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Abstract. Throughput performance and geographical service fairness of
best effort service used for downlink of a 802.16e based TDD-OFDMA
sectored cellular networks are evaluated in conjunction with different
scheduling schemes and frequency reuse plans. The OFDM systems are
based on two multiple access schemes, which are the OFDM-TDM and
OFDMA, and considered scheduling schemes are round robin, max C/I,
PF and G-fair schedulers with adaptive rate control. The 3-sectored 1
FA, 3-sectored 3 FA, and 6-sectored 3 FA plans are compared in terms
of throughput, capacity, and geographical service fairness, which assist
in determining the choice of a scheduling and frequency reuse plan.

1 Introduction

Link adaptation and channel scheduling are key techniques used in dynamic
resource management for 3G wireless networks [1]. The single carrier 3G tech-
nologies, which are 1xEVolution data optimized (1xEV-DO) [2], 1xEVolution
data and voice (1xEV-DV) [3] or high speed downlink packet access (HSDPA)
[4], have proposed fast link adaptation as well as packet scheduling within the
time domain. Multi-user time-domain schedulers have nearly doubled overall
system capacity by handling fading channel time variation.

Emerging WLANs and future wireless mobile systems are expected to be
based on a multi-carrier scheme (OFDM) with hundreds of carriers [1]. For
a broadband channel, frequency variation as well as time variation should be
handled more carefully in order to enhance overall performance. There are two
strategies applied to combat frequency variations: ” frequency diversity” and ”fre-
quency selectivity” [5]. With frequency diversity, the identical modulation and
coding scheme is performed over all subchannels in order to prevent system per-
formance from being dominated by a few deeply faded subcarries. In contrast,
the frequency selective strategy can exploit frequency variations knowledge in
order to provide link adaptation gains. The different signal quality values oc-
curring at each subchannel can adopt different link adaptations and channel
schedulers for use with each sub-band [5][6].
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IEEE standards 802.16 [7] and 802.16a [8], which define the fixed broadband
wireless access (FBWA) system, are based on OFDM/OFDMA transmission
technologies. The IEEE 802.16 task group e (802.16 TGe) started in order ensure
coexistence between fixed and mobile broadband wireless access (FMBWA) with
fixed and mobile user terminals (UTs). The 802.16e amendment aims at the
mobility support in 802.16 standard in 2 to 6 GHz licensed bands [9]. In this
paper, the 802.16e is considered for use in OFDMA cellular networks and the
overall performance of packet scheduling is evaluated for specific frequency reuse
plans by performing simulations.

The remainder of the paper is organized as follows. In Section 2, the basic
system model for 802.16e based OFDMA cellular networks is introduced. In
Section 3, downlink scheduling schemes are presented. The overall performance
of the schemes is evaluated in Section 4 by simulation. Finally, conclusions are
made in Section 5.

2 OFDMA Cellular Networks

2.1 IEEE 802.16e PHY Frame Structure

The 802.16e PHY is based on OFDM/OFDMA and is highly aligned with the
802.16a. Furthermore, time division duplexing (TDD) is considered as a duplex-
ing method. Fig. 1 shows the 802.16e PHY frame structure. The fixed length
OFDMA frame consists of successive downlink (DL) OFDM symbols followed
by successive (UL) OFDM symbols. The Tx/Rx transition gap (TTG) is de-
fined as the transition gap between DL and UL, and the Rx/Tx transition gap
(RTG) is defined as the transition gap between UL and DL. In the frequency
domain, full RF bandwidth is divided into hundreds of subcarriers. The num-
ber of subcarriers is equal to the OFDM FFT size. Numbers of subcarriers are
bunched into the subchannel, which can be handled as a minimal resource unit.
The subchannel size is assumed to be larger than the coherence bandwidth [8][9].

2.2 OFDM-TDM Versus OFDMA

IEEE 802.16 specifies two categories of OFDM systems: one is OFDM-TDM
and the other is OFDMA [8][9]. In the first scheme, all carriers are simulta-
neously assigned for transmission and downstream data is time-division multi-
plexed (TDM). The OFDMA represents the time and frequency division multiple
access technique based on the OFDM. A number of a specific UT’s traffic can
be transmitted simultaneously by using different subchannels. Subchannels are
allocated dynamically within 802.16e. There are two dynamic subchannel alloca-
tion methods for multiple access usage, which include the media access protocol
(MAP) and frequency hopping (FH). In MAP based OFDMA, the data streams
are assigned on subchannels through MAP messages sent via downstream trans-
mission. In this case, MAP can be scheduled dynamically by the base station
(BS). In FH-OFDMA, the data streams are assigned on subchannels by using
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Fig. 1. IEEE 802.16e OFDMA frame structure

a hopping sequence, which is assigned to the UT during the call setup proce-
dure. The FH-OFDMA technique is difficult to coordinate with dynamic resource
management schemes such as packet scheduling or link adaptation.

2.3 Single Frequency Network and Multi Frequency Network

Two frequency reuse plans are considered: one is a single-frequency network
(SFN) and the other is a multi-frequency network (MFN) [9]. Subsequently,
multi-cell can be designed by single sectored or multi-sectored modes. The fre-
quency reuse factor (FRF) is defined as the ratio between total number of cells
(sectors) and the number of cells (sectors) that use the same frequency alloca-
tion (FA). Fig. 2 shows the examples of a frequency reuse plan: (a) shows SFN
examples and (b) shows MFN examples. The ”111” plan is a SFN with single
sector cells and the ”131” plan is a SFN with three-sector cells, in which the
FRF equals 1. However, SEN experiences severe interference problems in the
cell (sector) edge area. The ”133” plan has 3-sectored cells in which each sector
is operated at a different FA. In multi-frequency plans, edge area interference
problems are improved, but frequency efficiency decreases.

3 Downlink Scheduling for TDD-OFDMA Networks

There are two types of scheduling: one is channel state independent scheduling
and the other is channel state dependant scheduling. It is assumed that MAP
is used to assign scheduled resources to UTs. These UTs measure the channel
quality by using the received downlink pilot, and upload the proper modulation
and coding scheme (MCS) levels to the BS through uplink feedback channels.
Then, the BS schedules the downlink stream and transmits the UT’s traffic by
using the reported MCSs.
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111 131
(a) Single frequency networks (1 FA is needed, FRF = 1)

133 163
(b) Multi frequency networks (3 FAs are needed, FRF = 3)

Fig. 2. Frequency reuse plan examples (surrounding cells are not shown, but are re-
peatedly present)

3.1 Round Robin (RR) Scheduling for TDD-OFDMA

A round robin (RR) represents channel state independent scheduling and does
not guarantee throughput fairness in a wireless condition [1]. Fig. 3 shows round
robin scheduling examples: (a) is the TDD-OFDM/TDM downlink and (b) is
TDD-OFDMA downlink. Channel information is not needed for RR scheduling,
but needed for adaptive rate control. In the OFDM/TDM system, scheduling for
OFDMA symbol by only time division manner would be feasible. The RR sched-
uler of a specific OFDMA should be able to perform in the cluster unit which
is defined as the group of contiguous subcarriers and OFDMA symbols. The
minimal cluster will be one subchannel occurring during one OFDMA symbol.

3.2 Channel State Dependant Scheduling for TDD-OFDMA

Since a channel scheduler should use the available channel information, the
scheduling time unit is determined to be the channel feedback period. In a fre-
quency division duplexing (FDD) system such as 1xEV or HSDPA, continuous
downstream and upstream channels coexist. Therefore, the scheduling period can
be converged to fit the minimal transmission slot duration, which is generally
used during the channel feedback period. The time division duplexing (TDD)
system does not provide continuous downstream nor continuous upstream. The
channel feedback period is determined to be the OFDMA frame duration. There-
fore, scheduling can be performed during every frame. Fig. 4 (a) shows the chan-
nel scheduling example occurring in TDD-OFDM/TDM. Since channel feedback
is reported every frame, only one user can be allocated for one DL frame. How-
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Fig. 3. Round Robin Scheduling Examples of TDD-OFDM/OFDMA Downlinks (adap-
tive rate control is performed, but power control is not performed)

ever, an OFDMA scheduler can allocate the frequency subchannels to different
users as shown in Fig. 4 (b).

3.3 Conventional Channel Schedulers

One simple method is to serve the UT of index i} at the n-th subchannel for
every scheduling instance t, with respect to:

iy = argmax MCS; ,(t), (1)

where MC'S; ,,(t) denotes the MCS level of the n-th subchannel of the i-th UT.
This scheduling resembles the ”max C/I” scheduler, and will maximize the total
downlink throughput of a base station. However, this high throughput is achieved
at the cost of unfairness among the various UTs. To remedy this problem, it was
suggested that the selected UT, ¢} should be denoted such that:

if, = argmax MCS; 1)/ Ti n (1), @)
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Fig. 4. Priority-Based Channel Scheduling Examples used in TDD-OFDM/OFDMA
Downlinks (adaptive rate control is performed, but power control is not performed)

where T; ,,(t) denotes the average throughput of n-th subchannel of i-th UT.
This scheme ensures proportional fairness (PF) scheduling algorithm [11]. In
[12], a generalization of the proportional fair scheduler was shown, and it was

suggested that the selected UT, i should be defined that:

MCS; (1) hi(Mi (1)) (3)
Ti,n(t) Mi,n(t) ’

_—
in = AIgmax

where MC'S; ,,(t)/T; (1) is a well-known PF factor and M, ,(t) is the average
MCS. This scheduling is defined as G-fair scheduling algorithm. The expression
h(x) is a user-specific function that specifies overall fairness behavior [12].

4 Simulations: Performance in a Multi-cell Environment

4.1 802.16e OFDMA Parameters

The 802.16e based TDD-OFDM/OFDMA system is considered [8][9]. Table 1
shows the OFDMA parameters, and the link adaptation table (MCS table) is
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set to the parameters displayed in Table 2 [15]. The MCS level is reported ac-
cording to S/N sensitivity thresholds, and one frame delay is considered as MCS
feedback. An incorrect MCS report can occur due to time-varying channel and
feedback delay. Therefore, the SNR decision method has been adopted to simu-
lations. If the received C/I can satisfy the S/N sensitivity, the traffic is correctly

received, otherwise the traffic is lost.

Table 1. OFDMA parameters

Parameters Value
Carrier Frequency 2.3 GHz
Channel Bandwidth 10 MHz
Number of used subcarriers 1,702 of 2,048
Number of traffic subcarriers 1,536
Subcarrier spacing 5.57617 kHz
Number of subchannels 32
Number of subcarriers 48
Frame length 5.0 msec
Number of symbols per frame 26
Number of DL symbols 18
Number of UL symbols 8
Sum of RTG and TTG 45.885 usec
OFDMA symbol time 190.543 psec
Guard interval 11.208 psec
Cyclic prefix 1/16

Table 2. Modulation and coding (MCS) table [15]

Modulation Code rate Sensitivity threshold S/N PHY bit/sec/Hz

QPSK
16QAM
64QAM
64QAM

1/2 6.6 dB
1/2 10.5 dB
2/3 15.3 dB
3/4 20.8 dB

0.807
1.613

3.227
3.63

4.2 Simulation Environments

It is assumed that there are 19 cells located within a 1 km radius. These 16 UTs
are distributed in the center cell and the UT’s location is generated more than
1,000 times. All UTs are assumed to be best-effort traffic with full-buffering. The

channel C/T of the n-th subchannel of i-th UT is assumed to be:

K —1
(C/D);,, lewnll (Gil +lek,nllz> ;
k=1
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where G; is the average geometry which is determined by path loss and shad-
owing and shown as

o do 1
e Ioc + NOW N Ioc/Ior + 1/(IOT/NOW)7

(5)

where I, is the received serving-cell pilot strength, I,. is the sum of the re-
ceived other-cell pilot strength, and NyW is the thermal noise power. The expres-
sion {7;} represents the multi-path component within the guard interval, but
{1} is multi-path component which exceeds the guard interval. In simulations,
Z;]:l ||'yj7nH2 is assumed to be Rayleigh fading and {vy} is ignored, since the
cyclic prefix is assumed to be sufficiently larger than the overall delay spread. The
path loss model is assumed to be a vehicular model 129.427 + 37.6 * log10(dgm)
[14]. The standard deviation of Log-normal shadowing is assumed to be 10 dB.
Short-term channel gains are assumed to be Rayleigh fading with a Doppler fre-
quency of 6.4Hz (3km/Hr) and no correlation between subchannels is assumed.
The BS transmit power is set to 20 W (43 dBm) and antenna gain is set to 14
dBi. Thermal noise density is assumed to be -174 dBm/Hz and max C/I limit
is set to 30 dB.

FEach Ring is defined as the area occupied by a 100 meter unit. For example,
the n-th Ring is the area in that distance from the BS which are from (n-1)
hundred meters to n hundred meters. Three frequency reuse plans are simulated:
131 (3 sector, 1 FA), 133 (3 sector, 3 FA), and 163 (6 sector 3 FA). Fig. 5 shows
the average geometry distribution obtained by simulations. The 133 plan shows
the best received geometry over almost all rings among the simulated frequency
reuse plans, but it should be noted that the 133 plan has three FRF.

4.3 Throughput Performance

The four scheduling schemes, which include RR, max C/I, PF, and G-fair with
h(z) = 1. Table 3 shows overall sector throughput. Sector throughput of the max
C/I scheduler displays maximum sector capacity. In the OFDM/TDM system,
throughput of the PF is close to that of the RR, but throughput of the PF is
around 2 to 3 times higher than that of the RR for the OFDMA system. Further-
more, throughput of the G-fair is around half of that of the RR in OFDM/TDM,
but throughput of the G-fair in the OFDMA is 1.5 to 2.5 times higher than that
of the RR. Since the RR is performed during the symbol period while channel
schedulers are working during every frame period, the TDM system produces
lower multi-user scheduling gain. However, the OFDMA produces subsequently
increased multi-user scheduling gain by utilizing frequency domain scheduling.
For RR and max C/I, the throughput difference between TDM and OFDMA is
negligible, but OFDMA throughput is around 2 to 3 times higher than that of
the TDM in terms of PF and G-fair.
Table 4 shows normalized throughput determined as

TSector : NSector
T ormalized — ) 6
Normalized = "By U FRF (6)
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Fig. 5. Average received geometry for different frequency reuse plans

Table 3. Sector throughput [kbps/Sector]

131 (3 sector 1FA) 133 (3 sector 3FA) 163 (6 sector 3FA)
TDM OFDMA TDM OFDMA TDM OFDMA

RR  2,279.14 2,193.67 4,813.04 4,669.42 4,224.99 4,042.41
Max C/I 12,019.15 12,179.38 16,333.79 16,478.59 14,630.79 14,783.21
PF 2,301.14  7,000.82 4,781.71 9,361.92 4,143.76  8,452.39
G-Fair  1,112.00 5,343.32 2,184.87 6,743.79 1,986.67 5,804.66

where Tsector 18 sector throughput, Ngecror is number of sectors per cell, and
BW is the channel bandwidth for each FA. Table 4 shows that normalized
throughput of plan 131 is the highest and the 133 plan produces the small-
est throughput calculated among the investigated plans. In other words, the 133
plan can reduce other-cell interference and increase sector throughput but has
lower frequency efficiency. The 131 plan displays the lowest sector throughput,
but has the largest normalized throughput.

The throughput of UTs placed at around cell edge is an important key nec-
essary to understand cell coverage. Fig. 6 shows the average user throughput
of the first Ring (best channel condition) and Fig. 7 shows the average user
throughput of the 10-th Ring (worst channel condition). PF and G-fair sched-
ulers can provide higher throughput than max C/I in worst channel condition
users. The PF and G-fair scheduler can provide more than 200 kbps to 10-th
Ring users in the 133 plan, and can provide around 150 kbps in the 163 plan.
Average user throughput of the 10-th Ring observed in the 131 plan is less than
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Table 4. Normalized throughput [bps/Hz/Cell]

131 (3 sector 1FA) 133 (3 sector 3FA) 163 (6 sector 3FA)
TOM OFDMA TDM OFDMA TDM OFDMA
RR 0.68 0.66 0.48 0.47 0.84 0.81

Max C/I  3.61 3.65 1.63 1.65 2.93 2.96
PF 0.69 2.10 0.48 0.94 0.83 1.69
G-Fair  0.33 1.60 0.22 0.67 0.40 1.16

80 kbps. Therefore, though the 131 plan provides the highest channel capacity,
it is not suitable for service in the cell edge area. Fig. 8 shows the average user
throughput for each PF scheduling Ring for OFDMA schemes. It is shown that
while the OFDMA 131 plan PF scheduler provides 70 kbps to 3.6 Mbps of user
throughput, the 133 plan PF scheduler can provide 240 kbps to 2.4 Mbps and
the 163 plan can provide 150 kbps to 2.1 Mbps.

[ OFDMA_RR
] | I OFDMA_MaxC/I
T — I wo....|HHIIl OFDMA_PF .
] [ OFDMA_G-fair

Average user throughput [kbps]

31" 133" 163"

Fig. 6. Average user throughput in the first Ring (distance from BS: 0 to 100 meters)
for the OFDMA system (”1317: 3 sector 1 FA, ”133”: 3 sector 3 FA, 7163”: 6 sector 3
FA)

4.4 Fairness Performance

Figs 9 to 11 show the fairness CDF curves for use in OFDMA scheduling schemes
for the 131, 133, and 163 plans. Fairness is measured by the throughput to
average throughput ratio. The spike located at zero on the z-axis is a result
of poor channel conditions or scheduling starvation. The max C/I scheduler



326 Y.M. Ki, E.S. Kim, and D.K. Kim

240 ||l OFDMA_RR
[ OFDMA_MaxC/I
I OFDMA_PF

"| I OFDMA_G-fair

160

120

80

Average user throughput [kbps]

"3q "33 "163"

Fig. 7. Average user throughput in the 10-th Ring (distance from BS: 900 to 1,000
meters) for the OFDMA system (”131”: 3 sector 1 FA, 7133”: 3 sector 3 FA, 7163”: 6
sector 3 FA)
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Fig. 8. Average user throughput of PF schedulers for use in an OFDMA system

accounts for approximately 90 % of the faded UTs that could not be served.
Other schedulers account for around 65 %, 50 %, and 50 % fade for 131, 133, and
163 plans respectively. Since the max C/I serves only the best channel condition
UT, it displays severe unfairness for all investigated plans. As expected, the G-
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fair scheduler provides the best fairness. The 133 and 163 plans also show more
fairness than the 131 plan for RR, PF and G-fair schedulers.
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Fig. 9. Fairness curves for OFDMA scheduling schemes for use in the 131 plan (3 sector
1 FA)

5 Concluding Remarks

Throughput and its geographical service fairness of best effort service used for
downlink of 802.16e based TDD-OFDMA sectored cellular networks were evalu-
ated in conjunction with different scheduling schemes and frequency reuse plans.
Both OFDM/TDM and OFDMA was considered and the 131 (3-sectored 1 FA),
133 (3-sectored 3 FA) and 163 (6-sectored 3 FA) plans were considered for use
in a frequency reuse plan. The round robin, max C/I, PF and G-fair schedulers
were evaluated along with adaptive rate control. The 133 plan shows the best
throughput and geographical service fairness among the investigated plans, while
it produces the worst frequency efficiency. Results indicate that the choice of a
scheduling and frequency reuse plan should be determined with consideration
in terms of the trade-off between system throughput and geographical service
fairness.
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Fig. 10. Fairness curves for OFDMA scheduling schemes for use in the 133 plan (3
sector 3 FA)
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Fig. 11. Fairness curves for OFDMA scheduling schemes for use in the 163 plan (6
sector 3 FA)
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