466 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 12, NO. 5, OCTOBER 2010

Achieving Maximum System Throughput with
Cooperative Relaying: A Case Study of IEEE 802.16j
Multi-Hop Relay

Hyun-Seok Ryu, Heesoo Lee, Jae-Young Ahn, and Chung Gu Kang

Abstract: Various types of cooperative relaying (CR) schemes ex-
hibit different levels of throughput and outage performance be-
cause of their inherent trade-off between diversity gain and oppor-
tunity cost; in other words, the overhead that is associated with
cooperation. This article attempts to answer whether cooperative
communication is beneficial or not from the system-level viewpoint
and furthermore, if it is, how its average throughput can be max-
imized while maintaining the target outage rate. In order to im-
prove throughput at the required outage performance, we propose
a unified selection criterion to deal with different levels of combin-
ing gain and opportunity cost associated with each scheme, which
allows for the employment of different CR schemes for various po-
sitions of the mobile station. Qur system-level simulation results
for an IEEE 802.16j multi-hop relay confirm the varying levels
of trade-offs among different CR schemes and furthermore, show
that CR will be a useful means of maximizing the average through-
put for a multi-hop relay system as long as each type of the cooper-
ating scheme is carefully selected, depending on the position of the
mobile stations. '

Index Terms: Cooperative relaying (CR), IEEE 802.16j, system
level simulation.

L. INTRODUCTION

Multi-hop relay (MR) systems are considered to be a useful
means of enhancing the coverage, throughput, and capacity of
mobile wireless broadband networks, e.g., IEEE 802.16e mo-
bile wireless metropolitan area network (WMAN), [1]-[3]. The
coverage and throughput gains can be leveraged to reduce the
total deployment cost for a given system’s performance require-
ment and thereby improve the economic viability of those sys-
tems. Furthermore, it aims to facilitate in-band relaying with-
out resorting to an additional frequency assignment for the re-
lay link or the deployment of optical fiber. The IEEE 802.16j
MR task group [4] is one particular example of standardiza-
tion activities towards a relay-enhanced cellular system (RECS),
which enables the exploitation of such advantages by specify-
ing time division duplex (TDD)-based orthogonal frequency di-
vision multiple access (OFDMA) physical and medium access
control layer enhancements to the IEEE 802.16 standard for Li-
censed bands [5], [6].
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The throughput enhancement in an MR system is mainly at-
tributed to the improvement of the carrier-to-interference-and-
noise ratio (CINR) for mobile stations (MSs) around the relay
stations (RSs) in areas remote to the base station (BS) where the
data rate must be significantly reduced. Furthermore, the band-
width efficiency can be maximized by dividing the coverage area
into subcells, each of which is covered by a RS. By fully reusing
the radio resources in all these subcells, the overall system ca-
pacity can be maximized. In spite of a significant gain through-
out with the frequency reuse approach, co-channel interference
becomes harmful to the MSs in the vicinity of neighboring RSs.
Therefore, the performance limitation of a MR system can be
properly understood only by investigating the throughput gain
subject to the required level of service outage rate.

Recently, cooperative relaying has been considered to be a
useful means of achieving diversity gain [7]-[10]. In particular,
many different types of cooperative relaying (CR) schemes are
specified in [2] and [3], which transmit information over mul-
tiple routes and then, combine the signals received from them
or select one of them. From a physical-layer point of view, the
spatial diversity of multiple nodes (cooperative diversity), possi-
bly combined with the distributed space-time code, will always
be useful for reducing the outage events incurred by the severe
co-channel interference in the vicinities of the adjacent RSs.

From a system-level point of view, however, cooperation is
not always beneficial, since it may require the cooperating nodes
to lose its own transmission opportunities, i.e., reducing the
overall bandwidth efficiency. Since all these CR schemes are
different in their combining gains and resource requirements,
there exists a different level of trade-offs in the average through-
put and outage performances among them. In order to improve
throughput while maintaining the required outage performance
in the system, we propose a selective strategy in cooperation,
which allows for the employment of different CR schemes that,
depend on the position of the MSs throughout the cell coverage.
In particular, a unified selection criterion is provided to deal with
different levels of combining gain and opportunity cost associ-
ated with each scheme. It will serve as a typical example of a
cross-layer design that incorporates the physical-layer property
of cooperative diversity into upper-layer resource management.

We present the system-level simulation results to confirm the
varying levels of trade-offs among different CR schemes and to
show that the overall system throughput and outage performance
can be fully enhanced with the proposed approach. Unlike most
previous considerations for a point-to-point performance, our
analysis is mainly focused on understanding the best possible
system-level performance that can be achieved by cooperative
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relaying. To our best knowledge, there is no existing work eval-
uating the system-level performance in the cooperative relaying
context, especially with an adaptive selection criterion. In [11],
a minimum transmission-time criterion is proposed to determine
whether each node with low data rate selects either direct trans-
mission or transmission through a high data rate helper node in
an IEEE 802.11 wireless local area network (WLAN). In con-
trast with the work proposed in [11], our work intends to deal
with an underlying link-level performance inherent to the coop-
erative diversity in the relay-enhanced cellular network.

This paper is organized as follows. In Section II, we describe
the preliminary simulation results for multi-hop relaying with-
out cooperation. In Section III, we provide an overview of vari-
ous types of cooperative relaying schemes in IEEE 802.16j. We
propose a unified selection criterion for selective cooperative re-
laying in Section IV. Then, in Section V, we show the system
level simulation results. We conclude the paper with a summary
in Section VL

II. PRELIMINARY RESULTS FOR MULTI-HOP
RELAYING

In this article, we consider IEEE 802.16j MR standard, which
is an enhancement to the OFDMA/TDD-based mobile wireless
broadband access system, by employing multi-hop relay sta-
tions. This standard specifies the different modes of CR schem-
es, including a multi-hop relay capability, while maintaining the
backward compatibility with the existing [EEE 802.16e WMAN
standard [5], [6].

In order to understand the throughput and outage performance
characteristics, we first explain a basic resource management
model, that includes the resource allocation schemes specific to
the MR system. Then, we investigate the preliminary system-
level performance results for two-hop relaying without any co-
operative diversity effect in a cellular OFDMA-TDD system.

A. System Model

Fig. 1 illustrates a frame structure for a non-transparent sce-
nario [2], [3). It is especially designed for a two-hop scenario
with a single frequency assignment (FA). Each TDD frame is
divided into downlink and uplink intervals, each of which is fur-
ther divided into an access zone for the MS (i.e., used for the
BS—MS! and RS—MS links) and a relay zone for the RS (i.e.,
used for the BS—RS link). One main characteristic of this par-
ticular frame structure is that the access zone is shared with all
MSs that are communicating directly with a multi-hop relay-
ing BS (MR-BS) or indirectly via RSs. For the non-transparent
scenario in which some MSs might not be able to receive the
MAP message? directly, the bandwidth allocation results must
be also relayed. Therefore, two different MAPs for the MS must
be transmitted in the downlink: One for the MS that is directly
served by the MR-BS and the other for the MS that is served
by the RS. For the simplicity of the presentation, we denote the
former as MAP and the latter as RS-MAP. Furthermore, there

1 A—B means that data is transmitted from A to B.

2MAP is one of the MAC management messages specified in IEEE 802.16
standard that notifies resource allocation results, determined by a packet
scheduling algorithm in the BS, to the MSs.
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Fig. 1. MR frame structure: Non-transparent case [2], [3].

must be another MAP for the relay zone, as the corresponding
resource is orthogonally allocated by multiple RS’s. This is re-
ferred to as R-MAP [2], [3].

In the current discussion, we focus on a downlink of an IEEE
802.16¢ standard-based OFDMA-TDD system with 720 use-
ful subcarriers over a nominal bandwidth of 8.75 MHz in 2.3
GHz [5], [6]. Each 5 ms frame is composed of 42 OFDM sym-
bols. For the asymmetric characteristics of typical internet traf-
fic, we assume a downlink/uplink ratio of 27:15, i.e., 27 symbols
for a downlink subframe and 15 symbols for a uplink subframe.
Two symbols are assigned to the preamble and mid-amble in
the downlink, and the rest of the symbols, except for some that
are used for MAP information, are assigned to the data burst.
Note that the size of the MAP varies with the number of active
users. R-MAP and RS-MAP will turn out to be a critical source
of overhead in association with CR.

A basic resource allocation unit is given by a subchannel,
e.g., it is defined as a set of 48 subcarriers selected either by
a diversity mode or a band adaptive modulation and coding
{AMC) mode. The boundary between the access and relay zones
must be determined dynamically because it depends on the traf-
fic load. Furthermore, depending on the frequency reusability
over the access zones of the downlink, we consider two differ-
ent allocation schemes: The overlapped and orthogonal alloca-
tion schemes. The orthogonal allocation scheme corresponds to
the case in which no subchannels are reused over the access
zone, i.e., no subchannels can be shared among the MSs di-
rectly served by the MR-BS and those served by RSs. However,
the overlapped allocation scheme corresponds to the case for in
which all subchannels are reused over the access zone are shared
among all MS’s throughout the cell coverage, whether the MS
is directly served by the MR-BS or not. In fact, it would be the
most bandwidth-efficient since the frequency resource is fully
reused by every RS and BS in each cell. While allowing for
the maximization of the bandwidth efficiency, however, it tends
to suffer from co-channel interference, which reduces the over-
all system throughput, and furthermore, induces outage events
around sub-cell edges as well as the boundary of each cell. On
the other hand, as far as a relay zone is concerned, all cor-
responding subchannels are orthogonally divided for RSs, and
thus, they are not subject to any co-channel interference.
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Inter-cell interference

Fig. 2. Co-channel interference model for a simple two-hop relay system
in a multi-cell environment.

B. Preliminary Simulation Results for Two-Hop Relaying

We assume that 10 mobile users are uniformly distributed
throughout each cell. We deploy six RS’s in each cell, located
around a BS at a position two-thirds between the BS and the cell
boundary. The corresponding co-channel interference is illus-
trated in Fig. 2. For simplicity of the exposition, only two neigh-
boring cells are shown, but we will consider a 19-cell wrap-
around structure in the simulation. The transmit powers of BS
and RS are limited to 20 W and 10 W, respectively. Meanwhile,
we consider a full buffer traffic model, i.e., each BS or RS al-
ways has packets to transmit in the buffer. A simple round-robin
packet scheduling algorithm is employed to determine which
MS is served in each interval. All other simulation models, in-
cluding the cellular lay-out and wireless channel model, are re-
ferred to [12] and [13]. '

The average system throughput is computed by taking the av-
erage of data rates for all MS’s in each cell without allocating
the radio resource to those that cannot meet the required CINR
to support the minimum modulation and coding set (MCS) level
(i.e., quadrature phase shift keying (QPSK) 1/12). Herein, ser-
vice outage rate is the probability that the MS is subject to an
outage event. The event occurs in the following two cases: First,
since the BS—MS or RS—MS link cannot guarantee the mini-
mum MCS level, the BS cannot allocate the resource to the MS.
Second, even whilst the BS transmits a data burst to the MS by
using the scheduled resource, the MS cannot decode the data
burst due to erroneous reception. Fig. 3 compares the average
system throughput and outage performance of the direct trans-
mission (i.e., without relaying) with that of two-hop relaying for
the different resource allocation schemes. Here, the boundary
between access and relay zones is determined to maximize the
average system throughput for the given traffic scenario, which
turns out to be 16:11 (access zone symbols:relay zone symbols)
and 14:13 for orthogonal and overlapped allocations, respec-
tively.

In all cases, it is clear that there is improvement in the av-
erage throughput performance with the two-hop relay. Further-
more, the relay-enhanced system with overlapped allocation al-
ways performs the best. It corresponds to almost as much as
an 80% and 31% improvement over direct transmission in av-
erage throughput with the overlapped allocation and orthogonal
allocation, respectively. Improvement in the overlapped alloca-
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Fig. 3. Average system throughput and outage performance: Direct
transmission vs. two-hop relaying: (a) Average system throughput
and (b) service outage rate. .

tion is mainly attributed to fully reusing the frequency in every
RS [12]. Furthermore, the better quality of received signal from
a close-by RS improves the per-user data rate in the cell edges
for both overlapped and orthogonal allocations.

In Fig. 3(b), however, we note that the MR relay with over-
lapped allocation suffers from a higher outage rate than oth-
ers. This is attributed to the fact that the aggressive frequency
reuse in every RS incurs significant outage events around a
boundary of neighboring RSs. In fact, this particular observa-
tion makes multi-hop relaying less useful in practice. In the se-
quel, we investigate how the key physical-layer property of co-
operative diversity can be exploited to combat the degradation
in outage performance while improving the system throughput
of two-hop relaying with overlapped allocation.

HI. COOPERATIVE RELAY: OVERVIEW

As described in Section I, two-hop relaying provides a prim-
itive form of cooperative communication, through which a sin-
gle two-hop route is formed between MR-BS and MS. To make
a concise presentation, the two-hop relaying is referred to as
simple relaying (SR). Meanwhile, a more advanced form of co-
operative relaying is to transmit information over multiple-relay
paths and then, to estimate the transmitted information at the re-
ceiver by combining or selecting the signals received over mul-
tiple routes. CR can be achieved by sending signals across dif-
ferent transmit antennas of a BS and RSs within a cell during
the transmission of a burst to a particular MS. It is similar to
the macro-diversity effect with neighboring BSs. For example,
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Fig. 5. CTD: (a) Full encoding: One-RS, (b) full encoding: Two-RS, (c)
half encoding: One-RS, and (d) half encoding: two-RS.

Fig. 6. CRD.

three different types of CR modes are considered in [2] and [3]:
Cooperative source diversity (CSD), cooperative transmit diver-
sity (CTD), and cooperative hybrid diversity (CHD).

Figs. 4, 5, and 6 present the examples for the various types of
CR schemes. Note that all these schemes work in two phases:
The first phase is illustrated with the dotted line and the second
phase with the solid line. For CSD, the antennas simultaneously
transmit the same signal using the same time-frequency resource
as in an OFDMA system. Referring to Fig. 4, one or two-RS
transmits the same signals over two different paths, which are
summed up in front of the RF stage. Assuming that the channel
gains of RS—MS links for RSy and RS; are given by hgrs,—ms
and hgs, —ms, respectively, for the case of the CSD scheme with
two RSs shown in Fig. 4(b), the normalized received signal to
noise ratio (SNR) at a MS is given as

sp) _ |hrsy—ms + Ars, —ms|?
Tus = N,
0

ey

where Ny means variance of white Gaussian noise.
The CTD scheme exploits space time block code (STBC)-
encoded signals across the transmit antennas using the same
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time-frequency resource. As illustrated in Fig. 5, one or two-RS
can be involved in CTD. Depending on whether STBC encoding
is required at the RS, these schemes are broadly categorized into
full encoding and half encoding. For the full encoding case, the
BS has a full STBC encoder, while RS just relays the encoded
symbols (see Figs. 5(a) and 5(b)). For the half encoding case,
an individual RS is involved with STBC encoding in coopera-
tion with the BS or the other RS as shown in Figs. 5(c) and 5(d).
For the case of the CTD scheme with two RSs, the normalized
received SNR at a MS is given as

|hrsy—Ms|? + |hrs, —ms|?
Ny )

From (1) and (2), we note that the normalized received SNR
of CTD might be better than that of CSD due to diversity gain.
The CSD scheme has no diversity gain but can just achieve
power gain. Thus, in this paper, we do not consider CSD in the
CR schemes.

We also note that the one or two-RS cooperation case for CSD
and CTD suffers from its own drawback: Either incurring un-
necessary co-channel interference toward the neighboring cell
or requiring an extra bandwidth. For one-RS cooperation, BS
transmission in the second phase causes extra co-channel inter-
ference to the MS’s in the neighbor cells. For the two-RS coop-
eration case, furthermore, CR involves extra bandwidth since a
cooperating RS loses its own transmission opportunity. In other
words, the diversity gain is obtained at the expense of an extra
bandwidth that is required to provide another path. A combina-
tion of CTD and CSD schemes is classified as the CHD scheme.

Other than the three different modes of CR schemes specified
in [2] and [3], another useful type of CR is a cooperative receive
diversity (CRD) scheme [7]-[10]. As illustrated in Fig. 6, it is
virtually the same as the SR scheme except that a signal over-
heard by MS in the first phase of relaying can be combined with
the signal relayed by RS in the second phase. Since it relies only
on the overheard source signal, no extra bandwidth other than
signaling overhead is required to achieving the diversity gain. As
two signals are received over different paths, they might be as-
signed with different MCS levels, which can still be combined
using log-likelihood-ratio (LLR) values. For a given quality of
the relay link, in fact, the combining gain is determined by the
CINRs for the BS—+MS and RS—MS links, denoted by vgsMms
and ~yrs--ms, respectively.

CTD
715/15 ) =

@

IV. SELECTIVE COOPERATIVE RELAYING SCHEME
A. Selective Cooperative Relaying: Overview

As an extra bandwidth is required for some CR schemes, there
exists a trade-off between combining gain achieved by coopera-
tion and overhead associated with the additional bandwidth. In
fact, the level of combining gain depends on the relative position
of MS with respect to the MR-BS and RS while the amount of
overhead varies with the type of CR scheme. In other words, a
CR scheme must be properly selected by considering the MS po-
sition, so as to maximize the overall system throughput. Toward
this end, the trade-off can be evaluated in a unified manner. In
order to quantify the trade-off effect, we first define an equiva-
lent burst transmission rate (EBR). It represents the efficiency of
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Fig. 7. Resource allocation illustration: SR.

each CR scheme in terms of overhead associated with MAP and
other signaling information along with the achievable transmis-
sion data rate. Our proposed approach is to employ the various
types of CR schemes in a selective manner so that the overall
system capacity may be maximized while maintaining the same
level of outage performance as the existing scheme.

B. Equivalent Burst Rate

Let the size of data burst and the amount of associated over-
head information be denoted by Nyust and Noverhead, respec-
tively. The corresponding data rate will be determined by the
CINR of an individual MS. Let R(y) be the maximum allow-
able data rate for the given CINR, ~. Consider the transmission
times that are required when an individual radio resource trans-
mits data and overhead information. Then, the EBR is the data
rate that makes the sum of the individual transmission times over
each link of the MR equal to that of an individual burst as a sin-
gle burst. More specifically, the EBR, denoted by R, is given
as follows

N burst Y burst N, overhead
—_ 3
Res ~ Rlws) T R(n) ®
or
R Nourst R(yms) R(0) @

- Nowest B ('}’0 ) + Noverhead R ('YMS )

where yus and 7y are the CINRs for data transmission and over-
head bursts, respectively. The EBR can be interpreted as an in-
dicator of the transmission efficiency that is achievable when all
required resources are devoted to the transmission of the data
burst.

As a different CR scheme is involved with the different
amount of overhead associated with signaling and relaying, the
corresponding EBR varies with the type of CR scheme. As an
illustrative example, we refer to a SR scenario, which involves
two different types of overhead, R-MAP and RS-MAP as shown
in Fig. 7. Let Nr.map and Nrsmap denote the sizes of R-MAP
and RS-MAP, respectively. Since MAP bursts are protected by
the most robust MCS mode, e.g., QPSK modulation with a cod-
ing rate of 1/3 and a repetition factor of 4 in the mobile world-
wide interoperability for microwave access (WiMAX) specifi-
cation [5], [6], we assume that the corresponding data rate is
always fixed by Ryap. Furthermore, we assume that the CINRs
measured for the BS—RS link and the RS—MS link are given
by vBs-rs and yrs-ms, respectively. The EBR for the SR scheme,

<«—Access zone——><——Relay zone—>

*, RS-MAP for MS

«4—Access zone—> <«—Relay zone—>

Fig. 8. Resource allocation ifllustration: CTD.
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Fig. 9. Resource allocation illustration: CRD.

RSER), can be written as
Nyyrst _ Nr-map — Nourst + Nrs-MapP
Rng) Ryap R(YBs-rs)
Nrs-map Nourst '
+ . (&)
Ryap R(Yrs-ms)

For the CTD scheme, a required bandwidth for data burst is
doubled for the access link as shown in Fig. 8, since two RSs
are involved, i.e., transmitting Ny bits over each access link.
Thus, 2Npys bits are required for transmitting. Therefore, the

EBR for the CTD scheme, RéffTD), is given by

Noust  Nrmap | Noust + Vrs-Map

RngfTD) ~ Rwar R(Y8sRs)
Ngs. 2N,
R T R [ ©
R (15")
where 7§,ICSTD) is a combined CINR from two RSs, which is given
by (2).

Finally, for the CRD scheme, no additional bandwidth is re-
quired for cooperation, but there must be extra signaling right
before MR-BS broadcasts the data bursts, so as to indicate that
MS must overhear the R-MAP for locating the data burst that
are relayed as shown in Fig. 9. The supportable data rate for
MS is determined by combining the signals over the RS—MS
and BS—MS links. If the CINRs for these links are given by
vBs-Ms and Yrsms, the corresponding data rate is denoted by

R(’YBS-MS, ~rs-ms)- The EBR for the CRD scheme, RégRD), is
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now given by

Nourst _ 2NrRMAP . Nburst + Nrs-Map
RngfRD) Byap R(¥Bs-rs)
Ngs. N
+ RS-MAP + burst (7)
Ruap

R (WﬁstD)> .

The factor of 2 for Ng.map in (7) represents the additional over-
head incurred by extra signaling for CRD.

C. Selection Criteria

At first, BS determines if MS will be connected directly with
the BS or served by RS(s). In other words, the CINR achievable
with a direct connection to BS and that with relaying are com-
pared, and then, the station with the better CINR is selected. In
the case that the better CINR can be achieved via RS, one of
the possible CR schemes (i.e., the SR scheme, two-RS coop-
erated CTD with half-encoding (Fig. 5(d)), and CRD (Fig. 6))
will be employed. Secondly, the EBR is used to compare the ef-
ficiency of these CR schemes. In other words, the one with the
largest EBR is selected. More specifically, comparing RSP

eff
with Ré?fR) and RéfoTD), CRD must be selected if

CRD SR C
Riff ) > max {Réff ),Réﬁm)}

- a} &)

where C = Nrmap/Nourst Bmap- Similarly, CTD must be se-

which can be shown as

———1 < min{ ! « 2
SR) ' L(CID
RSN R

lected if
RE™ > max { RSV, RG™ } (10)
which is shown as
1 1 1 1
R—l(\gﬁ<§mln{@,w+a}. (11

We note that the constants, 2 in (9) and 1/2 in (11), represent
the overhead associated with doubling a required bandwidth in
CTD. Meanwhile, o corresponds to the overhead due to over-
hearing operation of CRD. Thus, if the data rate of CRD, in-
cluding the associated overhead, is higher than that of SR and
that of CTD with overhead, CRD should be selected. Similarly,
if the data rate of CTD, including the associated overhead, is
higher than that of SR and that of CRD with overhead, CTD
should be selected.

V. SIMULATION RESULTS AND DISCUSSION
A. Simulation Model

An ideal hexagonal cell is assumed for each site while consid-
ering only 2 tiers of cells with respect to a reference cell in the
center, i.e., considering a total of 19 cells in our simulation. Due
to the finite number of cells, an accurate level of interference
from all other cells cannot be captured in the model. In order to

remove such a boundary effect, we consider a so-called wrap-
around structure, which allows for the capture of a more accu-
rate level of inter-cell interference [2]. Each cell is fully loaded,
and furthermore, all subcarriers are fully reused by BS and RS
(i.e., overlapped allocation).

A path loss follows the WINNER model at a frequency band
with a center frequency of 2.3 GHz [15]. A log-normal shadow
fading model with a standard deviation of 8 dB is considered
for large-scale fading [2]. Meanwhile, multi-path fading follows
the International Telecommunication Union Radiocommunica-
tion Sector (ITU-R) M.1225 recommendation [16] for vehicu-
lar A model (VEH-A). An individual multi-path is subject to
the independent Rayleigh fading, whose time-domain correla-
tion is implemented by Jake’s model [17]. In order to consider
the channel mismatch effect subject to mobility, we assume that
the channel feedback is delayed by two frames.

We assume that 10 mobile users are uniformly distributed
throughout each cell. We deploy six RS’s in each cell, located
around a BS at a position two-thirds between BS and the cell
boundary. For each MS, a candidate RS is selected by the CINR
measured between MS and the candidate RS. In other words, the
one or two RSs with the best CINR are selected for CR, depend-
ing on the CR schemes. Note that we do not take the traffic load
in each RS into account, i.e., no load-balancing feature is incor-
porated into the RS selection scheme. The transmit power of BS
and RS is limited to 20 W and 10 W, respectively. Meanwhile,
we consider a full buffer traffic model, i.e., each BS or RS al-
ways has packets to transmit in the buffer. A simple round-robin
packet scheduling algorithm is employed.

Note that the size of the overhead varies with the required
number of bits for MAP information per MS. For example, a to-
tal of 120 bits is required for 10 users in each cell if Nr.map =
12 bits. This corresponds to one orthogonal frequency division
multiplexing (OFDM) symbol, and thus, 23 OFDM symbols are
available for data transmission in mobile WiMAX 3. If Ng_.map
increases to 24, 48, and 96 bits, then the available number of
data symbols is reduced to 21, 17, and 9. In other words, re-
source availability is mainly governed by the signaling over-
head. We assume that a typical value of Nrmap for mobile
WiMAX ranges roughly between 24 and 48 bits [5], [6]. The
data symbols are divided into access and relay zones with a
given ratio. In the following simulation, the system-level per-
formance is evaluated by varying Nryvap as well as the ac-
cess/relay zone ratio while assuming Nrmap = Nrs-MaAp-

For the access link, the minimum required CINR levels for
the given MCS follow the reference in Table 1 [12], [18]. Re-
call that the performance of the Alamouti’s space-time code
given in [14] is the same as that of the maximum ratio com-
bining (MRC) scheme as long as full power is applied to each
antenna. For a CTD scheme, therefore, the signals from two dif-
ferent RS’s are combined to determine the MCS level with refer-
ence to the required CINR in Table 1. Since the same MCS must
be applied to two different links associated with the cooperat-

3MAP bursts exploit QPSK with an effective coding rate of 1/12. Thus, a
MAP burst with the size of 120 bits is encoded to 1440 bits. Then, 720 QPSK
modulated symbols are mapped to 720 used subcarriers. Since 1 OFDM symbol
consists of 720 used subcarriers, 1 OFDM symbol is required to transmit 120
bits size of MAP burst.
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Table 1. MCS table for adaptive modulation and coding.

Downlink MCS Required CINR (dB)
Modulation | Coding rate

QPSK 1712 —-3.46

QPSK /6 —-1.0

QPSK 1/3 1.73

QPSK /2 5.40
16-QAM 172 105
64-QAM 1/2 15.0
64-QAM 2/3 20.0
64-QAM 5/6 28.5

ing RS, the actual data rate will be determined by the one with
the worse channel condition. Therefore, a simple MRC assump-
tion in this paper will be overestimating the performance. For
a CRD scheme, meanwhile, MCS is determined by the chan-
nel conditions of the BS-—-+MS and RS—MS links. To simplify
our analysis, we assume that the BS—RS link is always reli-
able enough to transmit at the maximum possible data rate, e.g.,
using 64-quadrature amplitude modulation (QAM) modulation
with a coding rate of 5/6 in mobile WIMAX. MS performs LLR
combining of the corresponding symbol over the BS—MS link
and the other over the RS—MS link. Fig. 10 shows the 1% block
error rate (BLER) curves for the different MCS levels when
turbo code is applied to a block length of 256 bits with 2 it-
erations. These curves will be used to determine the minimum
required CINR levels of the BS—MS and RS—MS links for the
given MCS level. The dotted lines in Fig. 10 represent the ref-
erence values in Table 1. Note that the performance of CRD ap-
proaches to the reference values as the BS—MS link degrades.

B. Simulation Results and Discussion

Fig. 11 captures the distribution of the MSs when the propo-
sed selection criterion is applied to each cell. In this figure, the
rectangle in the center and edge of each hexagonal cell denotes
the BS and RSs, respectively. In order to examine the distribu-
tion of the MSs selecting the CRD and CTD schemes, the MSs
that directly communicate with BS and choose the SR scheme
are cleared. In fact, the MSs directly connected with the BS
are located in the center circle of each cell and the MSs select-
ing the SR scheme are located in the boundary-circle of each
cell. Meanwhile, we note that the CTD and CRD schemes are
most effective when two independent signals to be combined are
equally reliable, e.g., the MS located somewhere roughly in the
middle of BS and RS for the CRD and in the middle of two co-
operative RS’s for the CTD. In other words, the diversity gain of
CTD and CRD schemes varies with the position of the MSs and
thus, their own effective merit will be attributed to the trade-off
between diversity gain and opportunity cost associated with an
individual scheme.

Fig.12 shows the average system throughput while varying
the access and relay zone boundary for the given value of
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Fig. 11. The distribution of the MSs exploiting the proposed selection
criteria.

Ngrmap. In the selective CR scheme, each MS selects one of
the different CR schemes dynamically using the best EBR crite-
rion. It is observed that there exists an optimum boundary for
each case to maximize the average throughput. For example,
the average throughput is maximized for the SR and selective
CR schemes when the downlink is divided into access and re-
lay zones by a ratio of 14:13, respectively. As expected for all
the schemes, the average throughput decreases with Ng.map. In
particular, it is found for CTD that the optimum boundary is
affected mainly by the amount of overhead, Ng.ymap. It is also
clear that CRD always outperforms SR, while CTD suffers from
a dramatic throughput reduction caused by overhead incurred by
extra bandwidth for cooperation. On the other hand, the selec-
tive CR and CRD show only a slight difference in their perfor-
mance. The reason why the throughput performance of the se-
lective CR is slightly inferior to that of CRD is that some MS’s
subject to the service outage can be now served by CTD, but
their data rate tends to be low due to only a marginal improve-
ment in CINR. For example, those at the boundary of two adja-
cent RSs mainly select CTD. This leads to the trade-off relation-
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ship between outage and throughput performance, which can be
explained more clearly by investigating the outage rate for each
scheme.

Fig. 13 shows the service outage rate for the different schemes
with the same conditions as shown in Fig. 12. As expected, it is
clear that the outage performance is improved over SR using
the CR schemes. In particular, CTD outperforms CRD. In con-
nection with the throughput performance in Fig. 12, we again
find that there exists a trade-off relationship between the out-
age rate and throughput performance. Furthermore, the selec-
tive CR scheme shows the best outage performance. According
to the results in Figs. 12 and 13, we conclude that the selective
CR scheme provides the best trade-off capability, which also re-
veals the maximum possible achievable system throughput.

VI. CONCLUSION

Cooperative diversity is an effective means of reducing outage
events, especially around the boundaries of two adjacent RSs
or BSs. However, cooperation is not always useful, since some
cooperative relay schemes, e.g., CTD, are effective only at the
expense of losing their own transmission opportunities in the
cooperating RSs. In this article, we have shown that each type
of cooperative relay itself is already hampered either by outage

or throughput performance, and furthermore, there is a trade-off
characteristic between CTD and CRD.

Our preliminary analysis is mainly focused on understanding
the best possible performance that can be achieved using coop-
erative relays. Our observation prompts us to devise a selective
strategy that employs the different cooperative relay schemes
in the varying positions of mobile stations. Since cooperation
is not always useful, the system throughput can be maximized
while warranting the outage performance, by selecting the spe-
cific relaying scheme only when it is beneficial in terms of sys-
tem throughput. In conclusion, CR will be a useful means of
maximizing the average throughput for a multi-hop relay sys-
tem as long as each type of the cooperating schemes is carefully
selected, depending on the position of the mobile stations.
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