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Abstract—This paper proposes a relay-based scheme where
a fixed number of relays are utilized to design an OFDM
cooperative protocol. By exploiting limited feedback from the
destination terminal (central node) such that each relay is able
to help forward information of multiple sources in one OFDM
symbol, the proposed cooperative protocol not only achieves
full diversity but also efficiently utilizes available bandwidth. A
practical relay assignment scheme is also proposed to specify the
pairing of sources and relays in cooperative networks. The outage
probability analysis of the proposed cooperative protocol is
provided, and the analytical results are validated via simulations.
Moreover, a closed-form lower bound on the outage probability
of any relay-assignment schemes is established to provide a
performance benchmark of the proposed cooperative protocol.
Based on the outage probability analysis, the optimum relay
location for the proposed relay-assignment scheme is determined.
Both theoretical and simulation results show that in WLAN
scenario the proposed cooperative protocol can achieve significant
coverage extension compared to the direct transmission.

Index Terms—OFDM, cooperative protocols, wireless LAN,
bandwidth efficient, multiuser, and outage probability.

I. INTRODUCTION

OOPERATIVE diversity has recently emerged as a

promising alternative to combat fading in wireless chan-
nels. The basic idea is that users or nodes in a wireless
network share their information and transmit cooperatively as
a virtual antenna array, thus providing diversity without the
requirement of additional antennas at each node. In [1], the
authors proposed various cooperative strategies including fixed
relaying (e.g. amplify-and-forward and decode-and-forward),
selection relaying, and incremental relaying schemes. User
cooperation diversity was proposed in [2]. In [3], symbol-
error-rate performance analysis and optimal power allocation
in a single relay network were considered. A comprehensive
treatment of diverse aspects of cooperative communications
and networking can be found in [4].

In broadband communications, orthogonal frequency divi-
sion multiplexing (OFDM) is an effective means to capture
multipath energy, mitigate the intersymbol interferences, and
offer high spectral efficiency. OFDM is used in many commu-
nications systems, e.g., wireless local area networks (WLANs)
and wireless personal area networks (WPANs). To improve
the performance of OFDM systems, the fundamental concept
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of cooperative diversity can be applied. Nevertheless, special
modulations/cooperation strategies are needed to efficiently
exploit the available multiple carriers. In [5], an oversampling
technique is used in combination with the intrinsic properties
of OFDM symbols to provide efficient resource utilization.
An application of space-time cooperation in OFDM systems
was investigated in [6]. In [7], pairing of users and level
of cooperation are jointly determined to minimize overall
transmitted power of OFDM system. Most of the existing
works are based on fixed relaying protocols, in which the
relays always repeat the source information. Moreover, these
works rely on an assumption of fixed channel variances which
implies a fixed network topology and fixed source-relay pairs.

In this paper, we propose an OFDM cooperative protocol
that improves spectral efficiency over those based on fixed
relaying protocols while achieving the same performance
of full diversity. By exploiting limited feedback from the
destination node, the proposed protocol allows each relay to
help forward information of multiple sources in one OFDM
symbol. We also propose a practical relay-assignment scheme
for implementing the proposed cooperative protocol in OFDM
networks. Outage probability is provided as a performance
measure of the proposed protocol. The analysis takes into
consideration the random users’ spatial distribution and the
associated propagation path losses between transmit-receive
nodes. A closed-form lower bound on the outage probability of
any relay-assignment schemes is established as a performance
benchmark. Based on the outage probability analysis, we are
able to determine the optimum relay locations for the proposed
relay-assignment scheme. Simulation results under WLAN
scenario are shown to validate our proposed cooperative
protocol and support the theoretical analysis.

II. SYSTEM MODEL

We consider an OFDM wireless network such as a WLAN
or a WPAN with a circular cell of radius p. The cell contains
one central node and multiple users, each communicating with
the central node. The central node can be a base station or an
access point in case of the WLAN, and it can be a piconet
coordinator in case of the WPAN. Suppose the central node
is located at the center of the cell, and K users are uniformly
located within the cell. Then, the user’s distance D, 4 from
the central node has the probability density function (PDF):
pp, (D) = 2D/p*, 0 < D < p, and the user’s angle
is uniformly distributed over [0,27). We assume that each
node is equipped with single antenna, and its transmission is
constrained to half-duplex mode [1]. We consider an uplink
scenario where all users transmit their information to the
central node. Channel access within the cell is based on
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orthogonal multiple access mechanism as used in many current
OFDM wireless networks.

The received signal at subcarrier n of destination d from
source user s can be modeled as

ys,d(n) =/ PncﬁDs_’sHs,d(n)xs(n) + Zs,d(n)7 (1)

where P, is the transmitted power in each subcarrier at the
source in non-cooperative mode, z5(n) denotes an information
symbol to be transmitted from the source s at subcarrier n,
zs,4(n) is an additive white Gaussian noise with zero mean
and variance Ny, and Hj 4(n) is the frequency response of
the channel at the n'"* subcarrier. Consider OFDM with N
subcarriers and assume that the length of cyclic prefix in
the OFDM symbol is longer than the channel delay spread,
then we can express the channel frequency response as
Hia(n) = Y125 asa(l) exp (—j2mn7s a(l)/N), where L
denotes the number of independent delay paths, 75 4(1) is the
delay of the I*" path, and o 4(1) is modeled as circularly
symmetric complex Gaussian random variable with zero mean
and unit variance. In (1), s is a constant whose value depends
on the propagation environment and antenna design, v is
the propagation loss factor, and D, 4 represents the distance
between source node s and destination node d. The parameters
P,., k, and v are assumed to be the same for all users.

Let each information symbol have unit energy. For a given
distance D, 4 between the source and the destination, the
received signal-to-noise ratio (SNR) for the nt" subcarrier can
be given by

Cs(fiz) = PocerD] | Hs a(n)[*/No. 2)

In this paper, we characterize the system performance in
terms of the outage probability which is determined by the
probability that the instantaneous channel parameters cannot
support the required data rate [9]. In case of direct trans-
mission between two nodes that are D, apart, the maxi-
mum average mutual information in a subcarrier n, which is
achieved for the independent and identically distributed zero-
mean circularly symmetric complex Gaussian inputs, is given
by I™)(Dg4) = log(1 + CS(T;)) Let R denote a target rate
for each subcarrier, then the probability that a subcarrier is in
outage can be given by

Pout(Dsa) = Pr (10(Dya) < R) = Pr (¢} <27 —1).

3)
If an outage occurs in a subcarrier, then the transmitted
information in that subcarrier is considered loss. Otherwise,
the receiver is assumed to be able to decode the received
information with negligible probability of error.

III. PROPOSED COOPERATIVE PROTOCOL AND
RELAY-ASSIGNMENT SCHEME

Consider a cooperation scenario where each source can em-
ploy a relay to forward its information to the destination. The
proposed cooperative protocol builds upon the incremental
relaying protocol [1], which exploits a bit feedback from the
destination that indicates the success or failure of the direct
transmission. The proposed protocol consists of two phases as
follows.

In Phase 1, each user transmits its packet to the destination
(central node) and the packets are also received at the relay.
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Fig. 1: Illustrations of the proposed cooperative protocol for OFDM
system with 2 users and 1 relay.

After receiving the user’s packet, the destination performs
channel estimation using the OFDM pilot symbols in the
packet header. Based on the estimated channel coefficients, the
destination is able to specify which subcarrier symbols are not
received successfully (i.e., those in the subcarriers of which
the combined SNRs fall below the required SNR threshold),
and then broadcasts the indices of the subcarriers carrying
those symbols. Such feedback enables the assigned relay to
help forward the source information only when necessary.

In Phase 2, the relay decodes the source symbols that are
unsuccessfully received at the destination via direct trans-
mission, and then forwards the decoded information to the
destination. The relay will only decode the source symbol
that the relay is capable of capturing, i.e., when the received
SNR at the relay is above the target threshold. Since it is
unlikely that all subcarrier symbols are sent unsuccessfully
by the source, the proposed protocol makes efficient use of
the available bandwidth by allowing the relay to help forward
the information of multiple source users in one OFDM block.
Specifically, suppose a relay is assigned to help k users, then
after all k users transmit their packets in Phase 1, the relay
sends in Phase 2 an additional packet containing these users’
symbols that are not captured at the destination in Phase 1. In
order for the destination to know which relay subcarriers carry
information of which users, the relay can send an additional
overhead together with the source symbols. Or the relay can
use a fixed subcarrier assignment scheme such that that the
destination can specify the relay subcarrier assignment without
the use of additional overhead. For instance, if n; subcarriers
of user ¢ are in outage, then in Phase 2, the relay can use the
first ny subcarriers to transmit the data of user 1, the next no
subcarriers to transmit the data of user 2, and so on. The fixed
subcarrier assignment scheme requires no additional overhead,
but it does not fully utilize the resources when both relay and
destination cannot decode the source symbols; nevertheless,
this event occurs with small probability. Figure 1 illustrates as
example of the signal transmissions of the proposed protocol
with fixed subcarrier assignment scheme for an OFDM system
with 2 source users and 1 relay. Figures 1(a) and 1(b) depict
transmission in Phase 1 and Phase 2, respectively.

In Phase 1, the received signals at the destination and the
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(a) A cell with 3 relays
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Fig. 2: An example of relay assignment for a multiuser OFDM
system.

relay are y, q(n) = \/Peok D, [ Hs a(n)xs(n) + 25,4(n) and
Ys,r(n) = \/ Peok D5/ Hs »(n)xs(n) + 25 r(n), respectively,

where P, is the transmitted power in the cooperative mode.
In Phase 2, the signal received at the destination from the
relay is yrq(n) =
Zs(n) denotes the source symbols that are not captured by the
destination in Phase 1.

To decide the pairing of sources and relays, we propose
in this subsection a practical relay assignment scheme for
cooperative OFDM networks. We focus on a fixed-relay-
location scenario in which a certain number of relays are
installed in fixed locations in the network. Let W denote
the number of relays in a circular cell with radius p, as
illustrated in Figure 2(a). Then, the relay assignment scheme
is as follows:

P.okD,  Hyq(n)Zs(n)+ 2rqa(n), where

o The cell is equally divided into W sectors, each with
central angle 27/TW. One relay is assigned to help users
within each sector.

o In each sector, the relay is placed at an optimum relay
location which minimizes the outage probability for all
possible source-destination pairs within the sector.

The optimum relay location will be determined in Section
IV-C.

IV. PERFORMANCE ANALYSIS

In this section, we first analyze the outage probability of
the proposed cooperative protocol based on fixed subcarrier
assignment scheme, then provide its closed-form lower bound,
and finally determine the optimum relay location.

A. Outage Probability

In the non-cooperative protocol, the channel resources (time
and frequency) are divided among K users. In the proposed
cooperative protocol, on the other hand, W relays are also
utilized, so the same channel resources are divided among
K + W users. Thus, for the proposed cooperative proto-
col, the mutual information in each subcarrier is given by
K/(K+W)I™ (D, ;), and the event that a subcarrier in i — j
transmit-receive link is in outage is KfWI (n)(Di,j) < R,
which corresponds to the event

2 (2(K+W)R/K _ 1)N0
- kP

|Hi,5(n)|

—v A —v
Dij =hD;ij. 4
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Under the proposed cooperative protocol, the average prob-
ability that a subcarrier is in outage can be expressed as

K
Pout = Z Pout|xPr(k users in the sector), (5)
k=0
where Pgyt|r denotes the outage probability per subcarrier
given that k users are in the sector. With W sectors in the cell
and the assumption that the users are uniformly located in the
cell, the chance that a user is located in a specific sector is
given by 1/W. Accordingly, the probability that k users are
located in one sector follows the binomial distribution as

k K—k
Pr(k users in the sector) = ({Z) (%) (1 - %)
2 c(k), ke€{0,1,....,K}. (6)

The conditional outage probability per subcarrier, Pqytlk,
can be determined as follows. In case that the relay has
available resources to help forward the source information,
the outage event in subcarrier n is equivalent to the event

({I™(Dsq) < R} N {I"™(Ds,) < R})U
({I™(Ds,q) < R}y N {I™(D, 4) < R}N
{I"™)(D,,,) > R}), )

where R = (K + W)R/K. The first term in the union of
(7) corresponds to the event that both the source-destination
link and source-relay link are in outage, while the second term
corresponds to the event that both the source-destination link
and relay-destination link are in outage while the source-relay
link is not. According to (4) and Rayleigh distribution, we
have Pr({I"(D, ;) < R}) = Pr(|Hy;(n)]> < BDY;) =
1 — exp(—BDy;), where 3 is defined in (4). Note that the
events in the union in (7) are mutually exclusive. Hence, the
conditional outage probability under the cooperative mode can
be determined as

(2R —1)NyD¥
c s,
Pout = {l—exp(— Py )]x
(2R — 1)N0 v v
{1 — exp ( - W(Ds,r + Dr,d)) )

In case that the relay does not have resource to help forward
the source information, the outage event in subcarrier n is
equivalent to that of direct transmission between the source
and destination, which is given by
D -
PD  =Pr(I™(D, ) < R)
K+W)R/K
(2UEFWIR/K _1)NoDY
KPeo

:1—exp<— ) 9)
Given k users in the sector, the conditional outage proba-
bility per subcarrier can be obtained from (8) and (9) as

Poutlk = PSyue(1 — Q) + PH Q1.

In (10), Q|r is defined as the probability that a source
subcarrier that is in outage is not helped by the relay, under the
condition that there are k users in the sector. In other words,
the relay uses all of its resources to help forward the k users’
information carried in other subcarriers. The physical meaning

(10)
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of (10) is that a diversity gain of two is achieved when
the relay has available resource to help forward the source
information, which occurs with probability @[, whereas the
diversity gain reduces to one when all the resources (allocated
subcarriers) at the relay are fully used.

The probability @Q|; can be determined as follows. Consider
a sector with k users, each transmitting information in N
subcarriers during one OFDM symbol period. Equivalently,
the total number of kN subcarriers (in k¥ OFDM symbol
periods) are used to transmit the information from all k
users in the sector. Assume that the subcarriers in outage are
helped by the relay with equal probability. Then, given that
z out of kN subcarriers are in outage, the probability that a
subcarrier in outage is not helped by the relay is (x—N)/x for
N +1 < ax < kN. Thus, the probability Q|; can be obtained

as
kN

Q=Y

x=N-+1

z—N

q(x), (11)
where q(x) = Pr(z out of kN subcarriers in outage). Since
each subcarrier is in outage with probability Pgut’ the prob-
ability that x out of kN subcarriers are in outage can be

approximated by

kN D T D kN —zx
o) = () (PE" (1= PB)™
Substituting (9) and (12) into (11), we obtain the probability
Qi as

12)

kN
— N (kN v \T, _gp¥ —x
Qi = > - x (:v >(1_€ﬁDs’d) (e ﬁDs’d)kN :

r=N-+1
(13)
From (13) and (10), we can determine the conditional outage
probability of the proposed scheme as

Poutlr = (1 - efﬁD:’d) (1 — eiﬁ(D;/,TJ’»D:,d))(l — Qle)+
(1—67ﬁD:,d)Q‘k. (14)

Substituting (6) and (14) into (5), the outage probability of
the proposed scheme can be obtained as

Pout = (1 _ G—BDZ@) [1 _ e—ﬂ(D;’,ﬁDZ,d)(l _ g(std))];

(15)
K kN
— N (kN
D=3 3 (Y
k=1 r=N+1

(1 — e PPLa)® (e FPL) N2 (1)

It is worth noting that when spectral efficiency (R) goes to
infinity, direct transmission outperforms cooperative commu-
nications. As the number of users (K) increases, for a fixed
number of relays, the performance of the proposed cooperative
scheme approaches that of direct transmission.

Finally, we determine the average outage probability by

n (12), it is difficult, if not impossible, to derive a closed form formulation
that includes all possible combinations of the users’ locations. For analytical
tractability of the analysis, we resort to an approximate probability which is
based on an assumption that all the x subcarriers are in outage with the same
probability P(l)ju . This approximation would be effective for small cell sizes
where path loss is not the dominant fading effect. As we will show in Section
V, the analytical outage probability obtained from this approximation is very
close to the simulation results.
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averaging (15) over the distribution of the user’s distance
as follows. Without loss of generality, we consider a sector
as shown in Figure 2(b), in which where the relay is lo-
cated at Dndej‘i’r and a source user is located at Dsydej‘z’s
(0 < ¢y, s < By,). The distance between the source and the
relay can be expressed as

Dy, =[D? 4+ D2 4 — 2D 4Dy g cos(¢, — ¢s)]%
= f(Ds,d7 ¢S)

Assuming that users are uniformly distributed within the
cell, the PDF of the user’s distance D from the destination
conditioned that the user is located in the sector can be given
by

17)

2D
DI0<¢.<Ow)=——" 0<D<p (I8
pp(D |0 < ¢s < Ow) W2 p (18)

Therefore, given specific relay locations, the average outage
probability of the proposed cooperative protocol can be ob-
tained as

1 [P (W
Pout:rpg/o/o (1 = r(Ds,a, ¢s)) x

Dsq(1 — e PPod)dg,dDyq,  (19)

where

H(Dady 64) & U Prsd D0 (1 g(D, ). (20)

From (19), we can clearly see that the performance of the
proposed cooperative protocol depends on the number of
relays in the cell and how each relay are assigned to help
the source users. To get more insights of the cooperation
systems, we provide the lower bound on the outage probability
of the proposed cooperative protocol and the performance
of the proposed relay-assignment scheme in the following
subsections.

B. Performance Lower Bound

We exploit a hypothetical Genie-aided relay-assignment
scheme [11] to find a lower bound on the outage probability of
any practical relay-assignment schemes as follows. The Genie-
aided relay-assignment scheme assumes that the assigned relay
for any source in the network is located in the optimum
location that minimize the outage probability for the fixed
source-destination pair.

Observe that if the relay can be placed anywhere in the cell,
the optimum relay location for a source-destination pair is on
the line joining the source and destination. Accordingly, the
optimum distance between the relay and destination can be
written as D, = Dy 4 — D, 4. Thus, from (8), the optimum
relay location for a source-destination pair can be obtained by
solving

D; = arg %nnl — e ADea=Dra)"+Dra) (1 — g(Dy 4))

r,d

subject to 0 < D, 4 < D 4.

The optimization problem above is equivalent to find D, 4 that
minimizes (Ds g — Dy.a)” + Dy, ;. Thus, it can be analytically
solved simply, and the optimum solution can be shown to be
D:; a=Ds.a /2, i.e., the optimum relay location for a specific
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source-destination pair is at the mid point of the line joining
the source and the destination.

Using the Genie-aided relay-assignment scheme and the
optimum relay location D} ;,, we can determine the lower
bound on the outage probaﬁility as follows. Substitute D ,
and D;T = Dggq — D;d = D, q/2 into the outage proba-
bility formulation in (19), then the outage probability of the
proposed cooperative protocol can be lower bounded by

POl.lt Z (1 _ efﬁDZ,d) [1 _ efﬁD‘s/,d/(Q"*l)(l — g(std))] .
(21

Averaging (21) over all users’ possible locations, we have
- 2 [f v v oy
Pout > _2/ Ds,d(l _ e—ﬁDs,d) [1 _ e—BDLa/2 I:IdD&d
P Jo
9 XK
+ 5> clk)
=0
P v v x
X / ¢ PPLalbN =2+ 55r) (1— e PPsa) +1Ds7dst7d.
0

(22)

At high SNR, the effect of the second term in (22) on the
outage probability is insignificant. Thus, neglecting the second
term in (22), the average outage probability of the proposed
protocol can be lower bounded by

_ 2 1 v /9
> R - - = 1+vy\ v
Pou 172 (g ) X (300 -2 )
2 [1\*_ (2 2
2 (Z) (2] - 2
vp (B) (V’ﬂp> vp?
xT (2,21”5;)”) .
12

C. Optimum Relay Location

r=N-+1

[¥)

(23)

Based on the average outage probability (19), we determine
in this subsection the optimum relay location in each sector for
a cell with W sectors. Since the users are uniformly located
in the cell, one can show that the optimum relay location is
on the line that divides the central angle 6, into two equal
parts, i.e., the optimum relay angle is ¢ = 6,,/2. Now, the
remaining problem is to determine the optimum relay distance
f)r,d. Substitute ¢ into (19) and take the first derivative of
Pout With respect to D, 4, then the optimum relay distance
Dy 4 can be obtained by solving

27

4 W
[ Deat = exp(-D2) 1 = (Do) [ (D)
0 0
X exp(_ﬁ(fy(D&cb ¢s) + Dz,d))d(bsst,d = 07 (24)
in which n(D; 4, ¢s) = [Dg,d + Df’d —2D, 4Dy g cos(m/W —
¢s)|2 " (Dra — Ds,acos(n/W — ¢5)) + DZ,;l'
To get more insights, we also provide here an explicit relay
location that achieves close performance to that of optimum

relay location. First, we find the average value of all possible
users’ locations as

_ P
Dy = / Dyapp, ,(Dsa)dDsa = 20/3.  (25)
0
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Fig. 3: Outage probability performance in WLAN scenario.

From (10) and (25), an approximate relay location can be
obtained by solving

efﬁ((Ds,rDr,d)“rDZ,d)(l —9(Ds.q)),

D, 4 = arg max

OSDT,dSDS,d
which results in D,. 4 = D; 4/2 = p/3. The approximate relay
location can be shown to achieve very close performance to
the optimum relay location.

V. SIMULATION RESULTS

We performed simulation scenarios under WLAN scenario.
Each OFDM symbol has 64 subcarriers and the total band-
width is 20 MHz. The target rate is fixed at R = 1 bit/s/Hz
per user per subcarrier. The propagation loss factor is v = 2.6,
and the number of users in the cell is set at 10 users.

Figures 3(a) and 3(b) compare the performance of the
proposed cooperative protocol with that of direct transmission
scheme and the lower bound. The theoretical performance is
plotted along with the simulation curves.

Figure 3(a) depicts the outage probability versus the cell
radius. The average transmitted power is fixed at 12dBm. If
the outage performance is required to be at most 0.01, then
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the maximum cell size achieved by the direct transmission
scheme is about 60m. With the proposed cooperative protocol,
the maximum cell size of 132m and 140m can be achieved
when 2 and 3 relays are deployed, respectively. The proposed
cooperative protocol can increase the cell size by about 130%
in this case. Moreover, the proposed scheme achieves close
performance to the lower bound, especially when the cell size
is small.

In Figure 3(b), we study the performance gain that can
be achieved by the proposed protocol in terms of energy
efficiency. The cell radius is fixed at 100m, and the average
transmitted power varies from 7dBm to 19dBm. If the outage
is required to be at most 0.01, then the direct transmission
scheme requires the transmitted power of 18dBm, whereas the
proposed scheme requires only about 8dBm; in other words,
10dB power saving is achieved. It is worth pointing out that
diversity is a high SNR concept and the proposed cooperative
scheme is able to achieve the diversity gain of two at practical
transmit powers.

In both figures, the theoretical curves closely match to the
simulation results, which validates our analysis. Note that the
simulation and theoretical results completely match in the
direct transmission case.

VI. CONCLUSIONS

We propose in this paper a bandwidth-efficient cooperative
protocol for multiuser OFDM systems. In the proposed pro-
tocol, the destination broadcasts subcarrier indices of which
the received SNR falls below a specific SNR threshold, and
the relay forwards only the source symbols carried in those
subcarriers. In this way, the relay can help forward the data
of multiple sources in one OFDM symbol, and the proposed
protocol greatly improves the spectral efficiency, while still
achieving full diversity at high SNR. For practical imple-
mentation of the proposed cooperative protocol in OFDM

2435

networks, we proposed a relay-assignment scheme in which
the cell is divided into sectors and a relay is assigned to
help users within the sector. Performance analysis in terms of
outage probability is provided. Both analytical and theoretical
results show that in WLAN scenario, the proposed cooperative
protocol can achieve significant power saving or coverage
extension compared to the direct transmission.
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