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Abstract— This paper presents the capacity analysis of a
threshold-based multiuser scheduling scheme in broadband
OFDMA systems. Fourth-generation (4G) systems such as the
WiMAX and LTE have adopted the band adaptive modulation
and coding (band-AMC) subcarrier permutation mode for the
grouping of the physical subcarriers into logical subchannels
assigned to users by the base station (BS) schedulers. In the
band-AMC system, the subcarrier grouped into the subchannels
have correlated fading statistics. This makes an OFDMA
scheduling scheme exploiting subchannel diversity attractive. In
this work, we propose the use of energy threshold testing on each
subchannel prior to the process of subchannel assignment by the
scheduler. In the proposed scheme, users whose channel gains in
the available subchannels equal or exceed a pre-determined
energy threshold are scheduled for services at any time instant.
This insures that only users who can maximize the capacity on
the available subchannels are scheduled for data transmission,
enhancing the BS data rate. We derive the capacity enhancement
achievable using this scheduling scheme, and also present systemlevel simulations to corroborate the analysis. Both the analytical
and simulation results indicate significant data rate
enhancements using the proposed scheduling scheme.
Index Terms—Capacity analysis, threshold-based scheduling,
broadband OFDMA, WiMAX networks, LTE networks.

I. INTRODUCTION
OFDMA scheduling in the 4G system has received
significant attention lately as researchers and developers seek
more efficient ways to handle the time-frequency resources in
the 4G networks [1]-[2]. In the WiMAX networks, WiMAX
OFDMA standard defines several subcarrier permutation
options such as partial usage of subcarriers (PUSC), full usage
of subcarriers (FUSC), and band adaptive modulation and
coding (band-AMC), for the grouping of physical subcarriers
into logical subchannels that form the basic unit of resource
allocation by the base station (BS) schedulers [3]. In the PUSC
permutation option, subchannels are formed by randomly
mixing different subcarrier groups onto a subchannel, each
group consisting of adjacent subcarriers in the frequency
spectrum. In the FUSC permutation option, subchannels are
formed by taking subcarriers directly from different portions
of the spectrum in a completely pseudo-random manner,
without any initial groupings. In the band-AMC permutation
option, only subcarriers adjacent in the frequency spectrum are

included in a subchannel [3]. The statistics of the resulting
subchannels, and consequently the performance of an
OFDMA scheduling strategy rely heavily on the subcarrier
permutation option used in the system. While the statistics of
the subchannels in the PUSC and the FUSC systems are more
difficult to characterize because of the random mixing process,
the statistics of the subchannels in the band-AMC scheme can
be characterized reasonably well, making system planning and
performance predictions easier. For this reason, the 4G LTE
standard has adopted the band-AMC as a subcarrier
permutation option in the LTE networks.
In this work, we present the capacity analysis of a
threshold-based multiuser scheduling scheme in broadband
OFDMA systems for the band-AMC subcarrier permutation
option. Threshold-based selection method was first proposed
by Sulyman and Kousa in [4] for the diversity combining
problem in a single-user transmission system, and has been
widely studied in the literature [5]. In the context of multiuser
scheduling in broadband OFDMA network, the author in [1]
recently examines the use of a threshold-based multiuser
scheduling, where a BS scheduler uses the energy threshold
criterion [4],[5], to select the users to be scheduled for
downlink transmission at any time instant. The advantage of
this scheduling strategy is that at any time instant, only users
whose channels are strong enough to sustain the network
operator’s target data rate are scheduled. This allows operators
to maximize system throughput and is more useful for nonreal-time traffic, which are delay tolerant. Scheduling of data
transmissions to (non-active) users with temporarily weak
channels can wait until their channel conditions improve.
WiMAX BS schedulers typically simultaneously handles
resource allocations for real-time traffic such as unsolicited
grant service (UGS) and real-time polling service (rtPS), and
non-real-time traffic such as non-real-time polling service (nrtPS) and best effort (BE) services. Efficient utilization of the
resources for non-real-time traffic as proposed in the
threshold-based scheduling scheme frees up bandwidth
resources for real-time traffic and optimizes overall resource
utilizations in the network.
In reference [1] however, the author only defines a
performance metric called the throughput gain, and analyze
that metric as a measure of the enhancements possible using
the threshold-based scheduling scheme. The actual data rate

2012 25th IEEE Canadian Conference on Electrical and Computer Engineering (CCECE)
978-1-4673-1433-6/12/$31.00 ©2012 IEEE

γ2

DL resources
BS scheduler

OFDM
subchannels

User data

User 2

.
.
.

.
.
.

4-QAM

Number of DC subcarriers

1

Number of Guard

10

9

subcarriers, Right
Number of Data subcarriers

108

Subcarrier Frequency

156.250 KHz

Spacing, Δf

(= 20 MHz/128)

IFFT/FFT period, TFFT

6.4 µsec

Cyclic Prefix duration, TCP

0.8 µsec (TFFT/8)

Total OFDM Symbol

7.2 µsec

Nc

20 MHz

Modulation

Number of Guard

User L
Time slots

Feedback Path

γ1:L

γ1:L

γ1:L γ1:L

nNc < n

γ1:L γ1:L

γ n :L γ n :L

n2 = n

γ1:L

γ n :L γ n :L

n1 = n

1

γ1:L
2

2

1

2

1

(6/ b)n

Scheduling parameters for burst of (6/b)n OFDM symbols transmitted

duration, TS

Fig. 2. Threshold-based multiuser scheduling in broadband OFDMA networks

Fig. 1. Downlink scheduling in broadband OFDMA networks

enhancement experienced using threshold-based scheduling
scheme is thus not yet analyzed. In this paper, we derive
analytical expressions for quantifying the capacity
enhancements provided by the proposed threshold-based
multiuser scheduling scheme. The developed analysis is new
in the literature, hence we complement the analysis with a
system-level simulation. Both the analysis and simulation
results indicate significant data rate (or throughput)
enhancements using the proposed scheduling scheme.
II. SYSTEM MODEL AND ANALYSIS
A. System Model for threshold-based scheduling
Consider a downlink scheduler at a BS employing
threshold-based multiuser scheduling scheme in broadband
OFDMA network, as shown in Fig 1. On the ith subchannel,
the BS scheduler schedules ni active users for downlink
transmission, out of total of L users, whose SNR in that
subchannel meet or exceed a predetermined energy threshold,
γ th . The data of these users then fill the (frequency, time)
1, 2, , , in the next consecutive ni
resources (i, 1:ni),
OFDMA symbols transmitted by the BS. The number of users,
ni, satisfying the threshold requirement on the ith subchannel at
any time instant, is not fixed but variable in correspondence to
user channel statistics on each subchannel. The specific
realization of ni could take any value from the set {1, 2, , L} ,
at each scheduling period.
Let {γ 1 , γ 2 , , γ L } denote the set of SNRs of the L users

fed back to the BS on the ith subchannel, and let {γ l:L }lL=1
denote the order statistics obtained by arranging these SNRs in
decreasing
order
of
magnitude,
(i.e.,
γ 1:L ≥ γ 2:L ≥ ≥ γ n:L ≥ γ n +1:L ≥ ≥ γ L:L ). As proposed in
[4], define the threshold as

γ th = μ ⋅ γ 1:L
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where 0 ≤ μ ≤ 1 . Then the BS scheduler conducts threshold
test on the ith subchannel and schedules the ni users whose
SNR rank in the set { γ 1:L ≥ γ 2:L ≥ ≥ γ ni :L ≥ γ th }.

Threshold-based multiuser scheduling as explained above is
a generalized scheduling scheme that can be used to model
several other broadband OFDMA scheduling schemes,
depending on the threshold μ chosen at any time instant. For
example for μ = 1 , the scheme reduces to opportunistic
scheduling, and as μ is reduced, in the range 0 < μ < 1 , more
users are scheduled per channel use, and a whole range user
fairness levels for proportional fairness (PF) can be modeled.
The case μ = 0 corresponds to the round-robin scheduling
policy where all users with strong and weak channels are
given equal transmission opportunities. Thus it is hoped that a
threshold-based scheduler when implemented at the BS would
provide a simpler, yet efficient, generalized scheduling policy
that could combine the separate implementations of weighted
round-robin (WRR), and PF, currently available in some
WiMAX BS [6], into one simple algorithm where the
threshold definition simply dictates the specific scheduling
realization such as WRR, PF, etc., to be used at any time
instant.
B. Capacity Enhancements for threshold-based multiuser
scheduling with band-AMC subcarrier permutation mode
Broadband transmissions in 4G networks such as WiMAX
system are typically arranged in bursts of variable lengths,
specified in the downlink (DL) / uplink (UL) MAP messages
at the beginning of each frame [3]. Assuming a burst of length
(6/b)n OFDM symbols, where b denotes the number of bins
used in the band-AMC system. At any time instant, users
feedback their SNR in each subchannel to the BS, using the
assigned pilots in each bin of the band-AMC system, and a
threshold-based multiuser scheduler conducts threshold test to
select the ni users whose SNRs, γ 1 , γ 2 ,
, γ n i , are above

threshold in the ith subchannel and schedules them for service
on that subchannel for (6/b)n successive OFDM symbols
transmitted in a burst, where n=max{ n1 , n2 , n Nc }. For the
case ni < n for a given subchannel, we assume that the BS fills
the
remaining
time-frequency
transmission
slots
opportunistically by allocating them to the user with the best
SNR in that subchannel, as illustrated in Fig 2.
Thus without loss of generality, we assume
n1 = n2 = = n Nc = n in the analysis. The impact of this
assumption is that the throughput performance evaluated in

the analysis is less than what would be obtained in practice
using threshold-based scheduling in broadband OFDMA
networks. Also for analytical convenience, we assume that b =
1 in the ensuing analysis. We later consider cases b > 1 in the
simulations, as checks on the accuracies of the analytical
results.
Since subchannels are partitioned in the band-AMC mode
described above, we can consider the scheduling process in
Fig 2 as a parallel N c iid process, where n random variables
are chosen out of L random variables in each process. Thus, it
suffices that we focus on one subchannel in the analysis and
later estimate the average capacity enhancements over N c
subchannels.
For DL transmissions in multiuser OFDMA system the BS
capacity (or the normalized maximum BS data rate), which is
an upper bound on the throughput possible per OFDM
symbol, is given by:
Nc

r=

∑

log 2 (1 + γ k ) ,

(2)
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Using the order statistics of the set of user SNR’s
{γ 1:L , γ 2:L , , γ L:L } , the average BS data rate per subchannel
in the threshold-based multiuser scheduling scheme in Eq. (4)
can be expressed as:
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is solved using the transformation of the random variables
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obtained by defining the spacings [7]
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The final closed-form results for this integral is given by
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To compute Pr (n = n ) , we first observe that the event that
the random variable n = n occurs when the following
conditions are simultaneously satisfied [5]:
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Using the pdf of {γ 1:L , γ 2:L , , γ L:L } , we compute Pr (n = n ) as

k =1

where γ k denotes the SNR of the user being serviced on the
kth subchannel at any time instant. Focusing on one subchannel
in the broadband OFDMA systems with band-AMC subcarrier
permutation mode illustrated in Fig 2, and considering a burst
of length (6/b)n, then we can express the instantaneous BS
data rate per subchannel in the threshold-based scheduling
system with band-AMC subcarrier permutation mode as

μγ 1:L ≤ γ n:L ≤ γ n −1:L

n −1

∞

⎛1⎞
L −n
⎜ ⎟ ⋅ ln y n [1 − exp(− ay n )]
⎝ al ⎠ 0

∫

∞
⎛ 1 ⎞ ⎛⎜
⎜ ⎟ ⋅⎜ ln y k exp[− aky k ] dy k
al ⎠
l =1,l ≠ k ⎝
⎝0
n −1

∑ ∏
k =1

υk

∫

∫

⎛∞
⎞⎫
⎜ [1 − exp(− ay )]L − n exp[− any ] dy ⎟⎪
n
n
n ⎟⎬
⎜
⎝0
⎠⎪⎭

∫

⎞
⎟
⎟
⎠

(12)

20

20
Simulation
Lower bound

18

Simulation
Lower boun
nd

18

threshold scheduling
s
(μ = 0)

threshold scheduling (μ = 0)
0
threshold scheduling (μ = 0.25)
0

16

threshold scheduling
s
(μ = 0.25)

16

threshold scheduling
s
(μ = 0.9)

threshold scheduling (μ = 0.9)
0

14
Capacity bits/sec/Hz

Capacity bits/sec/Hz

14

12

10

8

12

10

8

6

6

4

4

2

2

0

0
0

5

10

15

20

25
SNR dB

30

35

40

45

50
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Substituting Eq (14) in Eq (9), and using Eqs. (5) and (8), we
obtain an expression for the per subchannel data rate
performance of threshold-based scheeduling scheme as

0
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where Pr(n) is given by Eq. (8). Finally, the total estimate of
the BS maximum data rate over all subchannels can be
obtained for the threshold-based scheduling as rthreshold = Nc r .
III. SIMULATION RESULTS
A. Numerical Simulations
In Figs. 3-5, we plot the (lower-bound) analytical results for
the per subchannel capacity performance of threshold-based
multiuser scheduling in broadband OFDMA, using Eqs. (15)
and (8). Counterpart results from numerical simulations of Eq.
(4) are also presented in these figures for reference. It is
observed from these figures that the lower-bound analytical
expressions derived are very close to the actual numerical
simulation of the BS capacity with only 5% gap maximum, in
high SNR, for the case μ = 0 which has the widest gap
between the analysis and simulations. All other cases of
have even much narrower gaps between the analysis and
simulation. Thus the derived expressions are very useful for
estimating the capacity enhancements of the proposed
scheduling scheme.
From both the analytical and simulation results in Figs 3-5,
it is observed that threshold-based scheduling scheme with
threshold level as low as μ = 0.25 enhance the capacity over
the regular scheduling scheme (case μ = 0 ) by over 1
bit/sec/Hz per subchannel per sector, which can be very
significant in a sectorized cellular deployment involving large
number of OFDM subchannels (e.g 1024-OFDMA with 16
subchannels). Higher enhancement is even achievable at
higher threshold levels, albeit at the expense of user fairness.
This observation is consistent for all cases depicted in Fig 3-5
(4-user, 8-user, and 16-user systems). Also comparing the
results in Figs 3-5, it is observed that the capacity enhancements obtained using threshold-based scheduling scheme
increases as more users are serviced per BS scheduler, taking
advantage of the randomness of the user channel statistics
when band-AMC subcarrier permutation mode is employed.
B. System-level Simulations
For our system-level simulation, we used the band AMC
permutation mode for the OFDM subcarrier permutation
option, and we used three consecutive bins over two
consecutive symbols. This allows us to assess if the simulation
results would report any deviation from the trends reported in
the analytical results, for the cases when two or more pilots
are assigned per subchannel since our analysis only model the
case when one pilot (bin) is used per subchannel. Also in the
simulation, we used the 128-FFT implementation defined in
the WiMAX standard, with the parameters given in Fig 2, for
a four user system. Fig 6 presents the per user throughput (or
actual data rate) enhancements of the proposed scheduling
scheme for different threshold levels . From this figure, we
observe that in general, the trends observed in the analysis are
also confirmed using system-level simulations. As a reference,
we also include in this figure the performance of two popular
WiMAX scheduling schemes, the round-robin (RR) and PF
schemes. Round-robin is exactly the same as the proposed

threshold-based scheduling scheme for
0, and various
levels of PF can be modeled for different values of . Also,
and interestingly, we observe from the simulations that PF for
50% user fairness has exactly the same throughput
enhancement as the threshold-based scheduling for μ = 0.25 .
This value of
thus represents a heuristic optimum that
achieves good balance between user fairness and data rate
enhancements in the threshold-based scheduling scheme.
C. Cases of users with persistently weak channels: For users
with persistently weak channels, such users may not be
scheduled for services using the proposed threshold-based
scheduling algorithm for the case μ > 0 . The BS scheduler
can have a policy to interrupt the proposed algorithm
momentarily after every certain number of frames, by setting
μ = 0 . This would lower the over-all BS data rate
enhancements reported for the proposed scheme, but it helps
ensure that data services for users with persistent weak
channels can still continue.
IV. CONCLUSIONS
This paper proposes a threshold-based multiuser scheduling
scheme for downlink transmission in broadband OFDMA
systems. We quantify analytically the capacity enhancements,
per subchannel, provided by the proposed scheme and also
present simulation results to verify the analysis. Both the
analyses and simulations indicate significant enhancements in
BS data rate when large numbers of users are serviced per BS
scheduler. It is hoped that a threshold-based scheduler when
implemented at the BS would provide a simpler, yet efficient,
generalized scheduling policy that could combine the separate
implementations of WRR, and PF, currently available in some
WiMAX BS [6], into one simple algorithm where the threshold
definition simply dictates the specific scheduling realization
such as WRR, PF, etc., to be used at any time instant.
Acknowledgments: This work is sponsored by the National
Plan for Science and technology (NPST), King Saud
University (KSU), grant no. 09-ELE928-02, and grant no. 09ELE302.
REFERENCES
[1]

[2]
[3]
[4]
[5]
[6]
[7]
[8]

A. I. Sulyman, “Throughput Gain using Threshold-based Multiuser
Scheduling in WiMAX OFDMA,” EURASIP Journal of Wireless
Communications and Networks, Hindawi Corporation, NY, USA, Jul.
2011.
M. Guizani, M. Hamdi. P. Lorenz, and M. Ma, “Wireless Brodband
Access: WiMAX and Beyond,” IEEE Commun. Magazine, vol. 45, no.
12, pp. 60-61, Dec. 2007.
J. G. Andrews, A. Ghosh, and R. Muhamed, “Fundamentals of
WiMAX”, Prentice Hall, NY, 2007.
A. I. Sulyman, and M. Kousa, “Bit Error rate performance of a
generalized selection diversity combining scheme in Nakagami fading
channels,” Proc., IEEE-WCNC 2000, Vol. 3, pp. 1080-1085, Sept. 2000.
X. Zhang and N. C. Beaulieu, “SER and outage of threshold-based
selection/maximal-ratio combining over generalized fading channels”,
IEEE Trans. Commun., Vol. 52, Issue 12, pp. 2143-2153, Dec. 2004.
C. So-In, R. Jain, and A.-K. Tamimi, “Scheduling in IEEE 802.16e
Mobile WiMAX Networks: Key Issues and a Survey,” IEEE-JSAC,
vol.27, no.2, pp. 156-171, Feb. 2009.
N. Balakrishnan, and A. C. Cohen, “Order Statistics and Inference,”
Academic Press, Inc., 1991.
I. S. Gradshteyn, and I. M. Ryshik, “Table of Integrals, Series, and
Products”, Academia Press, Elsevier Inc., London-UK, 7th Ed., 2007.

