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Abstract—This paper proposes a new balanced resource
scheduling (BRS) scheme with adaptive priority thresholds for
orthogonal frequency-division multiple-access (OFDMA) down-
link systems. The BRS scheme achieves an excellent balance
between quality-of-service (QoS) requirement guarantee and
system throughput enhancement, whereas conventional schemes
cannot explicitly and accurately control this tradeoff. Based on
the adaptive priority threshold of each user, the BRS scheme first
performs a priority-based resource allocation (RA) algorithm for
users whose priority value is larger than its priority threshold
to fulfill the QoS requirement. The BRS scheme then performs
a channel-state-information (CSI)-based RA algorithm for the
remaining users to enhance system throughput. To achieve balance
between QoS guarantee and throughput enhancement, a fuzzy
inference priority threshold generator adaptively and intelligently
adjusts the priority threshold of each user. Simulation results show
that the proposed BRS scheme with adaptive priority threshold en-
hances the system throughput by 16%, 8.5%, 8.2%, and 46.8% at
traffic load of 0.93, compared with conventional adaptive radio RA
(RRA), utility-based RRA, utility-based throughput maximization
and complexity reduction scheduling, and fairness and QoS guar-
antee scheduling with fuzzy controls schemes, respectively, under
a QoS requirement guarantee. This approach also outperforms
the BRS scheme with fixed priority thresholds in both throughput
enhancement and QoS guarantee.

Index Terms—Fuzzy inference system, orthogonal frequency-
division multiple-access (OFDMA) downlink system, quality of
service (QoS), radio resource allocation (RRA), resource schedul-
ing scheme.

I. INTRODUCTION

O RTHOGONAL frequency-division multiplexing (OFDM)
has been adopted by recent wireless communication

systems as their air interface [1], [2]. In multiuser OFDM
[known as orthogonal frequency-division multiple-access
(OFDMA)] systems, every user may have a different channel
condition on the same subchannel, creating multiuser diversity.
Therefore, a resource scheduling scheme must determine which
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user should have access to each subchannel to fully utilize the
multiuser diversity and maximize the spectrum efficiency.

Researchers have proposed many resource scheduling
schemes designed for multiuser OFDM systems. Wong et al. [3]
proposed an optimal power allocation algorithm for OFDM
systems with a minimum rate constraint. Jang and Lee [4]
showed that the throughput of an OFDM system can be
maximized if every subcarrier is allocated to the user with
the best channel gain. However, the computation complexity
of these resource scheduling algorithms to find the optimal
solution, such as maximizing sum rate or minimizing total
transmission power, is tremendous. This complexity makes
the algorithms impossible to be implemented in real time and
renders them infeasible. Accordingly, low-complexity resource
scheduling algorithms that find suboptimal solutions are in-
vestigated. Kulkarni et al. [5] studied a centralized power and
bit loading algorithm for point-to-point OFDM networks and
further proposed a distributed resource scheduling algorithm for
wireless ad hoc networks. Kim et al. [6] proposed a heuristic
algorithm that minimizes the user’s received OFDM symbols
to minimize the power consumption of the mobile station. The
performance of the heuristic algorithm is near optimal. Mao
and Wang [7] proposed a branch-and-bound (BnB)-based radio
resource allocation (RRA) scheme for OFDMA systems and
further designed a low-complexity BnB-based RRA scheme
by preassignment and reassignment to obtain a suboptimal
solution. Lee and Chong [8] studied an equal power allocation
(EPA) scheme to reduce the complexity of resource scheduling
in frequency-selective fading channels for OFDMA downlink
systems. The authors showed that the EPA scheme attains
near optimal performance when considering system throughput
maximization.

To further reduce computational complexity, a kind of
two-step resource allocation (RA) scheme was proposed.
Peng et al. [9] studied a mixed tabu–greedy algorithm for
broadcasting systems. In the first step, the algorithm applies
a tabu search approach to search a feasible transmission time
slot for each station. In the second step, a greedy method is
used to maximize the throughput. Yang et al. [10] proposed
a hybrid scheduling scheme for single carrier systems. This
scheme combines a conventional multiuser selection scheme
and a proportional fair scheduling scheme to provide flexible
tradeoff between system capacity and fairness. Suh and Mo [11]
investigated a two-step RA algorithm for multicast systems.
The algorithm separates RA into subcarrier allocation and bit
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loading to reduce the high computation complexity. However,
these RA schemes do not consider quality-of-service (QoS)
requirement guarantee. Che et al. [12] proposed a two-step
power and channel allocation scheme for cognitive networks,
which considered minimum rate constraints and fairness. Dai
et al. [13] investigated a power allocation scheme for code-
division multiple-access (CDMA) systems with minimum rate
constraints. By splitting the max–min problem into two succes-
sive steps, the computational complexity of the power alloca-
tion was significantly reduced.

To support multimedia service, optimal RRA problems with
QoS requirement constraints were studied. Zhang and Leung
[14] proposed a resource scheduling scheme designed for
nonreal-time (NRT) services to maintain predefined target rates.
The proposed algorithm provides statistically proportional rates
for NRT users and improves system throughput. With the delay
constraint for real-time (RT) service, Wang and Chen [15]
investigated an optimal resource partition algorithm that divides
time slots and subchannels into two portions: one for random
access and the other for connection-oriented access. Using a
mixed-integer nonlinear programming technique, the proposed
algorithm can determine the optimal amount of reserved time
slots and subchannels for random access and maximize the
overall efficiency of radio resource.

Given the increasing demands for multimedia mobile Inter-
net services, researchers have also investigated RRA schemes
that support differentiated QoS requirements for various service
types, such as packet delay, packet dropping rate, and average
transmission rate. An adaptive RRA (ARRA) scheme designed
for RT, NRT, and best-effort (BE) mixed services was proposed
in [16]. The ARRA scheme maximizes the system through-
put under QoS requirement constraints with low computation
complexity. The ARRA scheme performs much better than the
multiuser maximum sum rate scheme in [17] and the truncated
generalized processor sharing scheme in [18] on both system
throughput and QoS guarantees. Wang and Dittmann [19]
studied a two-level hierarchical RA scheme consisting of an
aggregate resource allocator and multiple class schedulers for
differentiated service classes. The aggregate resource allocator
adjusts the amount of reserved resources for each service class,
whereas each class scheduler allocates the reserved resources
to users based on users’ priority. Katoozian et al. [20] proposed
a utility-based RRA (URRA) scheme for RT and BE services.
The utility function of the URRA scheme takes packet delay
and link quality into account to improve the QoS guarantee and
system throughput. A utility-based throughput maximization
and complexity reduction scheduling (U-TMCR) scheme for
OFDMA downlink systems was also proposed in [21]. The
U-TMCR scheme employs a heuristic allocation algorithm
to reduce complexity and maximizes overall utility. This ap-
proach achieves high system throughput and low computational
complexity.

These conventional RRA schemes previously mentioned are
considered to balance the tradeoff between QoS requirement
guarantee and system throughput enhancement. However, they
mixed the two functions for QoS guarantee and throughput
enhancement together; the way to balance this tradeoff is not
explicitly expressed, and the tradeoff cannot be well controlled.

How to design a scheduling scheme that can explicitly handle
the balance and then achieve an excellent balance would be
an essential issue. Note that achieving excellent balance helps
maximize the system throughput under the QoS requirement
fulfillment.

This paper proposes a new balanced resource scheduling
(BRS) scheme with adaptive priority threshold to strike an
excellent balance between QoS guarantee and system through-
put for downlink transmission in OFDMA systems. The BRS
scheme with adaptive priority thresholds is a two-stage re-
source scheduling scheme. It first performs a priority-based RA
algorithm for users whose priority value is larger than their
corresponding priority threshold to guarantee QoS requirement
in the first stage. In the second stage, it performs a channel
state information (CSI)-based RA algorithm for the remaining
users to enhance system throughput. The BRS scheme also
determines a priority threshold for each user to decide by which
algorithm the user will be served. If a user’s priority value
is larger than its priority threshold, the user will be served
by the priority-based RA algorithm in the first stage and by
the CSI-based RA algorithm in the second stage otherwise.
Moreover, a fuzzy inference system intelligently determines
the priority threshold. A fuzzy inference priority threshold
generator (FIPG) adaptively adjusts the priority threshold of
each user by considering the QoS fulfillment with respect to
QoS requirements and the channel status with respect to system
throughput. Simulation results show that the BRS scheme with
adaptive priority thresholds can enhance system throughput
and guarantee QoS requirements. The BRS scheme achieves
system throughput higher than the ARRA [16], URRA [20],
U-TMCR [21], and fairness and QoS guarantee scheduling with
fuzzy controls (FQFC) [27] schemes by 16%, 8.5%, 8.2%, and
46.8% at traffic load of 0.93, respectively, while still fulfilling
the QoS requirements. The BRS scheme with adaptive priority
thresholds adjusted by the FIPG also outperforms the BRS
scheme with fixed priority thresholds in both QoS guarantee
and throughput enhancement.

This paper is organized as follows. Section II describes
the system model. Section III introduces the proposed BRS
scheme. Section IV describes the FIPG. Sections V and VI
present the simulation results and conclusions, respectively.

II. SYSTEM MODEL

A. System Configuration

Fig. 1 depicts an OFDMA downlink system containing a
two-tier 19-cell environment. Here, a frequency reuse pattern 3
is assumed so that the adjacent cells work on different fre-
quency bands to mitigate intercell interference. In an OFDM
frame, the frequency band and the time axis are divided into
N subchannels (ns subcarrier per subchannel) and L OFDM
symbols, respectively. There are K active mobile users uni-
formly distributed in a cell. Base stations (BSs) and users are
equipped with a single antenna. The system adopts an EPA
[8] and supports adaptive modulation orders of M quadratic-
amplitude modulation (QAM), where M ∈ {4, 16, 64}. The
BRS scheme is performed frame by frame at the BS, and a basic
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Fig. 1. Multicell environment for OFDMA downlink system.

resource block (RB) contains one subchannel and one OFDM
symbol.

B. Multimedia Service Traffic

The OFDMA system can carry various classes of multimedia
service traffic: 1) RT service; 2) NRT service; and 3) BE
service. Voice and video traffic are both RT services, whereas
hypertext transport protocol (HTTP) and file transfer protocol
(FTP) traffic are NRT and BE services, respectively. This paper
assumes that each active user has only one downlink service
traffic. The maximum required bit error rate (BER) of user
k, denoted by BER∗

k, is based on the traffic type belonging
to user k as well. The QoS requirements for user k with RT
service are the maximum delay tolerance, which is denoted by
D∗

k, and the maximum allowable packet dropping rate, which
is denoted by V ∗

k . A packet of RT users will be dropped if
its delay exceeds the specified maximum delay tolerance. For
user k with NRT service, the QoS requirement is the minimum
required transmission rate denoted by R∗

k. There is no specified
QoS requirement for BE users.

C. CSI

This paper assumes that the coherent time of wireless chan-
nel is larger than the frame duration, and that the channel is
fixed in a frame duration. Because the EPA for all subchan-
nels is adopted, the transmission power on each subchannel
is Pmax/N , where Pmax is the maximum transmission power
constraint of the BS. Assume that BS 0 is the anchor BS of
user k, and denote I

(n)
k as the interference power to user k on

subchannel n from the other 18 cells in the first and second
tiers. The value of I

(n)
k can be obtained by

I
(n)
k =

18∑
i=1

∑
j∈Ki

H
(n)
i,k

√
p
(n)
i,j s

(n)
i,j (1)

where H
(n)
i,k , p

(n)
i,k , and s

(n)
i,k denote the frequency-domain chan-

nel gain, the pilot power, and the pilot data symbol from BS i to

user k on subchannel n, respectively. The term Ki denotes the
set of users residing in cell i (BS i). The H

(n)
i,k is given by

H
(n)
i,k = 10{(ηi,k+ρi,k)/10}

Lt∑
l=1

hk,i,le
−j2πfnτl (2)

where ηi,k is the path loss from BS i to user k, Lt is the
number of taps of multipath channel, ρi,k is the shadowing
effect between BS i and user k, which is lognormal distributed
with standard deviation σρ, hi,k,l denotes the Rayleigh-faded
attenuation of the lth tap between BS i and user k in time
domain, fn is the frequency of subchannel n, and τl is the
delay spread of the lth tap. The received signal of user k on
subchannel n at the current frame, which is denoted by y

(n)
k , is

given by

y
(n)
k = H

(n)
0,k

√
p
(n)
0,ks

(n)
0,k + Z

(n)
k + I

(n)
k (3)

where Z
(n)
k is the thermal noise, which is assumed to be com-

plex Guassian with zero mean and variance σ2. Therefore, the
signal-to-interference-plus-noise ratio (SINR) on subchannel n

received at user k, denoted by SINR(n)
k , can be obtained by

SINR(n)
k =

p
(n)
0,k |H

(n)
0,k |2

σ2 + |I(n)
k |2

. (4)

The minimum required SINR by applying M -QAM modulation
order while satisfying BER∗

k, which is denoted by SINR∗
k(M),

is given by [22]

SINR∗
k(M) =

ln(5BER∗
k)(M − 1)

−1.5
, M ∈ {4, 16, 64}.

(5)

In this OFDMA downlink system, SINR(n)
k is regarded as

the CSI of user k on subchannel n and will be quantized
and reported by user k to the anchor BS via uplink channel
every frame. Denote γ

(n)
k as the quantized CSI of subchannel n

reported by user k for the current frame. The term γ
(n)
k then is

defined as

γ
(n)
k =




1, if SINR∗
k(4) ≤ SINR(n)

k < SINR∗
k(16)

2, if SINR∗
k(16) ≤ SINR(n)

k < SINR∗
k(64)

3, if SINR∗
k(64) ≤ SINR(n)

k

0, otherwise

(6)

where γ
(n)
k = 0, 1, 2, and 3 indicate that the maximum support-

able modulation orders are no transmission, quadrature phase-
shift keying (QPSK), 16-QAM, and 64-QAM, respectively, on
subchannel n of user k.

III. BALANCED RESOURCE SCHUDULING SCHEME

The proposed BRS scheme strikes a balance between sys-
tem throughput enhancement and QoS requirement guarantee
and operates frame by frame. As shown in Fig. 2, the BRS
scheme mainly consists of a priority-based RA algorithm and
a CSI-based RA algorithm. At the beginning of every frame, it
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Fig. 2. Flowchart of the BRS scheme.

adaptively determines the priority threshold of user k, which
is denoted by Q∗

k, and then calculates a priority value and
an assigned rate of user k, which is denoted by Qk and Ak,
respectively, 1 ≤ k ≤ K. According to Q∗

k and Qk, user k is
labeled as urgent user if Qk ≥ Q∗

k. The BRS scheme serves
urgent users by the priority-based RA algorithm in the first
stage to guarantee their QoS requirements. It then serves the
remaining users by the CSI-based RA algorithm in the second
stage to enhance system throughput. More importantly, Q∗

k

is adaptively and intelligently adjusted by a fuzzy inference
system. Such a configuration of the BRS scheme would be more
flexible and better than those of the existing algorithms to well
control the balance between system throughput enhancement
and QoS requirement guarantee.

A. Priority Value and Assigned Rate

The priority value of user k, Qk, is to denote how urgently
user k requires for system resources to fulfill its QoS re-
quirements. The term Qk is defined as a basic priority value
multiplied by an urgency term that exponentially increases
(decreases) as the performance measure of user k with RT
(NRT) service approaches its QoS requirement of maximum
tolerable delay (minimum transmission rate). Assume that BE
users have no strict QoS requirement and that the urgency term
is set to be 1. Therefore, the Qk is given by

Qk =




qRT × exp
(

Dk+1
D∗

k

)
, if k is a RT user

qNRT × exp
(

1.5R∗
k
−0.5Rk

R∗
k

)
, if k is a NRT user

qBE, if k is a BE user
(7)

where qRT, qNRT, and qBE are the basic priorities for RT, NRT,
and BE services, respectively, and are set as qRT > qNRT >
qBE to reflect the inherent priority differentiation among ser-
vices. The term Dk is the QoS measure of delay that the head-
of-line (HoL) packet of RT user k experiences, whereas D∗

k

is the QoS requirement of the maximum tolerable delay for

RT user k. The term Rk is the QoS measure of the average
transmission rate of user k, whereas R∗

k is the QoS requirement
of the minimum transmission rate for NRT user k. The con-
stants 1.5 and 0.5 for Qk of the NRT users in (7) are two shape
factors that are used to tune the adaption degree of Qk of NRT
users. The factor 1.5 controls the largest value that Qk can be,
whereas the factor 0.5 controls the decreasing rate of Qk when
Rk increases. These shape factors are properly set according to
the design expectation. Here, we expect that these factors make
Qk of NRT users at Rk = 0 be larger than Qk of RT users at
Dk ≤ D∗

k/2 but be smaller than Qk of RT users at Dk = Dk.
They also make Qk of NRT users at Rk = 2R∗

k/3 be larger than
Qk of RT users at Dk = 0 but be smaller than Qk of RT users
at Dk ≥ D∗

k/2. For RT users, to emphasize the urgency, Qk

increases rapidly when Dk is close to D∗
k. For NRT users, Qk

decreases when Rk is close to R∗
k, and it declines quickly when

Rk exceeds R∗
k.

The assigned rate to user k, Ak, is the number of bits required
by user k to keep the QoS requirement guaranteed. Under the
just fulfillment of QoS requirement, Ak is gradually adjusted
frame by frame according to the QoS measure of users. More
specifically, if Dk of RT user k is lower than half of D∗

k (user
k is not urgent), Ak is a portion, for example, Dk/D∗

k, of the
residual HoL packet length of user k, which is denoted by BH

k ,
and is the whole BH

k otherwise. Likewise, if Rk of NRT user k
is lower than R∗

k (user k violates the minimum rate constraint),
Ak is given with min{(R∗

k − Rk)Wk, Bk} bits to compensate
for the low transmission rate, where Wk and Bk are the number
of active frames and the remaining queuing length, respectively,
of user k. Otherwise, Ak is given with a reasonable number of
bits, for example, min(0.5R∗

k, Bk). Therefore, Ak can be
formulated as

Ak =




⌈
Dk

D∗
k
× Bk

r

⌉
×r, if k ∈ RT, Dk ≤ D∗

k

2⌈
Bk

r

⌉
×r, if k ∈ RT, Dk >

D∗
k

2⌈
min{(R∗

k
−Rk)Wk,Bk}

r

⌉
×r, if k ∈ NRT, Rk < R∗

k⌈
min(0.5R∗

k
,Bk)

r

⌉
×r, if k ∈ NRT, Rk ≥ R∗

k⌈
Bk

r

⌉
×r, if k ∈ BE

(8)

where r is the minimum unit for RA, r = 2ns bits for QPSK
modulation, and the term �x� is the smallest integer larger
than x.

B. Priority- and CSI-Based RA Algorithms

Given Q∗
k, Qk, and Ak, 1 ≤ k ≤ K, the BRS scheme first

performs the priority-based RA algorithm for urgent users k
whose priority value Qk is higher than or equal to the priority
threshold Q∗

k. When Qk ≥ Q∗
k, the urgent user k is in a risk of

QoS requirement violation and should be served immediately.
With the priority-based RA algorithm, urgent users k are served
with a data amount of Ak in the service order of priority value
Qk. The best subchannel n with the highest γ

(n)
k is assigned

to the selected urgent user k. The priority-based RA algorithm
stops when the allocated rates, which is denoted by Rk, of
urgent users k are all satisfied with Ak. The BRS scheme then
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TABLE I
DEFINITION OF VARIABLES

performs the CSI-based RA algorithm for the remaining users
to enhance the system throughput. With the CSI-based RA
algorithm, user k with the highest γ

(n)
k on subchannel n is first

scheduled and allocated an amount of remaining HoL packet
length, denoted by Bk, for throughput enhancement. If more
than one user k on subhchannel n exhibits the same γ

(n)
k , the

one with the highest Qk is allocated first. Both RA algorithms
stop when resources are exhausted or no user has data in the
queue. The pseudocode in the Appendix describes the details
of both RA algorithms.

Notice that in the BRS scheme with adaptive priority thresh-
olds, user k with the higher priority threshold is more likely to
be served by the CSI-based RA algorithm, whereas user k with
the lower priority threshold has a higher chance to be served
by the priority-based RA algorithm. Thus, the BRS scheme
can well control the tradeoff between throughput enhancement
and QoS guarantee using adaptively determining the priority
threshold of each user. Finally, we provide a list of variables
that will be used throughout this paper in Table I.

IV. FUZZY INFERENCE PRIORITY

THRESHOLD GENERATOR

To strike an excellent balance between system through-
put enhancement and QoS requirement guarantee, the priority
threshold of each user, which is an essential parameter in
the BRS scheme, must be intelligently and adaptively deter-
mined. However, the relationship between system throughput
and QoS performance in the OFDMA downlink system is
complicated, uncertain, and difficult to model mathematically.
Therefore, it is impossible by hard computation methods to
get an appropriate priority threshold to achieve an excellent
balance. Fortunately, fuzzy inference systems can efficiently
solve such uncertain, time varying, nonlinear problems [23]. A
fuzzy inference system is an improved and intelligent design
that utilizes the mathematical formulation of classical control
to mimic the expert knowledge [23]. A fuzzy inference system
also provides effective solutions with linear computation com-
plexity related to the number of fuzzy inference rules. Other
effective intelligent techniques include neural fuzzy system and

fuzzy Q-learning [23]. However, because of the high efficiency,
low complexity, and easy implementation of a fuzzy inference
system, this paper adopts a fuzzy inference system to determine
the priority threshold of each user.

For decades, fuzzy inference systems have been applied to
wireless communication systems to adapt to the complicated
and uncertain environments [24]–[27]. A fuzzy channel alloca-
tion controller for hierarchical cellular systems was proposed
in [24]. Ye et al. designed a call admission control (CAC)
scheme for uplink transmission in wideband CDMA systems
based on fuzzy logics [25]. Tsay et al. proposed a fuzzy power
control scheme for downlink transmission in CDMA-based
local multipoint distribution service systems [26]. Chen et al.
designed a fairness and QoS guarantee scheduling scheme with
fuzzy control [27]. All can achieve better performance.

This paper designs a sophisticated FIPG to intelligently
determine the priority threshold of each user. The FIPG consists
of a fuzzifier, a fuzzy rule base, an inference engine, and
a defuzzifier. Three input linguistic variables of user k are
effectively selected: Mk, Sk, and Ck. The output linguistic
variable is the adjustment step of Q∗

k, which is denoted by ∆Q∗
k.

To adapt to different user states, the size of each adjustment
step is variable just like the adaptive delta modulation [28],
depending on the values of Mk, Sk, and Ck.

The term Mk denotes the QoS status indicator of user k
with respect to the QoS requirement at the current frame and
is denoted as

Mk =




V ∗
k
−Vk

V ∗
k

, if k is a RT user
Rk−R∗

k

R∗
k

, if k is a NRT user
(9)

where Vk is the QoS measure of the packet dropping rate of
user k with voice or video services in the current frame, and
V ∗

k is the QoS requirement of the packet dropping rate. If Mk is
positive (negative), the QoS requirement of user k is guaranteed
(violated), and ∆Q∗

k should be positive (negative) to increase
(decrease) Q∗

k for the sake of throughput enhancement (QoS
guarantee).

The Sk denotes the QoS tendency indicator of user k in the
currentframewithrespect tothelast frameandcanbewrittenas

Sk =




V
(−)

k
−Vk

max
(
V

(−)
k

,εV

) , if k is a RT user

Rk−R
(−)
k

max
(
R

(−)
k ,1

) , if k is a NRT user
(10)

where V
(−)
k and R

(−)
k are the packet dropping ratio and the

average transmission rate of user k measured at the last frame,
respectively, and εV is a tiny number less than 10−6 to avoid
the case of dividing by zero. Unlike Mk, the term Sk indicates
the variation tendency of QoS measures. If Sk ≥ 0, it means
that the QoS measure of the packet dropping ratio (average
transmission rate) of user k is improves or remains unchanged,
and the QoS measure of user k tends to be stable. Otherwise, the
QoS measure of user k should be monitored because it tends to
deteriorate.
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Fig. 3. Membership functions of the fuzzy linguistic variables. (a) Mem-
bership functions of Mk . (b) Membership functions of Sk . (c) Membership
functions of Ck . (d) Membership functions of ∆Q∗

k .

The Ck denotes the overall channel condition indicator of
user k at the current frame and is given by

Ck =
∑N

n=1 γ
(n)
k

3N
(11)

where the denominator 3N stands for that all N subchannels
can support the highest modulation order 64-QAM (γ(n)

k = 3).
If Ck is high (low), the majority of the subchannels of user k is
in a good (bad) channel condition, and user k can be assigned
these subchannels with a high modulation order.

Term sets for the input variables Mk, Sk, and Ck

in the fuzzifier are designated as T (Mk) = {OS(Over-
Satisfied), JS(Just-Satisfied), V L(V iolated)}, T (Sk) =
{ST (Stable), CA(Cautionary),DE(Deteriorative)}, and
T (Ck) = {GD(Good), FR(Fair), BD(Bad)}. Membership
functions of each linguistic term for Mk, Sk, and Ck are
trapezoidal, as Fig. 3(a)–(c), respectively, show. To set the edges
of the trapezoidal functions, consider the example of Mk in
Fig. 3(a). Set (−∞, 0.1) ((0.7,∞)) for term V L(OS) since
the QoS status of RT user k, Mk, is regarded as violated
(oversatisfied) if the packet dropping rate of user k exceeds 90%
(less than 30%) of the required dropping rate.

The linguistic term set of ∆Q∗
k is defined as T (∆Q∗

k) =
{LD(Largely Decreased), DC(Decreased), NC(No
Changed), IC(Increased), LI(Largely Increased)},
where the terms in T (∆Q∗

k) describe the adjustment step size.
Fig. 3(d) depicts the membership function of each linguistic
term. Set z3 = 0 to indicate the step size of no change. Set
zm to (m − 3) × ν, 1 ≤ m ≤ 5 so that z1 and z2 (z4 and z5)
represent various negative (positive) step sizes, where ν is the
minimum step size for the adjustment. The ν is defined as

ν =
Qmax − Qmin

X
(12)

where Qmax (Qmin) is the upper (lower) limit of the priority
threshold, and the constant X is the step size resolution.

Table II lists the fuzzy rules of the FIPG, where the rules
are based on the domain knowledge and explained as follows.
As mentioned earlier, increasing the priority threshold of a user
increases the chances of the user being served by the CSI-
based RA algorithm, which enhances the system throughput.

TABLE II
FUZZY RULE BASE OF FIPG

TABLE III
SYSTEM-LEVEL PARAMETERS

Conversely, decreasing the priority threshold of a user increases
the possibility of that user being served by the priority-based
RA algorithm, which guarantees QoS requirement. Thus, if the
QoS measure of user k is oversatisfied, user k can be served by
the CSI-based RA algorithm to enhance the system throughput
without a QoS violation. Therefore, in rules 1–3, ∆Q∗

k is
(largely) increased, regardless of the QoS tendency indicator
Sk. On the other hand, if the QoS measure is violated, in
rules 12 and 13, ∆Q∗

k decreases regardless of the overall chan-
nel condition indicator Ck. This increases the opportunity of
being scheduled by the priority-based RA algorithm. However,
if the QoS measure is violated but tends toward stable due to the
previous adjustment, ∆Q∗

k is designed to remain unchanged to
retain the current QoS tendency and avoid continuous priority
threshold declining, as given in rule 11.

The inference engine adopts the max–min inference method,
and the defuzzifier uses the center of area defuzzification
method [23] to obtain the crisp value of ∆Q∗

k. After ∆Q∗
k is

obtained, Q∗
k for the current frame is updated by

Q∗
k =

{
min(Q∗(−)

k + ∆Q∗
k, Qmax), if ∆Q∗

k ≥ 0

max(Q∗(−)
k + ∆Q∗

k, Qmin), if ∆Q∗
k < 0

(13)

where Q
∗(−)
k is the priority threshold of user k determined in

the last frame.

V. SIMULATION RESULTS

A. Simulation Environment

Table III lists the system-level parameters, where the param-
eters of the physical layer are configured according to the
suggested values in [29]. Large- and small-scale fading are
considered in the wireless fading channel, where the large-scale
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TABLE IV
QOS REQUIREMENTS OF EACH TRAFFIC TYPE

fading is caused by path loss and shadowing effect, and the
small-scale fading comes from multipath reflection. The path
loss from BS i to user k in (2), i.e., ηi,k, is modeled as 128.1 +
37.6 log di,k [30], where di,k is the distance between the BS
i and user k measured in kilometers. The standard deviation
σρ of the lognormal shadowing ρi,k for (2) is assumed to be
8 dB. The Rayleigh-faded multipath channel hi,k,l is modeled
with six Rayleigh-faded taps (Lt = 6), and the power delay
profile is defined as {1, 0.60653, 0.36788, 0.22313, 0.13534,
0.082085} following the exponential decay rule. The channel
model for each user is independent and identically distributed,
and the channel is assumed to remain fixed within a frame while
varying from frame to frame. The mobility of users is randomly
distributed between 0 and 60 km. The simulation platform is
developed by C++.

B. Traffic Model and QoS Requirement

The traffic models of voice, video, HTTP, and FTP are
described as follows. The voice traffic is modeled as an ON–OFF

model, in which the lengths of the ON and OFF periods follow
an exponential distribution with means 1.0 and 1.35 s [31],
respectively. During the ON period, a packet is generated every
20 ms. With a 8-kb/s voice encoder rate, the voice packet size
is 28 B including payload and header. No packet is generated
during the OFF period. The parameters of voice traffic are con-
figured according to [32]. Streaming video packets are assumed
to arrive at a regular interval of 100 ms. Each video frame
is decomposed into eight slices (packets), and the size of the
packet is truncated Pareto distributed with a mean of 100 B.
The interval between packets is truncated Pareto distributed
with a mean of 6 ms. For the HTTP traffic of NRT service,
the behavior of web browsing is modeled as a sequence of
page downloads, and each page download is modeled as a
sequence of packet arrivals. Each page consists of a main object
and several embedded objects whose packet size is truncated
lognormal distributed with a mean of 10 710 and 7758 B,
respectively. Both main and embedded objects are divided into
several packets with a maximum transmission unit of 1500 B.
The interval between two consecutive page downloads, repre-
senting the reading time in web browsing, is distributed in an
exponential distribution with a mean of 30 s. The FTP traffic of
the BE service is modeled as a sequence of file downloads. The
size of a file is distributed in a truncated lognormal distribution
with a mean of 2M B. In addition, the interval between files
is distributed in an exponential distribution with a mean of
180 s. The parameters of video streaming, HTTP, and FTP
traffic are configured according to [30]. Table IV lists the QoS
requirements of each traffic type [33]–[36].

The simulations in this paper assume that the number of users
in the four traffic types is the same. The traffic intensity of the
system is defined as the total average arrival rate of all traffic
over the maximum system transmission rate, where the maxi-
mum system transmission rate is achieved when all RB s are
allocated with the highest modulation order. Since the average
date rates of voice, video, HTTP, and FTP traffic id are 4.8, 64,
14.5, and 88.9 kb/s, respectively, the traffic intensity varies from
0.18 to 0.93 as the number of users varies from 40 to 200.

C. Performance Evaluation

This section compares the proposed BRS scheme with
adaptive priority threshold with four conventional schemes:
the ARRA scheme in [16], the URRA scheme in [20], the
U-TMCR scheme in [21], and the FQFC scheme in [27].
The parameters of the BRS scheme are configured as follows:
qRT = 3.5, qNRT = 2, qBE = 1, Qmax = 12, Qmin = 2, and
X = 10. The ARRA scheme is a kind of a two-step RA scheme
designed for OFDMA downlink systems with multimedia
traffic. The ARRA scheme is composed of two parts to solve
the optimization problem of RRA. The first part is a dynamic
priority adjustment algorithm, where the priorities of users are
dynamically adjusted, based on the time-to-expiration value
and the remaining packet size of the HoL packet, frame by
frame. The second part is a priority-based greedy (PBG) al-
gorithm. The intention of the PBG algorithm is to maximize
the total system throughput under four system constraints. It
uses the greedy principle to find the best allocation and can be
considered as a joint design of power, subchannel, and bit allo-
cation in the physical layer. The ARRA scheme determines the
priority value for users based on the time-to-expire value and
the remaining packet size of the HoL packet and serves users in
the order of priority value. Notice that, in the ARRA scheme,
NRT users may have priority values higher than RT users
because NRT users usually have larger packets. The URRA and
U-TMCR schemes schedule users by maximizing the overall
utility value, where the utility value consists of a QoS factor and
a data rate factor of users. However, the URRA scheme does not
consider the NRT service and sets the value of the QoS factor
in between 1 and 8 for RT users and 1 for BE users. To make a
fair comparison, a QoS factor is defined as (1 + R∗

k/R∗
k + Rk)

given to NRT users in the URRA scheme. The rationales of
the definition of the QoS factor are as follows: 1) The NRT
users with low average transmission rate will get a large QoS
factor. 2) The QoS factor of NRT users does not exceed that
of RT users when RT and NRT users are both urgent. 3) NRT
users must have a larger QoS factor than BE users, and NRT
users must have a higher serving opportunity than BE users.
Note that these design principles of the QoS factor for NRT
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Fig. 4. System throughput.

users of the URRA scheme are similar to the QoS factor of the
U-TMCR and the priority value of the proposed BRS scheme.
The FQFC scheme serves users in order of priority. It employs a
fuzzy controller to adjust the priority values of RT users to have
the HoL packet delay approach the goal delay of users. The
goal delay is also adjusted by a fuzzy controller based on the
system load and channel condition. To make the FQFC scheme
operate properly in the considered system of this paper, a
subchannel assignment mechanism, which assigns the selected
serving users with their best subchannels(s), is assumed in the
FQFC scheme. Besides the four conventional schemes, the BRS
scheme with fixed priority thresholds, which is labeled as BRS-
FIX, is also compared. The priority thresholds of the BRS-FIX
are set to be 8 and 6 for RT users and NRT users, respectively.

Fig. 4 depicts the system throughput, indicating that the
BRS scheme achieves the highest system throughput. The
BRS scheme enhances system throughput 16%, 8.5%, 8.2%,
46.8%, and 14.9% at a traffic intensity of 0.93, compared with
the ARRA, URRA, U-TMCR, FQFC, and BRS-FIX schemes,
respectively. This is because the BRS scheme strikes a balance
between the QoS requirement fulfillment (by the priority-based
RA algorithm) and the system throughput enhancement (by the
CSI-based RA algorithm) with adaptive priority thresholds that
are intelligently determined by the sophisticated FIPG. As the
design of FIPG given in Section IV, the FIPG effectively selects
the QoS status indicator, the QoS tendency indicator, and the
overall channel condition indicator as input linguistic variables.
These input variables can sufficiently determine the adjustment
step of the priority threshold. In addition, the fuzzy rules of
the FIPG are designed based on throughput enhancement with
proper QoS guarantee. For example, if the QoS measure is over-
satisfied, the FIPG increases the priority threshold according to
the overall channel condition indicator so that the user is more
likely to be served by the CSI-based RA algorithm to enhance
throughput. On the other hand, if the QoS measure is violated,
the FIPG gradually decreases the priority threshold according
to the QoS tendency indicator to prevent serious throughput
degradation. Therefore, the BRS scheme strikes an excellent
balance between QoS guarantee and throughput enhancement.

Fig. 5. Average packet dropping rate of RT users.

In contrast, the throughput of the ARRA scheme decreases
significantly as the traffic intensity increases. This is because
the ARRA scheme allocates resources to the high priority users
before the high SINR users. Hence, the spectrum efficiency of
the ARRA scheme is low. Moreover, the URRA and U-TMCR
schemes dedicate more resources than the BRS scheme to
maintain perfect packet dropping rates for RT users, causing
throughput degradation. For the BRS-FIX scheme, the through-
put is also decreased at high traffic intensity. This is because
the number of users served by the priority-based (CSI-based)
RA algorithm increases (decreases) as traffic load becomes
heavy. The FQFC scheme performs the worst and its system
throughput is saturated at a traffic intensity of 0.65 because the
FQFC scheme serves RT and NRT users in order of priority
rather than channel condition. Moreover, it serves BE users in a
round-robin fashion to attain fairness, which causes poor spec-
trum efficiency and seriously degrades the system throughput.

Fig. 5(a) and (b) shows the average packet dropping rates of
voice and video users, respectively. The packet dropping rates
of RT users by the BRS scheme are well controlled and tend
toward just satisfied. The FIPG of the BRS scheme increases
the priority threshold of users whose packet dropping rate
is much lower than the required packet dropping rate. Thus,
users are likely to be served by the CSI-based RA algorithm
to enhance system throughput. However, if the packet
dropping rate is close to the required dropping rate, the FIPG
stops increasing or even decreases the priority threshold as
necessary. Consequently, the BRS scheme prevents the packet
dropping rates from oversatisfied and enhances the system
throughput using adaptive priority thresholds. Conversely,
the packet dropping rates of the ARRA scheme dramatically
increase as the number of users increases. This is because,
as previously mentioned, the priority of the ARRA scheme
is partly related to the remaining HoL packet size of users,
and RT users may get lower priority than NRT users. This is
because NRT users usually have a packet size much larger than
RT users. Moreover, the URRA, U-TMCR, and FQFC schemes
have almost zero voice and video packet dropping rates, which
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Fig. 6. Average delay and delay jitter of RT users.

Fig. 7. Guaranteed ratio of NRT users.

shows that these schemes put too much emphasis on the QoS
requirement guarantee for RT users.

Fig. 6 shows the average packet delay and delay jitter per-
formance of voice/video users. The FQFC scheme has a higher
average packet delay because it controls the HoL packet delay
of RT users to approach the predetermined goal delay. It can
be seen that the average delay and the jitter performance of
voice/video users by the proposed BRS scheme are a little bit
higher than those by some existing algorithms. It is because the
design objective of the BRS scheme is to maximize the system
throughput under the just fulfillment of the QoS requirement.
The BRS scheme will put off serving the RT user with a poor
channel gain until the RT user has a favorable channel condition
or a priority value larger than the priority threshold. Therefore,
the BRS scheme can achieve the highest system throughput
among the compared schemes, as shown in Fig. 4, and attain
the average packet dropping rate of RT users still under the QoS
requirement of 0.01, as shown in Fig. 5.

Fig. 7 depicts the guaranteed ratio of NRT users, which is
defined as the ratio of the number of NRT users whose average
transmission rates are not less than the minimum transmission
rate to the total number of NRT users. As the traffic load
increases, the BRS, ARRA, URRA, and U-TMCR schemes
can still maintain a guarantee ratio exceeding 95%. However,
the HTTP guaranteed ratio of the FQFC scheme decreases

Fig. 8. Average throughput of BE users.

when the traffic intensity increases and goes down to 78%
at a traffic load of 0.93 because the FQFC scheme gives the
unsatisfied NRT users with a fixed priority and assigns them a
constant amount of resources. With the fixed priority, it cannot
adequately reflect the urgency among the unsatisfied NRT
users. With the constant amount of allocated resources, it could
be insufficient for some unsatisfied NRT users to compensate
their low transmission rates to maintain the minimum required
transmission rate. The guaranteed ratio of the BRS-FIX scheme
decreases to 64% when the traffic intensity is 0.93. This is
because the priority thresholds for NRT users in the BRS-
FIX scheme are fixed at 6; these priority thresholds cannot
be adaptively adjusted, even when these NRT users are not
satisfied with the minimum transmission rate.

Fig. 8 shows the average throughput of BE users. The FTP
throughput of all schemes except FQFC significantly decreases
when the traffic intensity exceeds 0.85. This is because, at
high traffic load, more resources must be allocated to urgent
service users to maintain their specific QoS requirements. As
a result, there are fewer resources for the FTP users. However,
the proposed BRS scheme attains an average FTP throughput
higher than the ARRA, URRA, U-TMCR, and FQFC schemes
by 37.8%, 21.3%, 16.5%, and 192%, respectively. The BRS
scheme can effectively allocate resources to users by intelli-
gently determining their priority thresholds. Using the two-
stage scheduling scheme and adaptive priority thresholds, the
BRS scheme can minimize the amount of resources allocated to
users who have a high priority but poor channel condition and
have still not violated their QoS requirements. Furthermore, the
BRS scheme usually serves the voice, video, and HTTP users
as they have favorable channel condition. Therefore, these users
can be satisfied with corresponding QoS requirements using
fewer resources and making more resources available for the
FTP users. In contrast, other schemes dedicate more resources
to the voice and video users or even HTTP users (ARRA)
maintaining QoS requirements by sacrificing the throughput of
the FTP users. It can also be seen that the FTP throughput of the
FQFC scheme decreases a lot when the traffic intensity exceeds
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0.65. It is because the FQFC scheme serves the BE users in a
round-robin fashion and thus has poor spectrum efficiency and
a saturated system throughput at a traffic intensity of 0.65, as
shown in Fig. 4. When the traffic load becomes higher, similar
to other schemes, the FQFC scheme remains fewer resources
from the saturated total system throughput for the BE users.
Thus, the FTP throughput of the FQFC scheme reduces.

Consider the computational complexity of the proposed BRS
scheme in allocating the system NL RBs, where N is the
number of subchannels, and L is the number of symbols
(time slots). The priority-based RA algorithm takes O(K + N)
to find the most urgent user and the best subchannel for
the user; the computational complexity of the priority-based
RA algorithm is O((K + N)NL). The CSI-based RA al-
gorithm takes O(KN) to search the best user–subchannel
pair; the complexity of the CSI-based RA algorithm is
O(KN2L). In addition, the complexity of FIPG for K users
is O(KJ), where J is the number of fuzzy rules of the
FIPG. Overall, the computational complexity of the proposed
BRS scheme is about O(KN2L), which is less than a 5-ms
frame time.

VI. CONCLUSION

This paper has proposed a new BRS scheme with adaptive
priority thresholds for OFDMA downlink systems. Unlike con-
ventional RRA schemes, the BRS scheme employs an adaptive
priority threshold for each user to accurately control the tradeoff
between system throughput enhancement and QoS requirement
guarantee. The proposed BRS scheme is a two-stage scheduling
scheme. This scheme performs a priority-based RA algorithm
in the first stage and a CSI-based RA in the second stage.
The former is for those urgent users whose priority values are
larger than or equal to the priority threshold to fulfill the QoS
requirement. The latter is for the remaining users who have
a good channel condition to achieve high system throughput.
A fuzzy inference system intelligently determines the priority
threshold of each user, achieving an excellent control of this
tradeoff. The proposed FIPG considers three essential parame-
ters related to the priority threshold. Simulation results show
that the proposed BRS scheme enhances the system throughput
by 16%, 8.5%, 8.2%, and 46.8% at a traffic load of 0.93,
compared with the conventional ARRA, URRA, U-TMCR,
and FQFC schemes, respectively, under a QoS requirement
guarantee. The BRS scheme with adaptive priority thresholds
also outperforms the BRS scheme with fixed priority thresh-
olds in both throughput enhancement and QoS guarantee. The
proposed BRS scheme is therefore an effective scheme that pro-
vides a low computation complexity solution to the problem of
finding a balance between QoS guarantee and system through-
put enhancement for OFDMA downlink systems. Moreover, to
prevent too much overloading the system and violating QoS
requirements of multimedia traffic, CAC is generally needed to
manage the total number of users in the system. By providing
information such as the amount of residual resource and QoS
measures of existing calls, the proposed BRS scheme can work
well with the CAC schemes, such as the schemes in [37]
and [38].

APPENDIX

PSEUDOCODE OF THE PRIORITY- AND

CSI-BASED RA ALGORITHMS
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