL) receiver [9].
Based on the recent breakthrough of SI cancellation tech-
niques [10], [11], [12], [13], approximately 100 dB of the
SI can be eliminated [14], and the feasibility to imple-
ment FD communications can be realized. In [15], a joint
power allocation and clustering problem for drones in the
FD networks is considered. The proposed algorithm, which
adopts multi-agent reinforcement-learning framework and
fractional programming, possess feasible complexity and
superior performance over benchmark schemes. To balance
system performance and clustering cost, [16] considers joint
clustering and duplex mode selection problem for the ultra-
dense networks. A deep reinforcement learning scheme is
proposed to implement clustering, duplex mode switching,
and resource allocation. The advantages of smart duplex over
both HD and FD systems is validated in its numerical results.
However, FD networks operating in mm-wave band is not
considered in [15] and [16].
Moreover, energy efficiency (EE) is an important met-

ric in mm-wave FD systems [8], [17], [18], [19], because
the hardware operating in mm-wave band typically con-
sumes more power compared to hardware working at a
lower frequency [17]. Currently, SI mitigation in FD leads
to considerable power consumption [19]. To obtain higher
EE performance, [18] revealed that a small cell base sta-
tion (SBS) is suitable for deploying FD because its low
power and short transmission distance will maintain resid-
ual SI at low-level power. Reference [17] first investigated
the EE-oriented resource allocation via power, subcarrier
and throughput assignment under cross-layer constraints. To
illustrate the influence of the cross-layer effect on the EE
performance of FD, [19] discussed the power consump-
tion and SI amount by applying different SI cancellation
techniques, including passive suppression (PS), analog can-
cellation (AC) and digital cancellation (DC). Aside from
EE performance, [8] regarded the quality of service (QoS)
requirement in small cell networks (SCN) considering the
residual SI and inter-user interference and ensuring that each
flow can maintain high-rate transmission.
However, with the universal application of wireless

services, user equipment (UEs) may require different qual-
ity of experience (QoE) types such as high-definition video
and downloading a file. Conventional metrics such as
data rate and EE cannot directly reflect the satisfaction
of UEs [20], [21]. Therefore, each UE’s QoE and QoE
requirement that evaluates the performance of communica-
tion systems in terms of the UEs’ subjective opinions should
be considered. Additionally, current literature focuses only
on the design for stationary channel models, i.e., snapshot-
based model and infinite backlog assumption. In particular,
problems in [8], [17], [18], [19] are subject to short-term

EE or QoS constraints over a transmission period. These
designs may result in inferior system performance since radio
resources will be overused to achieve rigorous EE or QoS
constraint when the channel condition in certain transmis-
sion periods is poor. Moreover, common optimization tools
in snapshot-based models, such as interior point method, are
not practical in dynamic wireless channel conditions since
the demand of setting initial parameters and step sizes to
guarantee convergence is a time-consuming process. The
parameters have to be readjusted when the channel condi-
tion changes [22]. Furthermore, the quantity of data that can
be transmitted at a physical layer is influenced by the result
of the rate control (RC) at the application layer and amount
of data in the queue backlog during the operation of prac-
tical systems [23]. Owing to this, radio resource utilization
can achieve higher efficiency if the transmission rate targets
the UE that has additional data to transmit/receive.
Motivated by these factors, this study investigates the

resource management problem of beam assignment (BA) and
RC for a mm-wave-based switched beam (SWB) FD SCN
considering QoE requirements and dynamic channel con-
ditions. Unlike current designs for mm-wave FD systems,
the objective function of the formulated problem aims to
maximize long-term QoE of DL and UL communications
subjected to short-term beam constraints and long-term EE
constraints at the physical layer, as well as a long-term queue
backlog stability constraint at the application layer. The main
contributions of this study are summarized as follows:

• Development of a novel QoE maximization framework:
This framework jointly considers QoE maximization,
EE requirements, queue stability, and beam usage lim-
itations for the optimization of mm-wave-based FD
networks. Moreover, the queue stability, average queue
length, and QoE performance are investigated via both
analytical and simulation results.

• Comprehensive analytical results of mm-wave-based
FD networks: By exploiting beam constraints in the
considered networks and rigorous mathematical formu-
lations, several analytical results for mm-wave-based
FD networks are derived as follows: (1) the equivalent
expressions of the transmission rate for DL and UL
transmissions, (2) peak signal-to-noise-ratio (PSNR) for
both DL and UL transmissions, and (3) the upper bound
of UL transmission rate. Furthermore, novel closed-
form solutions for BA and RC are obtained by applying
these expressions.

• Design of a low-complexity BA and RC algo-
rithm: Based on the obtained closed-form solutions, a
decomposition-based BA and RC (DBR) algorithm with
only polynomial complexity is proposed. Simulation
results show that the DBR scheme has superior system
delay and QoE performance compared with baseline
scheme and has nearly optimal performance compared
with the exhaustive search (ES) method. Moreover,
the computational complexity of the DBR algorithm
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FIGURE 1. Millimeter-wave based full-duplex small cell networks with finite queue
backlog.

TABLE 1. Abbreviation table.

is comparably much lower than that of the ES method.
Thus, the proposed DBR method achieves a feasible
tradeoff between system performance and computa-
tional complexity.

The rest of the paper is organized as follows. Section II
describes the system model and the problem formulation.
Section III introduces the proposed DBR algorithm. The
performance analysis is discussed in Section IV. Section V

TABLE 2. Summary of main notations and definitions.

provides numerical results to illustrate the performance of
DBR method. Finally, the conclusions is made in Section VI.
The key abbreviations and notations are summarized in
Tables 1 and 2, respectively.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. SYSTEM MODEL
As shown in Fig. 1, we consider an mm-wave based FD
SCN consisting of KD DL UEs, KU UL UEs and N SWB
FD SBSs. Each SBS has a linear array of M equally spaced
identical isotropic antenna elements such that each SBS can
form M beams. Each beam is able to implement signal trans-
mission and reception simultaneously. Note that the SWB
system serves multiple UEs by generating a fixed number of
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beams and pointing to predetermined directions [7]. Hence,
multiple simultaneous beams in Fig. 1 are used to illustrate
the directions of each beam.
Moreover, the FD SCN operates in a time-slotted manner

with the duration normalized to integer units; that is, slot t
refers to [t, t + 1), t ∈ {0, 1, 2, . . .}. For each time slot, DL
UEs require video services from servers on the Internet and
video data is sent to the FD SBSs after the server receives
requests. Part of the arrived data can be queued via the RC.
These data are first buffered at the FD SBSs queue and sent to
the corresponding DL UE via wireless channels. Moreover,
UL UEs transmit queue backlog updates every time slot
and the associated FD SBS will determine the amount of
data entered into the corresponding data queue by sending
permission signals via dedicated control channels.
Note that for UL transmission, queue backlog is at each

UE. The traffic enters into queue backlog when UE uploads
data to core networks, e.g., for streaming live video, which is
a valid scenario as in [24]. Moreover, at the beginning of each
time slot, each SBS can obtain DL queue state information
(QSI) by observing its own queue backlog and acquire UL
QSI by receiving queue updated signals from UEs, respec-
tively. In addition, channel state information (CSI) can also
be collected by FD SBSs from feedback channels. After the
collection of QSI and CSI is completed, all of SBSs will
exchange these information to the central scheduler via wired
backhauls directly. With joint information of QSI and CSI,
CS can reach appropriate resource allocation result through
BA and RC. The central scheduler is at the core unit and
can access all the data processing. Note that the consid-
ered scenario is consistent with centralized architecture of
functional split networks option, which is regarded as a fea-
sible system in future networks [25]. The BA result of the
considered network for each time slot determines the UEs’
transmission rate at the physical layer; whereas the RC pol-
icy determines the served quality for a user by adjusting
the amount of data entering into the queue backlogs at the
application layer as indicated in [26].

B. SIGNAL MODEL
Let data transmission rate from i-th FD SBS to k-th DL UE
and m-th UL UE to n-th FD SBS at time slot t be denoted by
RDi,k(t) and RUm,n(t), respectively. RDi,k(t) can be calculated
using

RDi,k(t) = log2

(
1 + dDi,k(t)

IDi,k(t)+ σ 2
Di,k

)
, (1)

where dDi,k(t) is the power of the desired signals from
i-th FD SBS to k-th DL UE at time slot t and is given
as dDi,k(t) = ∑M

j=1 cDi,j,k(t)pDi,j(t)ρ
−α
Di,k
(t)Dj(θDi,k(t)). The

parameter cDi,j,k(t) ∈ {0, 1} is a binary indicator, where
cDi,j,k(t) = 1 means i-th FD SBS allocates its j-th beam
to k-th DL UE at time slot t. pDi,j(t) is the transmission
power of i-th FD SBS allocated on the j-th beam at time
slot t. It is considered that the total transmit power of i-th

FD SBS is fixed at PDi(t) and is equally allocated to selected
beams for DL transmission. Hence, pDi,j(t) in dDi,k(t) can be
expressed as follows:

pDi,j(t) =
{ PDi (t)

KDi
, if

∑KD
k=1 cDi,j,k(t) = 1,

0, if
∑KD

k=1 cDi,j,k(t) = 0,
(2)

with KDi = ∑M
j=1

∑KD
k=1 cDi,j,k(t). ρDi,k(t) is the distance

between i-th FD SBS and k-th DL UE at time slot t and α
is the path loss exponent. Dj(θDi,k(t)) denotes the directivity
of the j-th beam with regard to an angle of departure (AoD)
θDi,k(t) between i-th FD SBS and k-th DL UE at time slot t.
In this study, the beams in FD SBSs are formed by apply-
ing the Butler method such that Dj(θDi,k(t)) can be rewritten
as [7], [27]

Dj
(
θDi,k(t)

) = M
[
κj
(
θDi,k(t)

)]2
, (3)

with M = 2p (where p ≥ 1 is an integer), and the array
factor κj(θDi,k(t)) in Dj(θDi,k(t)) is given by

κj
(
θDi,k(t)

) = sin
(
0.5MπcosθDi,k(t)− βj

)
Msin

(
0.5MπcosθDi,k(t)− 1

Mβj

) , (4)

with

βj =
(

−M + 1

2
+ j

)
π. (5)

Note that to create fixed beams, the Butler method is applied
as it is a representative solution with the advantage of
straightforward design [28]. The number of beam formed
by conventional Butler method is equal to the antenna ele-
ments, where total number of antenna element is limited to
be any integral power of 2 [29]. Therefore, with M antenna
elements, each SBS can form M beams in this paper. For
more details of Butler method, please refer to [30]. This
assumption is considered reasonable and has been widely
adopted in current literature [27], [28], [29]. Moreover, the
formulation of dDi,k(t) reflects that the line-of-sight (LoS)
transmission is predominant in mm-wave band.
Moreover, the dynamic variation of wireless channels is

realized by varying the values of ρ−α
Di,k
(t) and Dj(θDi,k(t)) in

each time slot. Such variation in channel condition can be
interpreted as the outcome of the UEs’ mobility. In addition,
since it is difficult to obtain fast channel variations when the
UE has high mobility, only the average CSI is considered in
this study, which is indicated to be practical as shown in [31].
Furthermore, IDi,k(t) in RDi,k(t) is the inter-user interference
(IUI) power experienced by the k-th DL UE when receiving
signals from the i-th FD SBS at time slot t and can be
expressed as follows:

IDi,k(t) =
N∑
i=1

M∑
j=1

KD∑
h=1,h �=k

cDi,j,h(t)pDi,j(t)ψDj,i,k(t), (6)

where ψDj,i,k(t) = ρ−α
Di,k
(t)Dj(θDi,k(t)). σ

2
Di,k

is the variance
of the additive white Gaussian noise (AWGN). Moreover,
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RUm,n(t) can be expressed as follows:

RUm,n(t) = log2

(
1 + dUm,n(t)

ISIm,n(t)+ IUm,n(t)+ σ 2
Um,n

)
. (7)

dUm,n(t) is the power of signals transmitted from m-th UL
UE to n-th FD SBS at time slot t and can be written as
follows:

dUm,n(t) =
M∑
p=1

cUn,p,m(t)pUm(t)ρ
−α
Un,m

(t)Dp
(
θUn,m(t)

)
, (8)

where cUn,p,m(t), ρ
−α
Un,m

(t), and Dp(θUn,m(t)) are defined in
similar manner as cDi,j,k(t), ρ

−α
Di,k
(t) and Dj(θDi,k(t)), respec-

tively, and θUn,m(t) represents the AoD between n-th FD
SBS and m-th UL UE at time slot t. pUm(t) is the transmit
power of m-th UL UE at time slot t. ISIm,n(t) in (7) is the
SI power received by the n-th FD SBS when processing the
m-th UL UE signals at time slot t and can be summarized as

ISIm,n(t) =
N∑
i=1

M∑
j=1

KD∑
k=1

cDi,j,k(t)pDi,j(t)ψSIj,i,n(t)/γ, (9)

where ψSIj,i,n(t) = ρ−α
Si,n
(t)Dj(θSi,n(t)). ρ

−α
Si,n
(t) and Dj(θSi,n(t))

are defined similar to ρ−α
Un,m

(t) and Dp(θUn,m(t)) with θSi,n(t)
denoting the AoD between the i-th and n-th FD SBS at time
slot t. γ is the SI cancellation amount and can be written as

γ = γPS + γAC + γDC, (10)

with γPS, γAC, and γDC representing the effects from PS, AC,
and DC [17], [19]. Note that the SI mitigation methods have
been extensively developed in several literature [10], [11],
[13], [17]. Thus, the resource allocation for FD networks
consisting of SBSs with SI cancellation capability is consid-
ered practical. IUm,n(t) is the IUI power from other UL UEs
received by the n-th FD SBSs when processing the m-th UL
UE signals at time slot t and can be expressed as

IUm,n(t) =
M∑
p=1

KU∑
l=1,l �=m

cUn,p,l(t)pUl(t)ρ
−α
Un,l
(t)Dp

(
θUn,l(t)

)
. (11)

In addition, σ 2
Um,n

in (7) is the variance of the AWGN.
Furthermore, the total power consumption of the n-th FD

SBS for UL communications at time slot t can be written
as

PUn(t) =
KU∑
m=1

M∑
p=1

cUn,p,m(t)pγ + pc,sta, (12)

where pc,sta represents the static circuit power consumption.
pγ is the power consumption for SI cancellation and can be
written as [18]

pγ = pγAC + pγDC , (13)

with pγAC and pγDC denoting power consumption of AC and
DC respectively. Note that PUn(t) implies that SI cancellation
will not be implemented if the n-th SBS does not serve any

UL UE. The time-average EE of the n-th FD SBS for UL
communications can therefore be given as follows:

ηUEEn =
limT→∞ 1

T

∑T−1
t=0 E

{∑KU
m=1 RUm,n(t)

}
limT→∞ 1

T

∑T−1
t=0 E

{
PUn(t)

} , (14)

where the expectation of equation (14) is taken with respect
to channel condition and the resource allocation result.
The number of data briefly stored at the queue backlog

of the i-th FD SBS to k-th DL UE and m-th UL UE at
time slot t are respectively denoted by QDi,k(t) and QUm(t).
QDi,k(t) and QUm(t) will evolve according to the following
dynamic equations:

QDi,k(t + 1) = max
[
QDi,k(t)− RDi,k(t), 0

]+ ADi,k(t), (15)

and

QUm(t + 1) = max

[
QUm(t)−

N∑
n=1

RUm,n(t), 0

]
+ AUm(t).

(16)

Note that “briefly stored” implies that data packet will enter
into queue backlog for a certain time duration and then
transmitted to the UEs or SBSs. In addition, the mean rate
of an individual queue QDi,k(t) or QUm(t) is stable if

lim
T→∞

1

T
E
{
QDi,k(T)

} = lim
T→∞

1

T
E
{
QUm(T)

} = 0, (17)

which indicates that there exists finite constants ξD and ξU
such that ξD ≥ QDi,k(t) and ξU ≥ QUm,n(t), ∀t. In other
words, mean rate stable implies that the sum of transmission
rates RDi,k(t) and

∑N
n=1 RUm,n(t) over long periods of time

slots are larger than the amount of data admitted into the
queue ADi,k(t) and AUm(t), in (15) and (16), respectively, i.e.,

lim
T→∞

T∑
t=1

(
RDi,k(t)− ADi,k(t)

) ≥ 0, (18)

and

lim
T→∞

T∑
t=1

(
N∑
n=1

RUm,n(t)− AUm(t)

)
≥ 0. (19)

Besides, a network is stable if all individual queues in the
network have a stable mean rate. ADi,k(t) and AUm(t) are the
amounts of new data that are admitted into queue backlog
of the i-th FD SBS to k-th DL UE and m-th UL UE at time
slot t, respectively, and are given as

ADi,k(t) =
M∑
j=1

cDi,j,k(t)μDi,k(t), (20)

and

AUm(t) =
N∑
n=1

M∑
p=1

cUn,p,m(t)μUm,n(t). (21)
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μDi,k(t) and μUm,n(t) are admission rates of data required to
enter into the queue of the i-th FD SBS to k-th DL UE and
m-th UL UE to n-th FD SBS, respectively.

After new data enters into queue backlog, the QoE for
DL and UL communications can be measured using the
following metric function [32]:

sXk(t) =
{

UXk

(
μXk (t)

)
Umax
Xk

, if 0 ≤ UXk

(
μXk(t)

) ≤ Umax
Xk
,

1, otherwise,
(22)

where X ∈ {D,U} represents either DL or UL commu-
nications. In particular, UXk(μXk(t)) is refreed to as the
PSNR [26] and can be expressed as

UXk

(
μXk(t)

) = ωXk log2
(
μXk(t)

)
, (23)

where μDk(t) = ∑N
i=1

∑M
j=1 cDi,j,k(t)μDi,k(t) and μUk(t) =∑N

i=1
∑M

j=1 cUi,j,k(t)μUk,i(t) when X = D and X = U, respec-
tively. Umax

Dk
and Umax

Uk
denote the maximum QoE requirement

of the k-th DL UE and UL UE, respectively. ωDk and ωUk
are predefined parameters that are related to the service con-
tent requested by the k-th DL UE and UL UE, respectively.
Specifically, given maximum QoE requirement Umax

Dk
and

Umax
Uk

, the content type for small value of ωDk and ωUk can
be considered as high-definition video, which requires large
amount of data to enter into the queue in order to satisfy
QoE requirement. On the other hand, larger value of ωDk
and ωUk corresponds to video with rather still scene, which
requires comparably loose admission rate to achieve QoE
requirement. The model (22) is suitable for applications with
a QoE requirement where for a given user being allocated
enough resource to achieve sXk(t) = 1, for 0 ≤ sXk(t) ≤ 1,
the performance presented by the defined objective function
cannot be further improved. Hence, the scheduler will not
assign more resource to the given user and the performance
can only be enhanced by assigning remaining resources to
other users. In contrast, the satisfaction of quality will be
severely degraded when the service rate is lower than the
required one.

C. PROBLEM FORMULATION
In this study, each FD SBS is considered an SWB system
that will limit each DL UE to select at most one beam to
receive signals and this applies to UL UE as well to transmit
signals. Currently, each beam can serve at most one DL and
one UL UEs in each time slot for FD operations [7]. The
corresponding constraints can be written as

N∑
i=1

M∑
j=1

cXi,j,k(t) ≤ 1,∀X, k, t, (24)

KX∑
k=1

cXi,j,k(t) ≤ 1,∀X, i, j, t, (25)

Owing to the practical limitations in the SWB system
expressed in (24) to (25), spatial multiplexing cannot be
utilized in the considered network. The SWB system is

adopted in this study because it is one of the mainstream
techniques for multi-user systems in mm-wave bands. This
system has the advantage of low hardware complexity and
signaling overhead required to serve multiple UEs [7]. The
BA result for UEs in the SWB system is based on the
received signal strength in the LoS path to achieve effi-
cient beam switching, whereas LoS is dominant in mm-wave
bands. Thus, the SWB system is considered suitable for
mm-wave transmissions [27], [33].
Note that the system model proposed in this paper is

developed based on feasible network scenarios and assump-
tions. Specifically, to consider beam assignment problem
for mm-wave, we consider SWB system with the advan-
tage of low feedback overhead compared with conventional
codebook-based beamforming method [33]. To create fixed
beam for SWB system, the representative method, i.e., Butler
method, is adopted [28]. Moreover, feasible SI cancellation
methods are considered in this paper, including PS, AC and
DC with practical power consumption model based on cur-
rent literature [17], [19] in order to provide insight regarding
the influence of different SI cancellation schemes. This paper
considers LoS scenario because in mm-wave channels, the
LoS path is dominant and the non-line-of-sight (NLoS) paths
are weak due to high propagation loss, scattering and block-
age in mm-wave environments. Such assumption has been
regarded as a valid scenario as stated in [7], [27], [34].
However, the derived analytical results in this paper are
useful for more general cases and for further design. In par-
ticular, by adopting the extended Saleh-Valenzuela channel
with clustered ray multi-path propagation [33], the analysis
in this paper can be generalized to NLoS cases. The method-
ology discussed in this paper is a general framework that is
applicable to both LoS and NLoS environments.
The proposed optimization problem aims to maximize

long-term QoE via the BA and RC, with network stabil-
ity and average EE constraint of each SBS being satisfied.
From the abovementioned description, the problem can be
formulated as follows:

max
c,μ

lim
T→∞

1

T

T−1∑
t=0

E

{
KD∑
k=1

sDk (t)+
KU∑
m=1

sUm(t)

}
(26a)

subject to (24) − (25)

ηUEEn ≥ ηUreq, ∀n, (26b)

QDi,j(t),QUm(t) mean rate stable, ∀i, j,m, t, (26c)

cXi,j,k (t),∈ {0, 1}, ∀X, i, j, k, t, (26d)

0 ≤ UXk

(
μXk (t)

) ≤ Umax
Xk ∀X, k, t, (26e)

where c = [cD, cU]H, and μ = [μD,μU]H are symbolic nota-
tions of the design variables representing BA and RC for DL
and UL communications, respectively. (24)-(25) and (26d)
are constraints for BA. (26b) are time-average EE constraints
for UL communications. (26c) is the network stability con-
straint. (26e) is the served QoE constraint, indicating that
each UE’s QoE will be maximized according to (26a); how-
ever, it is limited by the QoE requirement Umax

Xk
. Because
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SWB is an analog beamforming-based system, the system
is specified to provide sufficient transmission power without
employing massive MIMO techniques discussed in current
literature. For example, the SWB system discussed in [33]
utilizes only 9 antennas for each remote antenna unit. Hence,
massive MIMO is not considered in this study. Moreover,
according to [35], video traffic accounts for over 75 per-
cent of mobile traffic. QoE, which is defined as the overall
acceptability of an application or service perceived subjec-
tively by the end user [36], is a metric used to evaluate
the performance of video transmission. Different from con-
ventional communications, a user may experience different
QoE even if data rates are the same due to various video
characteristics [37]. Hence, from the resource management
perspective, it is more efficient to maximize user satisfac-
tion by solving QoE-based resource allocation problem than
optimizing traditional mean rate.

III. PROPOSED BEAM ASSIGNMENT AND RATE
CONTROL ALGORITHM
Solving the optimization problem (26) is difficult owing
to the concurrent consideration of short-term con-
straints (24)−(25), (26d), (26e) and long-term con-
straints (26b), (26c). Long-term constraints result in the
coupling of optimization variables and CSI collected over
a long period, which introduces the drawbacks such as high
system dimensionality and computational complexity. For
this reason, the optimization problem (26) will be converted
into a series of online BA and RC problems that can be
implemented in real-time by leveraging with the Lyapunov
optimization technique. Here, online means the converted
problem depends only on the CSI and QSI in each time slot.
Therefore, we propose a DBR algorithm for decoupling the
converted problem into sub-problems. Note that the origi-
nal objective function in (26a) implies that the considered
problem involves CSI and QSI in the future. Converting the
original problem to on-line problem is an important step
to simplify the problem such that it depends only on the
CSI and QSI in each time slot. After the conversion, the
problem can be solved by the algorithm with feasible com-
plexity and can be derived with analytical results to provide
further technical insights, e.g., Lemma 3 and Theorems 1
to 3.

A. PROBLEM TRANSFORMATION
It should be noted that (26b) is a time-average limitation
on the EE performance of FD SBSs. This constraint can be
solved by constructing a virtual queue ZUn for the n-th FD
SBS, that evolves as the following equation [23], [32]:

ZUn(t + 1) = max

[
ZUn(t)−

KU∑
m=1

RUm,n(t), 0

]
+ ηUreqPUn .

(27)

Note that ZUn is not a real queue or data and it is created
using the proposed algorithm to resolve the problem owing
to the constraint (26b).

Lemma 1: If the virtual queue ZUn(t) represents the mean
rate stability, then the time-average EE constraint (26b) is
automatically satisfied by the n-th FD SBS.
Proof: Please see Appendix A.
Remark 1: From Lemma 1, the original optimization

problem (26) can be transformed into a problem of maximiz-
ing long-term QoE requirements of UEs subjected to queue
and virtual queue stability constraints together with (24) -
(25), (26d) and (26e). The transformed problem is formulated
as follows:

max
c,μ

(26a)

subject to (24) − (25), (26d), (26e)

QDi,j(t), QUm(t) and ZUn(t)

are mean rate stable,∀i, j,m, n, t. (28)

To apply the Lyapunov optimization technique, let G(t) =
[Q(t),ZU(t)] be a concatenated vector with Q(t) =
[QD(t),QU(t)], QD(t) = {QDi,k(t)}, QU(t) = {QUm(t)},
and ZU(t) = {ZUn(t)}. The Lyapunov function L(G(t)) and
one-slot conditional Lyapunov drift �(G(t)) are defined as
follows:

L(G(t))
�= 1

2

N∑
i=1

KD∑
k=1

Q2
Di,k(t)

+ 1

2

KU∑
m=1

Q2
Um(t)+ 1

2

N∑
n=1

Z2
Un(t), (29)

and

�(G(t))
�= E{L(G(t + 1)− L(G(t))|G(t)}. (30)

Subtracting the expectation of S(t) = ∑KD
k=1 sDk(t) +∑KU

m=1 sUm(t) at time slot t from �(G(t)), obtains the
following drift-minus-reward term:

�(G(t))− VE{S(t)|G(t)}. (31)

Note that V ≥ 0 is a flexible control parameter that can
be adjusted to achieve a tradeoff between the system delay
and QoE. In particular, a higher [‘higher’ appears to be a
suitable alternative since OoE is measurable.] QoE can be
achieved by increasing V , whereas a smaller value of V
is chosen if a strict delay is preferred. The impact of V
is discussed in Section V. Based on the criterion of the
Lyapunov method [23], [26], [32], the optimization problem
in (26) can be solved by minimizing the upper bound of the
drift-minus-reward term in each time slot t, which is given
in the following lemma.
Lemma 2: Suppose the elements of ρ(t) =

{ρ−α
Di,k
(t), ρ−α

Un,m
(t), ρ−α

Si,n
(t)} are i.i.d. over time slots.

Under any control algorithms and V ≥ 0, and all possible
G(t), the drift-minus-reward term has the following upper
bound [26], [38]:
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�(G(t))− VE{S(t)|G(t)} ≤ B+�(t)− VE{S(t)|G(t)}, (32)

where �(t) = πD(t)+ πU(t)+ πEE(t), with

πD(t) =
N∑
i=1

KD∑
k=1

QDi,k(t)E
{
ADi,k(t)− RDi,k(t)|G(t)

}
, (33)

πU(t) =
KU∑
m=1

QUm(t)E

{
AUm(t)−

N∑
n=1

RUm,n(t)|G(t)
}
, (34)

and

πEE(t) =
N∑
n=1

ZUn(t)E

{
ηUreqPUn(t)−

KU∑
m=1

RUm,n(t)|G(t)
}
. (35)

πD(t) and πU(t) can be interpreted as the amount of arrived
data ADi,k(t) and AUm(t), minus the quantity of departed data
RDi,k(t) and

∑N
n=1 RUm,n(t) weighted by the queue length

QDi,k(t) and QUm(t) for transmission between the i-th FD
SBS and k-th DL UE and m-th UL UE at time slot t, respec-
tively. Similarly, πEE(t) can be regarded as the demanded
transmission data ηUreqPUn(t) by the EE constraint ηUreq minus

the actual transmitted data
∑KU

m=1 RUm,n(t) weighted by the
virtual queue length ZUn(t) for the n-th FD SBS at time
slot t. Note that the closed-form solution for BA and RC
sub-problem in this paper are derived based on (32). Hence,
B is an important upper bound used to simplify the objec-
tive function and to obtain further analytical results, and is
a positive constant that satisfies the following inequality for
all t:

B ≥ 1

2

N∑
i=1

KD∑
k=1

E
{
R2
Di,k(t)+ A2

Di,k(t)|G(t)
}

1

2

KU∑
m=1

E

⎧⎨
⎩
(

N∑
n=1

RUm,n(t)

)2

+ A2
Um(t)|G(t)

⎫⎬
⎭

+ 1

2

N∑
n=1

E

⎧⎨
⎩
( KU∑
m=1

RUm,n(t)

)2

+
(
ηUreqPUn(t)

)2|G(t)
⎫⎬
⎭.
(36)

Proof: Please see Appendix B.
According to Lemma 2 and the Lyapunov method, the

transformed problem that minimizes the right-hand side
(RHS) of (32) at each time slot t can be written as

min
c,μ

�(t)− VE{S(t)|G(t)}
subject to (24) − (25), (26d), (26e). (37)

Remark 2: After being transformed using the Lyapunov
method, the problem (37) depends only on the CSI and QSI
in each time slot and they have already been collected by
SBSs in the networks, the expectation in (37) can be omit-
ted without influencing the solution of considered problem.
For the purposes of brevity, π ′

D(t), π
′
U(t) and π

′
EE(t) denote

πD(t), πU(t), and πEE(t), respectively, after neglecting the
expectation, e.g., π ′

D(t) can be expressed as

π ′
D(t) =

N∑
i=1

KD∑
k=1

QDi,k(t)
(
ADi,k(t)− RDi,k(t)

)
. (38)

Moreover, with weights QDi,k(t), QUm(t), and ZUn(t) in �(t),
the solution of problem (37) tends to allocate additional
resources to the UE or SBS with additional data to trans-
mit in data/virtual queue. Besides, note that it is considered
that only the average CSI is available in the networks. The
reason for this assumption is that in practical networks, the
collection of instantaneous CSI between all SBSs and UEs
is challenging due to channel variation (small scale fading)
and network sharing latency as discussed in [39]. With this
channel model, we adopt i.i.d. distribution for distance ρ(t)
to model the scenario, where UEs move with random direc-
tions and speeds. It should be noted that the slot duration
for such channel condition to remain unchanged can be up
to several seconds according to the numerical results in [40].
Moreover, in numerical results, UEs are uniformly distributed
in service area 100 m × 100 m in this paper. Combining
the above system model, the speed of a UE is approximately
100 km/h, which is considered a reasonable assumption in
some network scenarios.

B. ALGORITHM DESIGN
It can be observed that the optimization variables of (37), i.e.,
BA and RC, are convincingly coupled. These optimization
variables are decoupled to solve the problem with affordable
computational complexity. In particular, UL BA cU is solved
using cD and μ, DL BA cD is determined using cU and μ,
and then μ will be solved using c.

1) BEAM ASSIGNMENT

First, problem (37) is decomposed into a sub-problem
involving only UL BA and can be expressed as follows:

min
cU

π ′
U(t)+ π ′

EE − Vsm(t)

subject to (24) − (25) (∀X = U), (26d). (39)

Then, the following lemma is proposed to develop a closed-
form solution for (39):
Lemma 3: Considering SWB FD SCN, the performance

indicators in UL and DL communications possess the
following properties:

(a) The total transmission rate of the m-th UL UE and k-th
DL UE can be described as

N∑
n=1

RUm,n(t) =
N∑
n=1

M∑
p=1

cUn,p,m(t)RUm,n,p(t), (40)

N∑
i=1

RDi,k(t) =
N∑
i=1

M∑
j=1

cDi,j,k(t)RDi,j,k(t), (41)
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where

RUm,n,p(t) = log2

(
1 + pUm (t)ρ

−α
Un,m

(t)Dp(θUn,m(t))

ISIm,n (t)+IUm,n (t)+σ 2
Um,n

)
, and

RDi,j,k(t) = log2

(
1 + pDi,j (t)ρ

−α
Di,k

(t)Dj(θDi,k(t))

IDi,k (t)+σ 2
Di,k

)
, that can

be interpreted as the achievable transmission rate when
the m-th UL UE utilizes the p-th beam on the n-th FD
SBS and the k-th DL UE is served using the j-th beam
on the i-th FD SBS.

(b) The PSNR of the m-th UL UE can be equally expressed
as follows:

ωUm log2

⎛
⎝ N∑
n=1

M∑
p=1

cUn,p,m(t)μUm,n(t)

⎞
⎠

= ωUm

N∑
n=1

M∑
p=1

cUn,p,m(t) log2
(
μUm,n(t)

)
. (42)

Note that the result of (42) can be directly applied to
the PSNR of DL UEs.

(c) When each DL UE is served by the SBS in the FD
SCN, the transmission rate between the m-th UL UE
and n-th FD SBS has the following upper bound:

RUm,n(t) ≤ R̄
Ui,jm,n

(t), (43)

with

R̄
Ui,jm,n

(t) = log2

⎛
⎝1 + dUm,n(t)

I
SIi,jm,n

(t)+ IUm,n(t)+ σ 2
Um,n

⎞
⎠,
(44)

and

I
SIi,jm,n

(t) = pDi,j(t)ψSIj,i,n(t)/γ. (45)

R̄
Ui,jm,n

(t) can be construed as the data rate of the m-th
UL UE to n-th FD SBS under the influence of SI power
caused by the j-th beam on the i-th FD SBS.

Proof: Please see Appendix C.
Based on Lemmas 3(a) and 3(b), the closed-form solution

of the UL BA problem is provided as follows:
Theorem 1: Let m∗(t) ∈ R

1×2 represents the BA result
for the m-th UL UE at time slot t which is given as

m∗(t) = arg min
n,p

ξUm,n,p(t), (46)

with

ξUm,n,p(t) = QUm(t)�
U
m,n,p(t)+ ZUn(t)�

EE
m,n,p(t)

− V
log2

(
μUm,n(t)

)
Umax
Um

, (47)

�U
m,n,p(t) = μUm,n(t)− RUm,n,p(t), (48)

and

�EE
m,n,p(t) = ηUreqpγ (t)− RUm,n,p(t). (49)

Therefore, we have

cUn,p,m(t) =
{

1, if
[
n, p

] = m∗(t),
0, if

[
n, p

] �= m∗(t). (50)

Proof: Please see Appendix D.
Remark 3: The principle behind the proposed BA policy

for UL UEs is to allocate the beam that will contribute to
the highest transmission rate and QoE to the connected UL
UE, which is in accordance with the intuitional requirement.
This study focuses on the BA design at the physical layer
because the major challenge in mm-wave communications
is its path loss effect, hence the BA result is regarded as
the factor that dominates the performance of the network
under consideration. It is worthwhile to note that the analyt-
ical results provide important foundation to facilitate joint
BA and power allocation design for the mm-wave based
FD network. It can be observed from Lemma 3(a) that the
DL and UL transmission rate is converted into a form sim-
ilar to the UE association problem. Hence, joint BA and
power allocation design can be obtained using the framework
in [41], [42].
Similarly, the BA problem for DL UEs can be written as

follows:

min
cD

π ′
D(t)− V

KD∑
k=1

sDk(t)

−
N∑
n=1

KU∑
m=1

RUm,n(t)
(
QUm(t)+ ZUn(t)

)
(51)

subject to (24) − (25) (∀X = D), (26d).

By applying Lemma 3, the closed-form solution for
the DL BA problem is summarized in the following
theorem:
Theorem 2: Let k∗(t) ∈ R

1×2 denote the BA for the
k-th DL UE at time slot t as k∗(t) = arg min

i,j
ξDi,j,k(t),

with

ξDi,j,k(t) = QDi,k(t)�
D
i,j,k(t)− V

log2
(
μDi,k(t)

)
Umax
Dk

−
N∑
n=1

KU∑
m=1

R̄
Ui,jm,n

(t)
(
QUm(t)+ ZUn(t)

)
, (52)

and �D
i,j,k(t) = μDi,k(t)− RDi,j,k(t).

That is, the BA result for DL UEs is given by:

cDi,j,k(t) =
{

1, if
[
i, j
] = k∗(t),

0, if
[
i, j
] �= k∗(t). (53)

Proof: Please see Appendix E.
Remark 4: The solution structure of k∗(t) or (53) is in

good agreement with the intuitional understanding of FD
systems as follows: (a) Each DL UE should be allocated with
the beam that results in a high transmission rate. (b) Beams
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that induce a large SI power should not be utilized to avoid
severe performance degradation on UL communications.

2) RATE CONTROL

Given BA results c, the RC sub-problem for UL UEs can
be expressed as follows:

min
μU

KU∑
m=1

QUm(t)AUm(t)− VsUm(t)

subject to (26e). (54)

Since sUm(t) is a concave function of μUm,n(t), it can be
verified that problem (54) is a convex optimization problem.
The following equation can be obtained by considering that
the first order derivative of (54) with respect to μUm,n is
zero: μUm,n(t) = ωUmV

Umax
Um

QUm (t)
∑M

p=1 cUn,p,m (t) ln 2
. According to

Karush-Kuhn-Tucker (KKT) conditions [26], the optimal RC
decision can be expressed as

μ∗
Um,n(t) = min

{
ωUmV

Umax
Um

QUm(t)
∑M

p=1 cUn,p,m(t) ln 2
, μmax

Um

}
,

(55)

where μmax
Um

is the admission rate that corresponds to the
QoE requirement Umax

Um
. Moreover, the RC subproblems for

DL UEs can be solved in a similar manner as

μ∗
Di,k(t) = min

{
ωDkV

Umax
Dk

QDi,k(t)
∑M

j=1 cDi,j,k(t) ln 2
, μmax

Dk

}
.

(56)

In (55) and (56), cDi,j,k(t) and cUn,p,m(t) are BA indicators for
j-th beam of i-th FD SBS to k-th DL UE and for p-th beam
of n-th FD SBS to m-th UL UE, respectively. QDi,k(t) and
QUm(t) are the number of data briefly stored at queue backlog
of i-th FD SBS to k-th DL UE and m-th UL UE at time
slot t, respectively. Umax

Dk
and Umax

Uk
denote maximum QoE

requirement of k-th DL UE and UL UE respectively. ωDk
and ωUk are predefined parameters that are related to service
content requested by k-th DL UE and UL UE respectively. V
is the flexible control parameter to achieve tradeoff between
system delay and QoE.
Remark 5: μ∗

Um,n
(t) and μ∗

Di,k
(t) imply that the admission

rate is adjusted based on both the UEs’ QoE requirement
and current data queue length. In particular, when the queue
length is short, the amount of data permitted into the queue
by the DBR algorithm is larger compared to that of a rela-
tively long queue length. Furthermore, the same quantity of
admitted data results in a better QoE for UEs with a less
strict QoE requirement compared to that of a more stringent
requirement based on (22). Therefore, it can be observed that
the DBR algorithm tends to admit data to the queue of UEs
with a lower QoE requirement to maximize the total QoE of
all UEs, which is similar to the water filling principle [43].
The proposed DBR algorithm is summarized in

Algorithm 1. c0 = [cD0 , cU0 ]H and μ0 = [μD0
,μU0

]H are

Algorithm 1: Proposed DBR Algorithm
1: Initialization: �U = 0N×M , �D = 0N×M , UU = {1, . . . ,KU},

UD = {1, . . . ,KD}, c0, and μ0.
2: repeat
3: for m = 1 to KU / k = 1 to KD do
4: if m ∈ UU / k ∈ UD then
5: Update m∗(t) / k∗(t) from ξUm,n,p (t) / ξDi,j,k (t)

based on c0 and μU0
/ cD0 , �U and μD0

6: end if
7: end for
8: for m = 1 to KU / k = 1 to KD do
9: if λUm∗(t) = 0 / λDk∗(t) = 0 then
10: UU = UU \ {m} / UD = UD \ {k}

λUm∗(t) = m / λDk∗(t) = k

11: else
12: m′ = λUm∗(t) / k′ = λDk∗(t)
13: if ξUm,n,p (t) ≤ ξUm′,n,p (t) / ξDi,j,k (t) ≤ ξDi,j,k′ (t) then
14: UU = UU \ {m} ∪ {

m′} / UD = UD \ {k} ∪ {
k′
}

λUm∗(t) = m / λDk∗(t) = k

15: end if
16: end if
17: end for
18: until UU = ∅ / UD = ∅
19: for all λUm∗(t) �= 0 / λDk∗(t) �= 0 do
20: Update μUm,n (t) / μDi,k (t) based on μ∗

Um,n
(t) / μ∗

Di,k
(t)

21: end for

the symbolic representations of the parameter initialization
results. After the parameters are initialized, the UL BA result
is determined based on the closed-form solution ξUm,n,p(t)
(lines 3 ∼ 7). Next, if one beam is selected by more than
one UL UE, it is assigned to UL UE with the lowest value
of ξUm,n,p(t) or ξUm′,n,p (t). The UL BA process is complete
when each UL UE is assigned to a beam (lines 8 ∼ 18).
The UL RC result is updated based on μ∗

Um,n
(t) for the cor-

responding μm,n(t) of a non-zero element in �U (lines 19
∼ 21). Note that the element of �U at the n-th row and p-th
column is denoted by λm∗(t) when m∗(t) = [n, p]. DL BA
and DL RC will be implemented after UL BA and UL RC
are accomplished. Since the procedures of DL BA and DL
RC are similar to those in UL communications, the steps
of DL BA and RC are appended with UL BA and RC,
respectively.
Moreover, the slash symbol in the Algorithm 1 is used to

separate the BA and RC processes for UL and DL commu-
nications; for example, line 5 represents UL BA result m∗(t)
is updated from ξUm,n,p(t) based on c0 and μU0

; whereas the
DL BA result k∗(t) is updated from ξDi,j,k(t) based on cD0 ,
�U and μD0

. The complexity of the proposed Algorithm 1 is
dominated by the UE number and occurrence of beam rese-
lection when different UEs are assigned to the same beam.
In the worst case, all UEs select similar beams such that
only one UE completes the BA process after each iteration,
which causes complexity 2K2

U + KU and 2K2
D + KD for DL

and UL, respectively. Hence, the computational complexity
of Algorithm 1 can be expressed as O(K2

U +K2
D), where KU

and KD are the number of UL and DL UE in the considered
network, respectively.
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IV. PERFORMANCE ANALYSIS
In this section, essential and practical boundedness assump-
tions are given, and then the performance of the proposed
DBR algorithm is analyzed.

A. BOUNDEDNESS ASSUMPTIONS
Let �ρ(t) represent the set of all available BA and RC
options. For all BA and RC decisions {c(t),μ(t)} ∈ �ρ(t)

under a given channel condition ρ(t), the following bound-
edness properties are satisfied:

E
{
μ2
Di,k(c(t),μ(t), ρ(t))

}
≤ τ ∀i, k, (57)

E
{
μ2
Um,n(c(t),μ(t), ρ(t))

}
≤ τ ∀m, n, (58)

E
{
R2
Di,k(c(t),μ(t), ρ(t))

}
≤ τ ∀i, k, (59)

E
{
R2
Um,n(c(t),μ(t), ρ(t))

}
≤ τ ∀m, n, (60)

E
{
(ηP)

2(c(t),μ(t), ρ(t))
}

≤ τ ∀n, (61)

and

Smin ≤ E{S(c(t),μ(t), ρ(t)} ≤ Smax. (62)

τ , Smin, and Smax are finite constants and that ηP = ηUreqPUn .
These assumptions are considered feasible because all the
physical metrics (e.g., admission rate, power consumption,
and QoE) are all bounded in real systems.
Lemma 4: Suppose that (26) is feasible, i.e., there exists

at least a BA and RC solution to satisfy constraints (24) −
(25) and (26b)− (26e) along with the inequalities from the
boundedness assumptions. Then, for any δ ≥ 0, there exists
a stationary randomized algorithm and an arbitrarily small
positive number ε that satisfies

E
{
�R∗

D(t)|G(t)
} = E

{
�R∗

D(t)
} ≤ −ε, (63)

E
{
�R∗

U(t)|G(t)
} = E

{
�R∗

U(t)
} ≤ −ε, (64)

E
{
�R∗

EE(t)|G(t)
} = E

{
�R∗

EE(t)
} ≤ −δ, (65)

E
{
S∗(t)|G(t)} = E

{
S∗(t)

} = Sopt, (66)

where

�R∗
D(t) = A∗

Di,k(t)− R∗
Di,k(t), (67)

�R∗
U(t) = A∗

Um(t)−
N∑
n=1

R∗
Um,n(t), (68)

and

�R∗
EE(t) = ηUreqP

∗
Un(t)−

KU∑
m=1

R∗
Um,n(t). (69)

Note that Sopt is the theoretical optimum of (26). When
the BA and RC decisions of the considered networks are
given as c∗(t) and μ∗(t), respectively, in the networks, the
admission and transmission rates of the link between the
i-th FD SBS and k-th DL UE are denoted by A∗

Di,k
(t) and

R∗
Di,k
(t), respectively; admission rate of the m-th UL UE and

transmission rate of link between the m-th UL UE and n-th

FD SBS are expressed by A∗
Um
(t) and R∗

Um,n
(t), respectively;

the power consumption of n-th FD SBS is represented by
P∗
Un
.
Proof: The proof of this lemma is intuitive and is discussed

from pages 58 to 62 in [38].

B. PERFORMANCE ANALYSIS OF PROPOSED DBR
ALGORITHM
The performance analysis of the proposed DBR algorithm
is provided as follows:
Theorem 3: It is considered that the elements of ρ(t) are

i.i.d. over time slots, problem (26) is feasible, Q(0) ≤ ∞,
and ZU(0) ≤ ∞. For any control parameter V ≥ 0, the
proposed DBR algorithm has the following properties:

(a) Network Stability: All queues {Q(t),ZU(t)} are mean
rate stability. Hence, satisfaction of the constraint (28)
is guaranteed using Lemma 1.

(b) Optimality of QoE performance: The bound of the time-
average QoE satisfies the following inequality:

lim
T→∞

1

T

T−1∑
t=0

E{S(t)} ≥ Sopt − B

V
. (70)

(c) Average backlog of all queues: The DBR algorithm has
the time-average queue bound as

lim
T→∞

1

T

T−1∑
t=0

E

{
N∑
i=1

KD∑
k=1

QDi,k(t)

}

+ lim
T→∞

1

T

T−1∑
t=0

E

{ KU∑
m=1

QUm(t)

}

≤ B+ V
(
Smax − Sopt

)
ζ

, (71)

with ζ = min{ε, τ,Nτ }.
Proof: Please see Appendix F.
Note that inequalities in Theorem 3 (b) and (c) exhibit

a tradeoff of [O(1/V),O(V)] between the QoE and system
delay.

V. PERFORMANCE EVALUATION
The performance of the proposed DBR algorithm is evaluated
in this section. The elements of ρ(t) are i.i.d over time slots
with SBSs and UEs uniformly distributed in the service
area of 100 m × 100 m. There are KD = 4 DL UEs,
KU = 4 UL UEs, N = 6 SBSs, and the number of beams that
can be formed on each SBS was M = 8. The transmission
power of each FD SBS and UL UE was PDi(t) = 30 dBm
and pUm(t) = 20 dBm, respectively. SI cancellation amount
and power consumption were γPS = 40 dB, γAC = 20 dB,
γDC = 15 dB, pγAC = 20 mW, and pγDC = 30 mW. The
simulation results were conducted for T = 1000 time slots.
The QoE requirement of DL and UL communications was
set to Umax

Dk
= 25 and Umax

Um
= 15 unless otherwise specified.

Note that the simulation parameters in this study were mainly
discussed in [19], [26], [44].
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FIGURE 2. Average queue backlog length versus time slot.

FIGURE 3. Average virtual queue length versus time slot under different
time-average EE requirement ηU

req .

A. VALIDATION OF THE PERFORMANCE ANALYSIS
Figures 2 and 3 illustrate the stability of the data and vir-
tual queues when applying the proposed DBR algorithm by
studying the average data queue length of DL UEs, UL
UEs and virtual queue length under different time-average
EE constraints ηUreq versus time slots when V = 3800. It
can be seen that the proposed DBR algorithm can main-
tain a stable data queue and virtual queue backlog for UEs
and FD SBSs, respectively, after a long period of different
time slots. The correctness of Theorem 3(a) is therefore
verified in Figs. 2 and 3. It can be observed that more
strict time-average EE constraints cause longer virtual queue
lengths. Specifically, 27.2 and 49.2 bits are upper bound
when ηUreq = 5 and ηUreq = 10, respectively. However, when
ηUreq = 20, virtual queue stores more than 60 bits data in
many slots. This tendency results from the fact that higher
values of ηUreq introduce a larger amount of newly arrived data
according to (27). Moreover, the fluctuation of queue length
at different time slots implies the influence of dynamic varia-
tion of the wireless channel. In particular, the queue length of
UL UEs in lower subplot of Fig. 2 when t = 100 and t = 180
can be interpreted as the result of relatively good and poor
channel quality, respectively. The reason for the fluctuation
of queue length at different time slots is that when channel
condition is poor such that the rate of departure is smaller

FIGURE 4. QoE sDk and sUm versus V under different UEs’ QoE requirement Umax
Dk

and Umax
Um

.

than the rate of entering into a queue for packets in the
network, the amount of data in the queue backlog increases
according to (15) and (16), and vice versa. Moreover, since
variables in (15) and (16) (i.e., RDi,k(t), RUm,n(t), ADi,k(t)
and AUm(t). Note that RDi,k(t) and RUm,n(t) depends on BA
results and channel condition, while ADi,k(t), and AUm(t) are
determined by rate control results.) are not constants and
depend on (i) BA results; (ii) channel condition; and (iii)
rate control results, different values of (i)-(iii) lead to differ-
ent inputs for (15) and (16). Hence, the amount of data in
queue backlog will not be a constant and usually fluctuate
within a certain range over time slots. As dynamic varia-
tion of channel condition over time slots is considered in
this paper, channel condition fluctuates between relatively
poor and good quality (which is reflected by different queue
lengths over time slots), there exists certain time slots that
have worse channel conditions than the others.
Figure 4 depicts the QoE performance of the proposed

DBR algorithm by studying sDk and sUm versus V when the
UEs’ QoE requirements (Umax

Dk
,Umax

Um
) are chosen as (16, 12),

(20, 16) and (25, 20). It can be observed that the QoE is
improved as V increased. In addition, although the QoE
with a stringent UEs’ QoE requirement is lower than that
tolerable UEs’ under a fixed value of V (e.g., sUm is lower at
Umax
Um

= 20 compared with Umax
Um

= 16 and 12), the proposed
DBR algorithm satisfies the UEs’ QoE requirement when the
control parameter V is sufficiently large. In addition, Fig. 4
validates Theorem 3(b).

Figure 5 investigates the impact of the control parameter
V on system delay by studying queue length versus V . Since
the system delay is proportional to the amount of data in
queue backlog, it can be seen that the system delay increases
with as V . Validation of Theorem 3(c) is also attained in
Fig. 5 considering the fact that a larger value of V yields
the growth of the queue’s length. Moreover, flexibility of the
control parameter V can be observed by combining results of
Figs. 4 and 5, i.e., increasing V achieves improved QoE at
the price of a higher system delay, whereas a lower system
delay can be obtained using the degradation of QoE by
decreasing V .
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FIGURE 5. Average queue backlog length versus V .

FIGURE 6. Average queue backlog length versus UE number KD and KU under
different UEs’ QoE requirement of Umax

Dk
and Umax

Um
.

FIGURE 7. V versus UE number KD and KU under different UEs’ QoE requirement of
Umax

Dk
and Umax

Um
.

B. IMPACT OF IUI AND PERFORMANCE COMPARISON
The impact of IUI on system delay is studied in Fig. 6 by
investigating the average queue backlog length versus the
number of DL and UL UE under different Umax

Dk
and Umax

Um
for the DBR method when the UEs’ QoE requirement is
satisfied. Two baseline methods are also implemented in
the performance simulation comparison. Baseline 1 is the
dynamic throughput optimal (DTO) method, that neglects

the existence of the queue backlog and selects the beams
that only maximize the sum of the DL and UL transmission
rates in a wireless channel. Note that the DTO method can be
regarded as an advanced version of the method in [7], where
its BA algorithm is designed based on only signal strength
excluding the influence of any interference. Baseline 2 is the
ES method, that determines the BA and RC policies after
comparing all possible results, and can be considered as
achievable theoretical limits. However, a significantly high
computational complexity is required to implement the ES
method compared to other schemes. Since the increased UE
number suggests the enlargement of IUI power, resulting in a
degraded transmission rate of the wireless channel, the aver-
age queue backlog length becomes longer when the number
of UE is increased.
Moreover, a larger Umax

Dk
and Umax

Um
will result in longer

queue backlog length owing to the fact that the central sched-
uler has additional data to be admitted into the queue to
satisfy UEs’ QoE requirement. A small gap between the
DBR and ES methods can be observed for small number of
UE; whereas the gap is noticeable when the UE number is
higher than 8. In this case, as the power of IUI is stronger
and the systems operate in the interference-limited region,
the gap between the DBR and ES schemes becomes larger
owing to the inaccurate estimation of IUI when implement-
ing the proposed DBR scheme. Furthermore, the existence
of a queue backlog is not taken into account in the DTO
scheme, which implies that DTO method fails to provide
resources for the UE that has additional data to transmit in
the queue backlog. It can be seen that additional data accu-
mulated in the queue backlog when the DTO method was
used, compared to our proposed DBR algorithm. The impor-
tance of considering the finite queue backlog is because the
DBR method can maintain a shorter queue backlog length
than the DTO scheme.
The influence of IUI on QoE is shown in Fig. 7 by com-

paring the required value of V to satisfy the UEs’ QoE
requirement versus UE number under different Umax

Dk
and

Umax
Um

. Note that a higher value of V implies that a lower
QoE with fixed V is obtained. In particular, QoE is equal
to 1 for the DBR and ES methods when V = 6000 with
the UE number KD = KU = 2 and Umax

Dk
= Umax

Um
= 20;

whereas QoE of the DTO scheme is lower than 1 because
the required value of V to satisfy UEs’ QoE requirement is
approximately 7000. It can be observed that a larger value of
V is required to satisfy UEs’ QoE requirement as Umax

Dk
and

Umax
Um

become more stringent, which is in accordance with
Theorem 3-(b). In addition, it can be observed that the QoE
is decreased by a stronger IUI power with a fixed V since
the required value of V becomes larger as the number of
UE increases. This result is caused by the large IUI power
that induces a transmission rate degradation in the wireless
channel and this results in a longer queue backlog length
that satisfies the UEs’ QoE requirement by increasing the
value of V based on the RC policy μ∗

Um,n
(t) and μ∗

Di,k
(t). The

reason for the performance gap between the DBR and ES
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FIGURE 8. QoE versus V under different ωDk and ωUm .

FIGURE 9. Average UL transmission rate and EE versus PS cancellation amount
under different SI cancellation schemes.

algorithms is because of the inaccurate information of IUI
power, which similar to that shown in Fig. 6. Furthermore,
QoE in the DTO method experiences queue backlog neg-
ligence; therefore, it requires a large value of V to satisfy
the UEs’ QoE requirement, in contrast to the proposed DBR
scheme.

C. IMPACT OF THE REQUESTED CONTENT TYPE AND SI
CANCELLATION SCHEMES
Figure 8 investigates the impact of the requested content type
by studying QoE sDk and sUm versus V under different ωDk
and ωUm conditions. As shown by the metric function (22),
low ωDk and ωUm values result in a lower QoE with the
same V . Note that the content type of low ωDk and ωUm
values correspond to a high-definition video; whereas the
content type of higher values correspond to a requirement
of lesser details such as a document file. Hence, low ωDk
and ωUm values require additional admitted data to achieve a
QoE similar to that obtained using higher values. Moreover,
different values of V are needed to satisfy the UEs’ QoE
requirement under different ωDk and ωUm conditions. This
implies that the UEs’ requirement for different types of QoE
services should not be neglected.

Figure 9 shows the influence of different SI cancellation
schemes on system metrics by comparing the average UL
transmission rates and average EE versus PS cancellation
amounts. Higher UL transmission rates result in a lower
system delay because the UL transmission rate indicates the
amount of data packet leaving the queue backlog at each time
slot. It is observed that by activating all the SI cancellation
schemes, the highest UL transmission rate can be achieved.
The UL transmission rates of PS+AC+DC are higher than
those of PS+AC and PS until the PS cancellation amount
exceeds 45 dB and 65 dB, respectively. However, since the
DC scheme consumes more power than the AC and PS
schemes, the average EE of PS+AC+DC are lower than
those of PS+AC and PS schemes when the PS cancellation
amount is higher than 40 dB and 55 dB, respectively. The
results of Fig. 9 indicates that the appropriate SI cancellation
scheme for FD SCN with finite queue backlog is subject to
the selection of performance metrics (i.e., systems delay or
EE) and PS capability.

VI. CONCLUSION
This study addressed the resource management problem for
mm-wave based SWB FD SCN considering each of the
UEs’ QoE requirements and time-varying wireless chan-
nel. The formulated optimization problem aims to maximize
the long-term QoE via BA and RC under co-existence of
short-term and long-term constraints. The problem was con-
verted into a series of BA and RC problems, with the
need to collect CSI over time slots excluded, by lever-
aging with the Lyapunov optimization method. To cope
with the highly coupled optimization variables with prac-
tical complexity under time-varying channel conditions, we
first derived novel closed-form solutions for the BA and RC
by exploiting beam constraints in the SWB systems. The
DBR method with only polynomial complexity was then
proposed based on the derived closed-form solutions. The
numerical results illustrate that the proposed DBR algorithm
strikes a balance between performance and complexity by
outperforming the benchmark scheme and achieving nearly
optimal performance in terms of system delay and QoE.

APPENDIX A
PROOF OF LEMMA 1
From (27), the following inequality can be obtained:

ZUn(t + 1) ≥ ZUn(t)−
KU∑
m=1

RUm,n(t)+ ηUreqPUn . (72)

By taking the iterated expectation and implementing tele-
scoping sums over t ∈ {0, 1, . . . ,T − 1}, it can be obtained
that

E
{
ZUn(T)

} ≥
T−1∑
t=0

E

{ KU∑
m=1

RUm,n(t)

}

− ηUreq

T−1∑
t=0

E
{
PUn(t)

}
. (73)
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Dividing it by T and taking T → ∞ will yield

lim
T→∞

E
{
ZUn(T)

}
T

≥ lim
T→∞

∑T−1
t=0 E

{∑KU
m=1 RUm,n(t)

}
T

− lim
T→∞

∑T−1
t=0 E

{∑KU
m=1 RUm,n(t)

}
T

. (74)

From Jensen’s inequality, we have 0 ≤ |E{ZUn(T)}| ≤
E{|ZUn(T)|}. Thus, if ZUn(T) is the mean rate stabil-
ity, i.e., limT→∞(E{|ZUn(T)|}/T) = 0, we have limT→∞
E{ZUn (T)}

T = 0. By substituting limT→∞ E{ZUn (T)}
T = 0

into (74), we obtain

limT→∞ 1
T

∑T−1
t=0 E

{∑KU
m=1 RUm,n(t)

}
limT→∞ 1

T

∑T−1
t=0 E

{
PUn(t)

} ≥ ηUreq, (75)

which proves Lemma 1. �

APPENDIX B
PROOF OF LEMMA 2
We will prove Lemma 2 using the following Lemma [38]:
Lemma 5: For any non-negative real numbers, Q, b,

and A, the following inequality holds: [max(Q−b, 0)+A]2 ≤
Q2 + b2 + A2 + 2Q(A − b). According to the definition of
�(G(t)), we have

�(G(t))
�= E{L(G(t + 1)− L(G(t))|G(t)}

= 1

2

N∑
i=1

KD∑
k=1

E
{
Q2
Di,k(t + 1)− Q2

Di,k(t)|G(t)
}

+ 1

2

KU∑
m=1

E
{
Q2
Um(t + 1)− Q2

Um(t)|G(t)
}

+ 1

2

N∑
n=1

E
{
Z2
Un(t + 1)− Z2

Un(t)|G(t)
}
. (76)

Using Lemma 5, we obtain

�(G(t)) = 1

2

N∑
i=1

KD∑
k=1

E
{
R2
Di,k(t)+ A2

Di,k(t)|G(t)
}

+ 1

2

KU∑
m=1

E

⎧⎨
⎩
(

N∑
n=1

RUm,n(t)

)2

+ A2
Um(t)|G(t)

⎫⎬
⎭

+ 1

2

N∑
n=1

E

⎧⎨
⎩
( KU∑
m=1

RUm,n(t)

)2

+
(
ηUreqPUn(t)

)2|G(t)
⎫⎬
⎭

+�(t) ≤ B+�(t). (77)

Equation (32) is proven after subtracting VE{S(t)|G(t)} from
the RHS of (76). Therefore, we have proven Lemma 2. �

APPENDIX C
PROOF OF LEMMA 3
(a) Based on the beam constraints in the considered SWB

FD systems, the proof of Lemma 3 will be accomplished
by discussing the scenarios where the constraint (24)

(when X = U) is equal to either 0 or 1. When (24)
(when X = U) is equal to 0, it can be observed that

N∑
n=1

RUm,n(t) =
N∑
n=1

M∑
p=1

cUn,p,m(t)RUm,n,p(t) = 0. (78)

When (24) (when X = U) is equal to 1, without loss of
generality, assuming that the m-th UL UE is assigned
p′-th beam on n′-th FD SBS, it can be observed that

N∑
n=1

RUm,n(t) =
N∑
n=1

M∑
p=1

cUn,p,m(t)RUm,n,p(t)

= log2

(
1 +

pUm(t)ρ
−α
Un′,m(t)Dp

′
(
θUn′,m(t)

)
ISIm,n′ (t)+ IUm,n′ (t)+ σ 2

Um,n′

)
, (79)

Note that the equivalent expressions for the transmis-
sion rate and PSNR of k-th DL UE in Lemma 3(a)
and Lemma 3(b) can be proved by following similar
derivation steps.

(c) The validity of this Lemma directly follows that
I
SIi,jm,n

(t) ≤ ISIm,n(t). �

APPENDIX D
PROOF OF THEOREM 1
Based on Lemmas 3(a) and 3(b), the objective function (39)
can be rewritten as follows:

KU∑
m=1

N∑
n=1

M∑
p=1

cUn,p,m(t)
(
QUm(t)�

U
m,n,p(t)

+ ZUn(t)�
EE
m,n,p(t)

)

−
KU∑
m=1

N∑
n=1

M∑
p=1

cUn,p,m(t)

(
V

log2
(
μUm,n(t)

)
UUmax
m

)

=
KU∑
m=1

N∑
n=1

M∑
p=1

cUn,p,m(t)ξUm,n,p(t). (80)

The BA policy m∗(t) = arg min
n,p

ξUm,n,p(t) or (50) follows

that (80) can be minimized if the beam assigned to each UL
UE leads to a minimum value of ξUm,n,p(t). �

APPENDIX E
PROOF OF THEOREM 2
By applying Lemma 3(a) to Lemma 3(c), the objective
function for DL BA in (51) can be rewritten as follows:

π ′
D(t)− V

KD∑
k=1

sDk (t)−�U(t)

≤
KD∑
k=1

N∑
i=1

M∑
j=1

cDi,j,k (t)

(
QDi,k (t)�

D
i,j,k(t)− V

log2
(
μDi,k (t)

)
Umax
Dk

)

VOLUME 4, 2023 321



FANG AND FENG: QoE-MAXIMIZED BA AND RC FOR DYNAMIC mm-Wave-BASED FULL-DUPLEX SCNs

−
KD∑
k=1

N∑
i=1

M∑
j=1

cDi,j,k (t)�̄U(t)

=
KD∑
k=1

N∑
i=1

M∑
j=1

cDi,j,k (t)ξDi,j,k (t), (81)

with

�U(t) =
N∑
n=1

KU∑
m=1

RUm,n(t)
(
QUm(t)+ ZUn(t)

)
, (82)

and

�̄U(t) =
N∑
n=1

KU∑
m=1

R̄
Ui,jm,n

(t)
(
QUm(t)+ ZUn(t)

)
. (83)

Similar to the proof of Theorem 1 in Appendix D, k∗(t) =
arg min

i,j
ξDi,j,k(t) and (53) hold. �

APPENDIX F
PROOF OF THEOREM 3
Owing to space limitations, the discussion mainly focuses
on BA results as follows:

M∑
j=1

cDi,j,k(t) =
N∑
n=1

M∑
p=1

cUn,p,m(t) = 1, ∀i, k,m, (84)

and
M∑
j=1

cDi,j,k(t) =
N∑
n=1

M∑
p=1

cUn,p,m(t) = 0, ∀i, k,m. (85)

Similar results can be obtained via a similar derivation pro-
cess for other BA outcomes. Because the proposed DBR
scheme minimizes the RHS of (32) over the constraints
(24) − (25), (26d), and (26e), we have

�(G(t))− VE{S(t)} ≤ B+
N∑
i=1

KD∑
k=1

QDi,k(t)E
{
�R∗

D(t)
}

+
KU∑
m=1

QUm(t)E
{
�R∗

U(t)
}

+
N∑
n=1

ZUn(t)E
{
�R∗

EE(t)
}− E

{
S∗(t)

}
. (86)

When (84) holds, the following inequality can be obtained
by applying Lemma 4 to (86) and taking δ → 0 as

�(G(t))− VE{S(t)} ≤ B− VE
{
Sopt(t)

}
− ε

(
N∑
i=1

KD∑
k=1

QDi,k(t)+
KU∑
m=1

QUm(t)

)
. (87)

Using the iterated expectation and telescoping sums [38]
over t ∈ {0, 1, . . . ,T − 1} in the given inequality, we obtain

χ(T) ≤ T
(
B− VSopt

)
− ε

T−1∑
t=0

(
E

{
N∑
i=1

KD∑
k=1

QDi,k (t)

}
+ E

{ KU∑
m=1

QUm (t)

})
, (88)

with

χ(T) = E{L(G(T)} − E{L(G(0)} −
T−1∑
t=0

VE{S(t)|G(t)}. (89)

Similarly, the following inequality can be achieved by taking
δ → 0 when (85) holds:

�(G(t))− VE{S(t)} ≤ B

−
N∑
i=1

KD∑
k=1

QDi,k(t)E
{
R∗
Di,k(t)

}

−
KU∑
m=1

QUm(t)E

{
N∑
n=1

R∗
Um,n(t)

}
− VE

{
S∗(t)

}

+
N∑
n=1

ZUn(t)E

{
ηUreqpc,sta −

KU∑
m=1

R∗
Um,n(t)

}
. (90)

Using the iterated expectation and telescoping sums over
t ∈ {0, 1, . . . ,T−1} in the given inequality and boundedness
assumptions, we obtain the following:

χ(T) ≤ T
(
B− VSopt

)− τ

T−1∑
t=0

E

{
N∑
i=1

KD∑
k=1

QDi,k(t)

}

− τ

T−1∑
t=0

(
NE

{ KU∑
m=1

QUm(t)

}
+ KUE

{
N∑
n=1

ZUn(t)

})
.

(91)

(a) For the BA result in (84), rearranging (88) and using
the boundedness assumption of QoE S(t) as well as
considering that QDi,k(t), QUm(t), and ZUn(t) are non-
negative, we have ∀1 ≤ n ≤ N

E
{
Z2
Un(T)

}
≤ 2TB+ 2VT

(
Smax − Sopt

)+ 2E{L(G(0)}. (92)
Because the variance of ZUn(t) is non-negative and
can be denoted by E{Z2

Un
(t)} − E2{|ZUn(t)|}, we have

E{Z2
Un
(t)} ≥ E2{|ZUn(t)|}. Thus, for all slots of t, we

can acquire the following inequality

E
{|ZUn(T)|} ≤ (

2TB+ 2VT
(
Smax − Sopt

)) 1
2

+ 2(E{L(G(0)}) 1
2 . (93)

Dividing it by T and using a limit of T → ∞, we can
prove that limT→∞ E{|ZUn (T)|}

T = 0.
For the BA result in (85), (92) can be obtained by rear-
ranging the terms in (91) and considering that QDi,k(t),
QUm(t), ZUn(t), and τ have positive values. Hence,
queue ZUn(T) is the mean rate stability from defini-
tion (17), and thus constraint (26b) is satisfied based
on Lemma 1. This is also applicable to QDi,k(t) and
QUm(t).

(b) Combining (88) and (91), we obtain

χ(T) ≤ T
(
B− VSopt

)− ζD

T−1∑
t=0

E

{
N∑
i=1

KD∑
k=1

QDi,k(t)

}
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−
T−1∑
t=0

(
ζUE

{ KU∑
m=1

QUm(t)

}
+ ζZE

{
N∑
n=1

ZUn(t)

})
.

(94)

Note that ζD = ζU = ε, and ζZ = 0 for the BA results
in (84) using the boundedness assumptions, whereas
ζD = τ , ζU = Nτ and ζZ = KUτ for the BA result
in (85) using Lemma 4. The following inequality can
be obtained after dividing (94) by T , V and considering
that QDi,k(t), QUm(t), ZUn(t), and E{L(G(T)} have non-
negative values as

1

T

T−1∑
t=0

VE{S(t)} ≥ Sopt − B

V
− E{L(G(0)}

TV
. (95)

The optimality of QoE for (b) can be proved by taking
a limit on the inequality as T → ∞.

(c) Rearranging the terms in (94) and considering that
ZUn(t), E{L(G(T)} ≥ 0, gives

T−1∑
t=0

(
ζDE

{
N∑
i=1

KD∑
k=1

QDi,k(t)

}
+ ζUE

{ KU∑
m=1

QUm(t)

})

≤ E{L(G(0)} +
T−1∑
t=0

VE{S(t)} + T
(
B− VSopt

)
. (96)

The result of (71) can be achieved by dividing (96)
with the smallest value of ζD or ζU. Without loss of
generality, we assume that ζD ≤ ζU. After dividing (96)
by TζD, and taking T → ∞, we obtain

lim
T→∞

1

T

T−1∑
t=0

E

{
N∑
i=1

KD∑
k=1

QDi,k(t)

}

+ lim
T→∞

1

T

ζU

ζD

T−1∑
t=0

E

{ KU∑
m=1

QUm(t)

}

≤ B+ V
(
Smax − Sopt

)
ζD

. (97)

The proof of (c) is completed considering that ζU
ζD

≥ 1.
Note that ζ in (71) represents the minimum value of
ζD or ζU. �
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