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An OFDM A-Based Next-Generation Wireless Downlink
System Design with Hybrid Multiple Access and
Frequency Grouping Techniques

Won-Ick Lee, Byeong Gi Lee, Kwang Bok Lee, and Saewoong Bahk

Abstract: This paper discusses how to effectively design a next-
generation wireless communication system that can possibly pro-
vide very high data-rate transmissions and versatile quality ser-
vices. In order to accommodate the sophisticated user require-
mentsand diversified user environmentsof the next-gener ation sys-
tems, it should be designed totakean efficient and flexiblestructure
for multiple access and resource allocation. In addition, the de-
sign should be optimized for cost-effective usage of resources and
for efficient operation in a multi-cell environment. As orthogonal
frequency division multiple access (OFDMA) has turned out in
recent researches to be one of the most promising multiple access
techniques that can possibly meet all those requirements through
efficient radio spectrum utilization, we take OFDMA as the basic
framework in the next-generation wireless communications system
design.

So, in this paper, we focus on introducing an OFDMA-based
downlink system design that employsthetechniquesof hybrid mul-
tiple access(HMA) and frequency group (FG) in conjunction with
intra-frequency group averaging (IFGA). The HMA technique
combines various multiple access schemes on the basis of OFDMA
system, adopting the multiple access scheme that best fits to the
given user condition in terms of mobility, service, and environment.
The FG concept and | FGA technique help to reduce the feedback
over head of OFDM A system and the other-cell interference (OCI)
problem by grouping the sub-carriers based on coherence band-
widths and by harmonizing the channel condition and OCI of the
grouped sub-carriers.

Index Terms. Downlink, multi-cell environment, multiple access,
OFDMA.

I. INTRODUCTION

The next-generation wirel ess communication systems beyond
the 3rd generation are expected to provide very high data-rate
transmissions and versatile quality services. According to ITU
reports, the next-generation wireless communications systems
are required to provide a 100 Mbps data rate for fast moving
users and a 1 Gbps data rate for fixed users, which is 50 ~100
times higher than that of 3G systems[1].

In order to be able to provide such high data rate services,
it is necessary to employ advanced multiple access and trans-
mission technologies that can utilize frequency resources most
efficiently. Among various multiple access techniques known to
date, orthogonal frequency division multiple access (OFDMA)
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is one of the most favored schemes for use in broadband trans-
mission system design as it is capable of overcoming inter-
symbol interference (1Sl) and utilizing the given radio spec-
trum efficiently by dividing it into alarge number of small sub-
bands[2], [3]. There have been reported a number of OFDMA-
based system designs, such as adaptive OFDMA [2], frequency
hopping (FH) OFDMA [4], [5], and multi-carrier code divi-
sion multiple access (MC-CDMA) [6]- 8] systems. In addition,
there are various other techniques that have been introduced
to help enhance the spectral efficiency through resource man-
agement algorithms such as opportunistic scheduling [9]-{13]
and adaptive channel allocation [14]-{19]. Such link adapta-
tion techniques are tightly coupled with the physical layer struc-
tures and feedback mechanisms, so in the relevant system de-
sign, transmission technol ogies should be considered in combi-
nation with resource management schemes.

In addition to the requirements on high data rate transmis-
sion and versatile quality services, there are various other re-
quirements that should be incorporated in designing the next-
generation wireless communications systems. Basicaly, the
system should be designed to efficiently provide services to
users in different conditions in terms of mobhility, service re-
quirements, and geographical environment. Secondly, it should
be optimized to effectively utilize the limited frequency spec-
trum in multi-cell environment. Third, the cell planning should
be doneto be effective for distributed cellular systems with uni-
versal frequency reuse. Fourth, the system should be capable of
overcoming other-cell interference (OCI) caused by universal
frequency reuse and be required to minimize the level of co-
ordination among the neighboring cells. Fifth, the architecture
should be designed to render an easy connection and/or expan-
sion to I P networks.

In order to accommaodate such sophisticated requirements, we
need to design the next-generation wireless communication sys-
tems to be efficient and flexible in handling multiple access, re-
source allocation and management and to be robust to OCI. In
this paper, we introduce a next-generation system design, focus-
ing on its downlink part. The system design satisfies all these
requirements by taking OFDMA technology as the basic frame-
work while employing different variationsfor different user con-
ditions. The resulting system is composed of three major build-
ing blocks: The hybrid multiple access (HMA) technique, the
frequency group (FG) technique, and the intra frequency group
averaging (IFGA) technique. A major portion of the paper will
be dedicated to discussing thereasonswhy HMA, FG, and IFGA
techniques are conceived and how these techniquesareto beim-
plemented.
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The HMA techniqueis designed to combine various multiple
access mechanisms on the basis of OFDMA system and choose
the most appropriate multiple access technique depending on the
mobility, service, and environment of the user. The OFDMA
framework that adopts the HMA technique renders a solid ba-
sic structure to build an efficient and flexible downlink system
in which a diverse set of access techniques and resource man-
agement algorithms can be effectively combined to provide the
desired user services and QoS requirements.

The FG technique, in conjunctionwith the IFGA technique, is
designed to reduce the feedback and control overheads, sincethe
OFDMA system that exploits multi-user diversity gain through
resource management inherently causes heavy control overhead.
We form each FG by grouping the sub-carriers within a coher-
ence bandwidth so that the signal-to-noise-ratio (SNR) may be
regarded identical among al the sub-carriers belonging to the
same FG. Then the feedback and pilot overheads reduce signifi-
cantly as feedback can be done FG based, not sub-carrier based.
In addition, we adopt the IFGA technique such that signal-to-
interference and noise-ratio (SINR) is maintained uniform over
all sub-channelswithin the same FG by averaging out the chan-
nel characteristics of each constituent sub-channel. Such IFGA
technique makes the FG concept effectively applicableto multi-
cell OFDMA systems, by overcoming the OCI variation prob-
lem caused by non-uniform resource usage in the neighboring
cells.

This paper is organized as follows. Wefirst develop the HMA
technique in Section Il and present the frame structure that em-
ploys the FG concept in Section IlI. Then in Section IV, we
discuss how to improve the structure by adopting the IFGA
processing and analyzing the performance of different types of
IFGA mechanisms. Finally, we draw conclusions on the HMA
based downlink system design in Section V.

[I. HYBRID MULTIPLE ACCESS (HMA)

As discussed above, the next-generation wireless communi-
cation systems should be designed to be capable of accommo-
dating sophisticated user requirements and diversified user en-
vironments. So they should be designed to take an efficient and
flexible structure for multiple access and resource allocation
such that they become optimized for cost-effective utilization
of resources and efficient operation in multi-cell environment.
However, the existing OFDMA-based multiple access schemes
retain both advantagesand disadvantagesthat vary depending on
the application requirementsand the user conditions[3]. Specif-
ically, OFDMA itself can achieve high spectral efficiency but is
not adequate for use in mobile or high OCI environment; FH-
OFDMA can providefrequency diversity gain with light control
overhead so it is adequate for mobile users but it sacrifices the
spectral efficiency; and MC-CDMA can provide OCI robust-
ness and frequency diversity gain but suffersfrom inter-codein-
terference and channel estimation problems. Therefore, in the
next-generation system design it is desirable not to single out
one access technique among them to cover all different users,

LIn the MC-CDMA system, accurate channel estimation for each sub-carrier

isrequired to despread the frequency-spread signals without inter-code interfer-

ence, which requires high pilot and system overhead.
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each—uwith different QoS reguirements, mobility and environ-
ments, but to mix and match different access techniques depend-
ing on the application requirements and user conditions.

In order to take advantage of the different features possessed
by different multiple access techniques, we take a top-down ap-
proach that adopts the concept of class to categorize users de-
pending on the QoS requirement, mobility and environment.
Based on this categorization, we build a hybrid multiple access
scheme that chooses the most appropriate multiple access tech-
nique for each different class, thereby maximizing the efficiency
and flexibility in multiple access.

A. Mobility Classes

In the aspect of user mobility, we may classify usersinto two
mobility classes depending on the speed of user’s movement—
mobile users and nomadic users.

In the case of the nomadic users, the channel conditions
change slowly asthe Doppler frequency spread dueto the move-
ment speed is small. This helps the nomadic users utilize link
adaptation with little feedback overhead. So in designing the
downlink system for nomadic users we may set the main objec-
tive to fully utilize the radio spectrum and achieve high spec-
tral efficiency based on adaptive resource management such as
adaptive modulation and coding (AMC) and wireless schedul-
ing agorithms over adaptive OFDMA. We may exploit multi-
user diversity by selecting the most appropriate sub-carrier for
each user and applying AMC according to long-term and short-
term channel qualities, respectively, or by applying opportunis-
tic scheduling algorithms over the shared channels. However, it
is not advantageous to apply adaptive resource management to
nomadic users in unfavorable environments or with simple ser-
vice requirements. Therefore, we need to determine the most
appropriate multiple access technique and resource allocation
strategy after considering the service requirement and user envi-
ronment. So we defer further discussions on detailed selection
schemes for nomadic users to the next subsections.

On the other hand, in the case of mobile users, the channel
conditions change fast due to the high Doppl er frequency spread
caused by high maobile speed. Then the link adaptation tech-
niques become meaningless as the feedback information may
be hardly delivered to the controller within some meaningful
time duration, or the coherence time. Consequently, we need
to set the main design objective of the downlink system to pro-
vide robust services under fast-varying channel conditions. In
this case, frequency diversity gain and control overhead become
more important factors than the spectral efficiency. Therefore, it
is desirable, under the HMA framework, to take FH-OFDMA as
the opted multiple access scheme for mobile users. Differently
from the case of nomadic users, we may not consider the effects
of the service and environment classes for the mobile users. The
reason is that the application of link adaptation techniques? does
not enhance the spectral efficiency for mobile users due to the
short coherencetime.

It is possible to consider MC-CDMA as another candidate
multiple access technique for mobile users. However, MC-
CDMA requires accurate channel estimation per each sub-

2|n the HMA framework, service and environment classes are considered for
further enhancement of the spectral efficiency through link adaptation.
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Fig. 1. Performance comparison of adaptive OFDMA and FH-OFDMA
with respect to mobility.

carrier for despreading but the channel estimation errors and the
corresponding inter-code interference are likely to increase as
the mobile speed increases. Therefore, under the HMA frame-
work, we take FH-OFDMA as the opted multiple access mech-
anism for mobile users.

Fig. 1 shows the simulated performances of FH-OFDMA and
adaptive OFDMA? techniques with respect to various mobil-
ity speeds. The simulation was performed over an OFDM sys-
tem with 256 sub-carriersin a 2.5 MHz bandwidth and a 115.2
1S symbol length (including cyclic prefix length of 12.8 us).
We assumed that the frame length is 18 OFDM symbols (i.e.,
2.074 ms) and the link adaptation is performed for the adap-
tive OFDMA at every frame and with one-frame feedback de-
lay. We assumed perfect channel estimation and no feedback
error. For the channel model, we used a 5-path Rayleigh fad-
ing channel with wide-sense stationary uncorrelated scattering.
In time domain, we used Jakes model and exponential decay-
ing delay profile model with D, = 0.5 us and set the path
loss exponent to 3.5. The delay distribution of each Rayleigh
path is generated by a uniform distribution with the mean D ,.,,s.
Plotted in the figure is the SNR required to achieve a total rate
of 512 bitsOFDM symbol with a 10~3 BER constraint using
AMC. We used QPSK, 16-QAM, and 64-QAM for modula-
tion schemes and rate 1/2 convolutional code with length 7 for
channel coding. During the simulation, we applied equal power
allocation and adapted the modulation set for each sub-carrier
through the adaptive sub-carrier allocation (ASA) and adaptive
bit allocation (ABA) agorithms [17] in order to minimize the
BER with the constraint of the total rate. We do not adapt the
code rate in order to reduce the simulation complexity.

The SNR requirement value in the figure is the average of
the performances of 16 users. From the figure, we observe that
the FH-OFDMA maintains good performance even when the
mobile speed increases but the adaptive OFDMA exhibits good
performance only when the mobile speed is less than 30 km/h.
This result testifies that the FH-OFDMA is an adequate choice

3 Adaptive OFDMA refers the OFDMA system that adopts dynamic channel
allocation algorithms.

for mobile users.

In the HMA framework, we may differentiate nomadic and
mobile users depending on the utilization of link adaptation. A
user 4 estimates its own channel coherence time C'C'T; through
the pilot signal received from the base station. If the estimated
CCT; value is longer than the minimum threshold value re-
quired for link adaptation, T, 4, we may classify the user as
nomadic and, otherwise, as mobile. For determining the thresh-
old value T, 4, we should consider the unit time needed for link
adaptation and the feedback delay. We will defer the discussion
of thisissue to Section I11-B.

B. Service Classes

In the aspect of services, we may classify users based on the
two well-known classes—real-time (RT) services and non real-
time (NRT) services.

Asthe NRT service refersto bursty data service such as web
browsing, FTP and emails, throughput isthe main metric of QoS
and delay is not of much concern. So the multi-user diversity
gain for NRT services may be maximally exploited by applying
an opportunistic scheduling agorithm over the shared channel
in such away that the user in the best condition of channel qual-
ity and service statistics is selected for service. The schedul-
ing algorithm may be selected among the multitude of wireless
scheduling algorithms that have been reported in the literature
to date [9]{13].

In order to fully exploit such multi-user diversity, we assign
shared-OFDMA (S-OFDMA) channel to the nomadic users that
require NRT services. Asthere exist multiple SOFDMA chan-
nels and multiple users, it is necessary to group users to share
the same S-OFDMA channel by considering the servicerequire-
ments and environment. In the proposed HMA framework, we
dynamically assign up to eight users into an SSOFDMA chan-
nel and adopt the CDF-based scheduling (CS) algorithm [12]
for opportunistic scheduling. When anew user requests an NRT
service, we select an appropriate existing SSOFDMA channel or
anew SSOFDMA channel depending whether or not the assign-
ment of the new user violatesthe QoS requirement of the readily
admitted users. Such an assignment scheme makes sense, as it
is possible to estimate the throughput performance of each user
at the call admission control stage by adopting the CS algorithm
[12]. On the other hand, if the NRT service is such a one that
requires a huge bulk of data transmission, such as FTP service,
we can assign a dedicated channel to shorten the data transmis-
sion time.

In the case of RT services such as voice and streaming ser-
vices, it ishard to apply the opportunistic scheduling al gorithms,
as RT services produce delay-sensitive traffic. So dedicated
channels, such as the dedicated-OFDMA (D-OFDMA) channel
or the FH-OFDMA channel, are more appropriateto assign than
the shared channels such as the SSOFDMA channel. If a higher
spectral efficiency is desired, it is possible to apply adaptive
channel alocation algorithms[14]-{17] to D-OFDMA channel,
instead of the opportunistic scheduling algorithms. However,
if the required RT service is a low data-rate service such as a
typical voice service, FH-OFDMA is the better choice, as the
control and feedback overheads required to apply the adaptive
channel allocation algorithm would be larger than the gain ob-
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tained by applying it. In the HMA framework, we arrange a
D-OFDMA channel to consist of SC'r, 4 or more downlink sub-
carriers of identical channel condition* and a feedback chan-
nel in order to reduce the feedback and control overheads. This
meansthat if an RT service usesa D-OFDMA channel, it should
use at least SCr, 4 sub-carriers. So, unless the number of FH-
OFDMA channels, Ny, required to serve an RT service does
not exceed SC', 4, it is more efficient to use Ny FH-OFDMA
channels than to use one D-OFDMA channel. Note that one
FH-OFDMA channel is equivalent to one sub-carrier of the D-
OFDMA channel. Therefore, under the HMA framework, a
nomadic user of RT services first estimates the Ny value and
then selects an appropriate multipl e access scheme based on this
value. The condition to select FH-OFDMA is

Nrg < SCr4. @)

C. Environment Classes

In the cellular system, the environment of a user highly de-
pends on its location and the resource utilization of the neigh-
boring cells. In this aspect, we may consider classifying the ge-
ographical user environment into two classes depending on the
proximity to the center of a cell—cell center and cell boundary.

If auser werelocated at the cell boundary, it would experience
not only the low average SNR but also high OCI, with the OCI
fluctuation affecting the SINR more than the SNR fluctuation
does. Thisfact impliesthat if a user approaches the cell bound-
ary, the multi-user diversity gain obtained by adopting adaptive
D-OFDMA diminishes as the average SINR needed to select
the appropriate D-OFDMA channel varies when the resource
allocation of neighboring cells changes. On the contrary, the
frequency diversity gain of FH-OFDMA becomes more effec-
tive since not only the instantaneous SINR but also the average
SINR of the OFDMA sub-carriers fluctuates.

Fig. 2 shows the simulated performances of FH-OFDMA and
adaptive OFDMA applied to differently located users with re-
spect to different values of interference loading factor (ILF),
which is defined by

ILF — Number of used subcarriers in neighboring cells

Number of total subcarriers in neighboring cells

In the simulation, we took the typical 7-cell structure and al-
located sub-carriers in the neighboring cells such that the ILF
value becomes identical for each neighboring cell. Specifically,
we assigned both D-OFDMA channels and FH-OFDMA chan-
nels in each neighboring cell to generate a semi-dynamic OCI
model. For each neighboring cell, we allocated 1/2 6 N sub-
carriers to D-OFDMA channels in a random fashion and as-
signed 1/2 6 Ny FH-OFDMA channels that hop randomly each
symbol period among the other (1 — 1/2 6) N sub-carriers, for
the ILF value ¢ and the total number of sub-carriersin each cell
Nrp. Under such OCI model, some sub-carriers would experi-
ence constant OCI due to the D-OFDMA channels alocated in
the neighboring cells and some others woul d experience dynam-
icaly changing OCI due to the FH-OFDMA channels assigned

4We can provide multiple sub-carriers of identical channel condition by adopt-
ing the FG concept and IFGA processing, as will be described in the next two
sections.
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Fig. 2. Performance comparison of adaptive OFDMA, FH-OFDMA, and
HMA in different ICI conditions.

in the neighboring cells. We took the same system configura-
tion as for the Fig. 1 case and put eight users at the distance
of 0.25R from the cell center and eight users at the distance of
0.75R, for the cell radius R.5 The figure plots the average val-
ues of BER for the eight users. From the figure, we observe that
FH-OFDMA is better than adaptive OFDMA in the high OCI
environment.

In the HMA framework, we assign multiple FH-OFDMA
channelsto the nomadic usersthat require high-datarate RT ser-
vicesin a high OCI environment, since the frequency diversity
gain of FH-OFDMA is more efficient than the multi-user diver-
sity gain of D-OFDMA. In order to determine the environment
class, each nomadic user estimates the number of sub-carriers
required for both cases—namely, N 4 when it uses link adap-
tation through D-OFDMA channels and Ngy when it uses FH-
OFDMA channels. An FH-OFDMA channel is allocated to the
user if

Nru < a,Nrpa,

3

for a compensating factor «,,. Usualy, the value a;,, = 1 suf-
fices but a bigger value may be used to reflect the resource re-
quired for control and feedback overheads of the D-OFDMA
channdl. If a,, > 1, it means that the extra («,, — 1) N4 sub-
carriers may be regarded as such overheads. Considering the
required service rate of the RT services discussed in the previ-
ous subsection, we may express the decision criterion of using
the FH-OFDMA channel for RT services as follows

Nrn < max{a,Npa,SCra}. (4)
In case the system allowsfor high frequency reuse factor (FRF),
we may use D-OFDMA with high FRF for high data rate RT
servicesin ahigh OCI environment.

A summary of the above discussionsis listed in Table 1. The
table, in effect, works as the definition of the proposed HMA

5We do not consider the users at the cell boundary (i.e., at 1R distance), as
those users are supposed to select the FH-OFDMA channels under the HMA
framework.
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Class Multiple
Mobility Service Environment access
High data Low OCI D-OFDMA
Nomadic | Read-time | rateservice | High OCI FH-OFDMA*
user service Low datarate service FH-OFDMA
Non real-time service S-ODFMA
Mobile user All types FH-ODFMA

* D-OFDMA with ahigh FRF value can be used optionally.

framework. Once a user condition is determined, in terms of
mobility, service, and environment, we may look up in the table
to find the preferred multiple access scheme.

D. Other Considerations

So far we have considered the issues fundamentally required
for establishing the HMA framework. There are several other
issues to consider in support of the HMA framework, namely,
the issue of signaling and estimation errors, the issue of H-ARQ
adaptation and the issue of applying MIMO technologies.

The error that occurs in the feedback channel towards the
base station or in the channel estimation at mobile station can
cause performance degradation in the HMA framework. Basi-
cally, each mobileis equipped with ARQ schemesthat can com-
pensate for the errors. However, if the performance degradation
becomes large, we may adopt a readjustment process such that
the OFDMA-channel (D-OFDMA or SSOFMDA channel) can
be switched to some FH-OFDMA channels when the received
throughput of the OFDMA channel drops below the expected
throughput of the FH-OFDMA channels. Such a readjustment
scheme can be used as a means to handle the problem of mis-
estimating the mobility or the environment class of the mobile
station and, in addition, the problem of large delay spread. ©

The hybrid-ARQ (H-ARQ) mechanism [19] may provide a
useful means to enhance the performance of the HMA scheme
asit can help to compensate for mismatched link-adaptation, for
the OFDMA and FH-OFDMA channels, or data frame errors by
combining a channel coding and an ARQ scheme. The main ef-
fect of H-ARQ, however, isin elevating the received throughput
towards the level that might be achieved if the fast-link adapta-
tion is ideally applied. This indicates that the performance of
an FH-OFDMA channel adopting H-ARQ may be hardly better
than that of a D-OFDMA channel equipped with fast-link adap-
tation. Therefore, the HMA scheme can accommodate the H-
ARQ mechanism under the basic framework as defined above.

The MIMO technology [20] is an important physical layer
tool that can help enhancethe performance of the HMA scheme.
We may adopt the MIM O technology in different formsin com-
bination with the appropriate multiple access mechanisms con-
sidering the service requirements, mobility classes and environ-
ment classes. Detailed work on the usage of MIMO technology,
aswell asthat of H-ARQ, isfor future study.

SNotethat alarge delay spread can degrade the performance of OFDMA chan-
nelswhen the FG concept is applied. A more detailed discussion about the delay
spread will be made in Section I11.

1. FRAME STRUCTURE DESIGN WITH
FREQUENCY GROUPING

The HMA framework as discussed above would possibly ren-
der an efficient and flexible multiple access mechanism for an
OFDMA -based downlink system. However, the OFDMA-based
system that utilizes multi-user diversity through link adaptation
and scheduling inherently accompanies heavy control overhead.
In this section, we discuss how to design the frame structure
of the OFDMA-based downlink system to make it operate at
reduced feedback and control overheads in both frequency and
time domains. We focus the discussions on the D-OFDMA and
S-OFDMA schemes, excluding the FH-OFDMA case that does
not use fast link adaptation. Aswill be detailed below, we adopt
the concept of frequency grouping asameansto reducethe over-
heads.

A. Freguency Domain Design

In broadband wireless OFDMA-based systems, the channel
condition of each sub-carrier varies due to frequency selective
fading. However, within the range of the coherence bandwidth,
the fluctuation of the channel condition among the adjacent
sub-carriers may be regarded as very small. So we divide the
overal sub-carriers into frequency groups (FGs) of the same
size, SCrq, by grouping the sub-carriers within each coher-
ence bandwidth, and allocate one of the SCrq sub-carriersin
each FG asthe pilot channel. Then we may regard that the SNR
values are identical among all the sub-carriers belonging to the
same FG and this SNR value can be determined by measuring
the pilot channel. This enables channel feedback to be done per
FG, instead of per sub-carrier. Consequently, the channel infor-
mation of the SCrg sub-carriers within an FG is represented
by the pilot channel, so the amount of feedback information re-
ducesto one per SCrg.

The coherence bandwidth, BW ¢, is a function of the delay
profile, which may be expressed as BW ¢ = % for the max-
imum delay spread Tmax. Table 2 lists the delay profiles, the
related coherence bandwidth and the resulting number of sub-
carrierswithin the coherence bandwidth for the ITU, COST259,
and 3GPP models. If we were to take all the models into con-
sideration, the allowable FG size would be only 5 sub-carriers.
However, thisistoo small avaluefor practical use and the reduc-
tion of feedback and pil ot overheadsis not large enough. Noting
that, the objective of adopting the FG concept is to reduce the
overhead of the D-OFDMA or the SOFDMA channel used by
nomadic users, we may exclude from consideration the models
for mobile users such as vehicular model of ITU and the case
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Table 2. Standard delay profiles.

BW¢
Standard | Modéel DRMS | Dmax | (kHz) | SCs*
Indoor 100 ns 700ns | 1429 | 146.3
office
ITU Pedestrian | 750 ns 3.7 us 270 | 27.7
Vehicular 4 us 20 us 50 5.1
Typica 05us | 214us 467 | 47.9
urban
COST | Rura 0.1 us 528ns | 1893 | 194.0
259 area
Hilly 3us | 18.02 us 56 5.7
terrain
Casel 280 ns 976ns | 1025 | 105.0
(3 km/h)
Case?2 9.2 us 20 us 50 51
(3km/h)
Case 3 242 ns 781lns | 1280 | 131.0
(120 km/h)
3GPP Case 4 488 ns 976ns | 1025 | 105.0
(3 km/h)
Caseb 280 ns 976ns | 1025 | 105.0
(50 km/h)
Case 6 240 ns 781ns | 1280 | 131.1
(250 km/h)
Case7 4us | 1448 us 69 7.0
(50 km/h)

* The number of subcarriersin BW ¢ when 2,048 subcarriers
liein 20 MHz band.

3,5,6, and 7 models of 3GPP. In addition, we may also exclude
the hilly terrain model of COST259 by assuming that the users
under this model can be serviced by the FH-OFDMA chan-
nel. This assumption is reasonable as the readjustment mech-
anism in the HMA framework described in Section I1-D is sup-
posed to switch an OFDMA channel with large delay spread to
some FH-OFDMA channels when the received throughput of
the OFDMA channel is lower than the expected throughput of
the FH-OFDMA channels. Therefore, it is adequate in the FG
design to take into account the RMS delay spread below 1 us,
expecting a performance degradation below 1.5 dB. In case a
user suffers from a delay spread larger than 1 us, the readjust-
ment mechanism of the HMA framework will change the multi-
ple access scheme to FH-OFDMA.

Fig. 3 shows the simulated performance of the adaptive
OFDMA for nomadic userswith various different delay spreads
and FG sizes. For the simulations we assumed an OFDMA sys-
tem with 2,048 sub-carriersin a 20 MHz band at a 2 GHz fre-
guency and a 115.2 us symbol length including a12.8 us cyclic
prefix (CP). We used a 5-path Rayleigh fading channel with ex-
ponential decaying delay profile and used five RM S delay spread
values of 0.5, 1, 2, 3, and 4 us. We set the path loss exponent
to 3.5 and assumed perfect channel estimation and no feedback
error. The figure plots the SNR values required to achieve the
data rate of 8,192 bitsOFDM symbol with a 10~°> BER con-
straint. We used QPSK, 16-QAM, and 64-QAM for modula-
tion schemes and a rate 1/2 convolutional code with length 7

JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 7, NO. 2, JUNE 2005

35

N(:2,048, BW=20 MHz, 16 users,

@ le = 8,192 bits/OFDM symbol

~ 30 1
2 &
(ﬁ g) —v— DRMS =4us
%‘) g —&4— DRMS =3us
2 &5l DRMS =2us ]
@ =] DRMS = 1 us
ER DRMS = 0.5us
J 2

S20F E

15 f I I I I I

1 2 4 8 16 32 64 128
Frequency group size (number of subcarriers)

Fig. 3. Performance of adaptive OFDMA for various delay spread and
FG size values.

for channel coding. We assumed equal power alocation and
fixed code rate and applied the ASA and ABA algorithms [17]
to adapt the modulation set. Plotted in the figure are the average
values of 16 users.

Based on the SNR performances displayed in the figure, we
take the prime number 17 as the value of SC'rq, as the perfor-
mance degradation fallswithin 1.5 dB rangefor 1 usRMSdelay
spread and within 7 dB rangefor theworst case of 4 usRM S de-
lay spread for thisvalue. Then the feedback overhead reducesto
1/17 through the FG based feedback operation, while the multi-
user diversity gain obtained from the adaptive OFDMA gets de-
graded by 1.5 dB. The choice of the prime number 17 is in-
tended to include a pilot channel and a radix-2 number of data
channels and, in addition, for an easy adoption of the intra fre-
guency group hopping (IFGH) technique to be discussed in the
next section.’

As aresult, we get the basic framework of the HMA based
downlink system as follows. Given a20 MHz band at a 2 GHz
frequency, we put 2,048 sub-carriersin it. The symbol duration
is then determined by the inverse of the sub-carrier spacing to
be 102.4 us (= 2,048 / 20 MHz). If we add a 1/8 CP overhead
of 12.8 us, the resulting symbol length becomes 115.2 us. We
divide the 2,048 sub-carriers into 120 FGs of 17 sub-carriers
each (i.e., 2,040 sub-carriersin total) and 8 null sub-carriers,®
with each FG composed of 1 pilot channel and 16 data chan-
nels. Under thisHMA framework, we build a D-OFDMA chan-
nel with at least SCr, 4 sub-carriers within the sasme FG and an
S-OFDMA channel using an FG. For the FH-OFDMA channels,
webuild an FH-OFDMA channel groupwith SCry sub-carriers
taken from SCrpy different FGs.° One FH-OFDMA channel
group can accommodate SC'ry FH-OFDMA channels. It is ex-
pected in general that different multiple access schemes use dif-

7For the design of an efficient frequency hopping pattern, the prime-numbered
hopping period is preferred.

8These null sub-carriers may be used for carrying fixed pilot signals or for
other purpose. We do not specify guard bands here, but some FGs may be
arranged as guard bands as necessary.

91t is necessary to maintain some distance between two adjacent FGs among
the SCryu FGsin order to provide frequency diversity. We set the minimum
distance to 10 FGsin the HMA-based downlink system.
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ferent FGsin the HMA framework, but it is not restricted. 1°

The adoption of FG concept may reduce the frequency and
interference diversity as it reduces the number of independent
sub-channel. However, after applying the FG concept, there still
exist 120 FGs (case of 2,048 sub-carriers) that can be expected
to provide sufficient frequency and interference diversity.

B. Time Domain Design

In the time domain, we take the frame as the unit of link
adaptation. However, the coherencetime required for link adap-
tation, T, 4, should consider the feedback delay since the link
adaptation is performed based on the feedback information re-
ported by the user. Therefore, Ty, 4 is determined by

Tra =Tp 4 Ty, 5)

where Ty and T's;, denote the frame duration and the feedback
delay, respectively. In the HMA-based downlink system design,
we assumed that the maximum feedback delay is T';, and set
Tt 4 to 2. As mentioned above, the T'7, 4 value should be de-
termined such that the nomadic users can apply link adaptation
techniques. The target nomadic users are those moving at a
speed below 30 km/h. Fig. 4 shows the simulated performance
of the adaptive OFDMA according to the normalized Doppler
spread defined by

(6)

where fi max denotes the maximum Doppler spread. It plots
the SNR values required to achieve the data rate of 8,192
bitsyOFDM symbol witha10 > BER constraintand a4 usRMS
delay spread. For the other parameters, we took the same sys-
tem configuration as for the Fig. 3 case. Plotted in the figure
are the average values of 16 users. Based on the SNR perfor-
mances exhibited in the figure, we take 0.23 as the normalized
Doppler spread val ue, for which the performance of the adaptive
OFDMA hasagain of about 3 dB when compared with the non-
adaptive OFDMA case. As the target maximum Doppler spread

fd7n0rm = fd7max ' TLA;

10For example, D-OFDMA channels may use the remaining sub-carriers in
the FH-OFDMA FGs.

Freq *‘ Frame (18 symbol) -
i Data symbols -
Pilot
T bearri :
Preamble = subcarrier Time
symbol

Fig. 5. Downlink frame structure.

is 55.55 Hz at the 30 km/h speed, the corresponding 7’1, 4 value
is determined to be 4.147 ms (or 36 OFDM symbols) and the T’y
value to be 18 OFDM symbols.

We take the frame structure to be composed of 1 preamble
symbol and 17 data symbols. The preamble symbol is for use
in estimating the frequency offset and performing the time syn-
chronization. The symbol number 17 is taken to match with the
FG size of 17 sub-carriers as the IFGH technique uses an n by
n hopping matrix for a prime number n.'* From the resulting
frame length, we can calculate the channel coherence time of
user i, CCT;, to be 0.23/ fg,max- A user i is regarded as no-
madicif CCT; < T, a(= 4.147 ms) in the HMA framework.

Fig. 5 depicts the frame structure of the HMA framework in
frequency and time domains, which is defined in the form of an
FG consisting of 17 sub-carriersin frequency domain and in the
form of aframe consisting of 18 symbolsin timedomain. Inthis
design, the control overhead per frameis 1 preamble symbol in
each of the sub-carriersand 1 sub-carrier in each of the 17 data
symbols for the pilot channel. Therefore, the total control over-
head iscalculatedtobe1/18 4+ 1/17 x (17/18), which amounts
t011.1 %.

V. INTRA-FG AVERAGING FOR MULTI-CELL
ENVIRONMENT

The frequency and time domain structure discussed above
was designed to reduce the feedback and control overheads
of the adaptive OFDMA system. However, in the multi-cell
OFDMA environment, the channel quality also depends on how
the neighboring cells use their sub-carriers. Consequently, even
the sub-carriers within the same FG may experience different
SINR dueto the resulting OCI difference. In this circumstance,
the pilot of an FG fails to represent the correct channel qual-
ity of the sub-carrierswithin the FG. In order to overcome such
OCI variation and to effectively utilize the FG concept in multi-
cell OFDMA systems, we employ intra frequency group aver-
aging (IFGA) techniques, namely, intra frequency group hop-

' The details of the IFGH technique will be discussed in the next section.
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after frequency-hopping.

ping (IFGH) and intra frequency group spreading (IFGS). These
IFGA techniquesareintended to average out the sub-channelsin
an FG by adopting frequency hopping (in the case of IFGH) or
frequency-domain spreading (in the case of IFHS) mechanisms.
Then the OCI caused by the alocation of sub-channels at the
neighboring cells gets spread over al the sub-channels within
the FG, and, consequently, the channel quality of the IFGA-
applied sub-channels within an FG becomes uniform, with the
IFGA-applied pilot duly representing the actual SINR of the
constituent sub-channels.

A. Intra-FG Hopping

IFGH technique uses frequency hopping to average out the
sub-channels. It spreads only the 17 by 17 data symbol array by
using the 17 by 17 cell-specific Latin sequence. Once IFGH is
applied, each sub-channel of a cell is distinguished by the hop-
ping index and the signal from the other cells is distinguished
by the cell-specific hopping sequence.

For channel estimation, we can process the pilot signal as it
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is hopped by the same sequence that is used for the data chan-
nels. While such channel estimation is adequate enough for re-
source management algorithms, it is not good enough for the
OFDM systems since the OFDM receiver requires compensat-
ing the channel response of each sub-carrier through channel
equalization. In order to estimate and compensate the channel
response of the (i, j)-th OFDM element, which represents the
j-th tone (i.e., sub-carrier) at the ith OFDM symbol, we adopt
the 2-dimensional minimum mean sguare error (2-D MMSE)
estimation method [18]. In the 2-D MM SE equalizer, the chan-
nel response of each OFDM element is estimated through the
pilot elements within the coherence bandwidth and the coher-
ence time ranges of the desired element. The receiver applies
theinterpol ation and filtering methods using the auto-correlation
functions between the pilot elements and the cross-correlation
functions between the pilot element and the desired element.

Fig. 6 illustrates the IFGH technique; (a) shows the original
sub-channel structure of two FGs and two frames and (b) shows
the sub-channel structure after applying cell specific hopping.
The preamble symbol is omitted in the figure as the IFGH tech-
niqueisapplied only to the data symbols. AsshowninFig. 6(b),
the used and unused channels are well spread out to all the sub-
carriers within each FG. Therefore, both the SNR and SINR
responses are well averaged out, since IFGH is applied to the
signals from other cells as well asto the signal from the desired
cell.

B. Intra-FG Spreading

IFGS technique uses frequency-domain spreading to aver-
age out the sub-channels. It uses Walsh-Hadamard sequence
to distinguish the data sub-channels of a cell and applies a cell-
specific scrambling code to distinguish the cells.

In contrast to the IFGH that spreads the pilot channel with
the same hopping sequence, |FGS leaves out the pilot channel
from spreading. It only spreads the 16 data channels. The pi-
lot channel is spread by frequency hopping asin the IFGH case
and then inserted to the frequency-domain spread data channels.
Fig. 7 illustrates this procedure. Fig. 7(a) shows the frequency-
domain spread 16 data sub-channels (excluding the pilot chan-
nel) for the original sub-channel structurein Fig. 6(a). In order
to demonstrate the pilot insertion procedure, weredraw Fig. 7(a)
to asimplified figure Fig. 7(b), where each block represents the
code-multiplexed signal of 16 code domain signalsin Fig. 7(a).
Fig. 7(c) depicts the final form of the IFGS spectrum, including
the frequency-hopped pilot.

Note that in the last figure the frequency-hopped pilot is in-
serted among the code-spread data channels. The reason of
using the frequency-hopped pilot is because it is hard to com-
pensate channel response at the OFDM receiver if a frequency-
domain spread pilot is used. When the pilot elements are spread
in the frequency domain, it is possible to measure the channel
response after despreading but, for this despreading process, we
need to compensate channel response to remove the inter-code
interference.

C. Performance Comparison

We conducted computer simulations to compare the perfor-
mances of IFGH and IFGS. For the simulations we took the 7-
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cell environment composed of the target cell and its six first-tier
neighbors. We assumed that each cell uses 2,048 sub-carriersin
a20 MHz band at a 2 GHz frequency and the symbol length is

115.2 usincluding a12.8 us CP. We used a 5-path Rayleigh fad-
ing channel with an exponential power delay profile and set the
RMS delay spread and the path loss exponent to 1 us and 3.5,
respectively. We assumed that the maximum Doppler spread is
55.55 Hz, which represents a 30 km/h mobile speed. This set-
ting corresponds to the worst case considered in the frequency
and time domain design of Section 111. We compared the perfor-
mances of six different schemes. 1) IFGH with perfect chan-
nel state information (CSl), 2) IFGH with 2D-MMSE chan-
nel estimation, 3) IFGS with perfect CSl, 4) IFGS with 2D-
MMSE channel estimation, 5) an ideal adaptive OFDMA, and
6) an FG-based adaptive OFDMA without IFGA techniques.
For the ideal OFDMA scheme, we assumed that the base sta-
tion knows al the channel information of each sub-carrier and
applies link adaptation for each sub-carrier. For the FG-based
OFDMA scheme, we assumed that the base station knows the
averaged channel information of an FG and applies link adap-
tation FG based but does not use the IFGA technique. For the
IFGS and IFGH schemes, we applied the same assumption asfor
the FG-based adaptive OFDMA case except that the base station
uses |FGA technique. We also assumed that the FG-based adap-
tive OFDMA scheme uses a 2D-MM SE equalizer and the IFGS
schemes use a frequency-hopped pilot.

Fig. 8 shows the resulting averaged BER performances when
link adaptation is performed among the modulation set {QPSK,
16-QAM, and 64-QAM} to achieve the data rate of 8,192
bitsOFDM symbol using a rate 1/2 convolutional code with
length 7 as the channel coding scheme. For the link adaptation,
we assumed equal power allocation and fixed code rate and used
the ASA and ABA agorithms[17]. We used the OCI model of
Fig. 2 and applied the IFGS and IFGH techniques to the neigh-
boring cells only when the corresponding technique is applied
in the desired cell. Fig. 8(a) shows the BER performances at
the locations of 0.25R and 0.5R from the cell center with the
ILF value set to 0.4; and Fig. 8(b) showsthe BER performances
at the location of 0.5R from the cell center for the ILF values
of 0.125 and 0.875. Asthe IFGS and IFGH techniques are de-
signed for D-OFDMA and SSOFDMA users, the performance of
the users at the cell boundary region (i.e., 0.5R ~ 1R), which
would select the FH-OFDMA channelsis not considered.

From the figures, we observe that the performance of IFGH
schemeis comparableto that of the IFGS schemein general but
becomes superior when channel condition becomes good. We
also observe that the BER performance of IFGH approachesthe
ideal case. The performance gap between the two is inherently
unavoidable as the concept of frequency grouping is adopted to
reduce the feedback and pilot overheads at the sacrifice, to some
extent, of the performance of the adaptive OFDMA. From the
two figures we can find that the performance further degrades
to the level of practical adaptive OFDMA if frequency group-
ing is applied aone, without the IFGA technique. These re-
sults demonstrate that the IFGA technique is an enabler of the
FG concept that makes FG successfully applicable even in the
multi-cell environment.



124

IFGH; using estimation
IFGH; perfect CSI
IFGS; using estimation
IFGH; perfect CSI
Adaptive OFDMA; FG
Adaptive OFDMA; I deal

o e > » o m

user position=0.25R
103 F RMS delay spread=1 us

Doppler frequency=55.55 Hz

Convolutional code (r=1/2)

ILF=0.4

T
IFGH; using estimation
IFGH; perfect CSI
IFGS; using estimation
IFGH; perfect CSI
Adaptive OFDMA; FG
Adaptive OFDMA; | deal

o e D> »oOwm

ILF=0.875

BER

-2 | RMS delay spread=1 us
Doppler frequency=55.55 Hz
Convolutional code (r=1/2)
User position=0.5R

ILF=0.125

0 5 10 15 20
SNR (dB)

(b)

Fig. 8. Performance comparison of IFGH and IFGS; (a) for different user
positions, (b) for different ILF values.

V. CONCLUSION

In this paper, we have discussed how to design an efficient and
flexible next-generation wireless communication system on the
basis of OFDMA. Focusing on the downlink system design, we
detailed the reasoning for adopting the HMA framework and the
frame structure in connection with the concept of FG and IFGA
techniques. The resulting downlink system is therefore tailored
for accommaodating various user requirements in diverse envi-
ronments, with flexible adaptation of multiple access schemes
and resource management strategies. It also renders an efficient
structure that operates at reduced feedback and control over-
heads and is robust to the OCI in the multi-cell environment.

In the proposed downlink system, the HMA framework plays
acentra role for building an efficient and flexible downlink sys-
tem. It basically combines various different multiple access
mechanisms as the basis for an OFDMA system and chooses
the most appropriate multiple access mechanism depending on
the mohility, services, and environment of the user. Conducting
arigorous reasoning process, we have generated the criteriafor
selecting the best multiple access technique for each given sit-
uation and summarized it in Table 1. Therefore, by employing
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the HMA framework, we can effectively accommodate sophis-
ticated user requirementsin diverse user environments.

The conception of FG and its extension to IFGA process-
ing were intended to reduce the huge feedback and control
overheads that are normally involved in designing an adaptive
OFDMA system. By forming an FG by combining the sub-
carriers within a coherence bandwidth, we could regard that
the channel condition becomes identical among all sub-carriers
within the same FG; and by arranging an IFGA processing to
average out the channel characteristics of each constituent sub-
channel within the same FG, we could overcome the OCI vari-
ation problem caused by the non-uniform resource usage of the
neighboring cells in the multi-cell environment. According to
computer simulations, it turned out that the FG concept can truly
achievethe goal of reducing the feedback and control overheads
without sacrificing the system performance, in the multi-cell en-
vironment, when |FGA techniqueis applied in conjunction with
FG.

The proposed OFDMA downlink system design may put a
corner stone in investigating how to flexibly and efficiently ac-
commodate the various user requirements, mobility, and en-
vironments in one framework, while reducing the control and
feedback overheads of link adaptation techniques and making
the system robust to OCI. However, it deals mainly with the
system-level downlink data channel design, so should be com-
plemented by an uplink and control channel design. In addition,
alower-level design should follow shich should include the ap-
plication of the H-ARQ and MIMO technologies.
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