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Abstract—In this paper, we investigate the performance of
an amplify-and-forward (AF) cooperative diversity system with
multiple relays in the presence of channel estimation errors. We
consider both conventional relaying (in which all relay nodes
participate in the relaying phase) and opportunistic relaying (in
which only a single relay is allowed to participate). We derive
closed-form expressions for error probability, outage probabil-
ity, and ergodic channel capacity. The derivations are confirmed
through Monte Carlo simulations. We further deploy the derived
expressions to obtain optimal power allocation rules for perfor-
mance improvements.

Index Terms—Amplify-and-forward (AF) relaying, channel es-
timation, cooperative diversity, fading channels, performance
analysis.

I. INTRODUCTION

COOPERATIVE diversity has emerged as a powerful tech-
nique to realize spatial diversity advantages in a dis-

tributed manner [1], [2]. Taking advantage of the broadcast
nature of the radio-frequency transmission, cooperative diver-
sity creates a virtual antenna among the nodes that are willing
to share their resources. In the literature, various cooperation
protocols, coupled with different relaying modes, have been
proposed [3], [4]. A commonly employed form of cooperation
protocol is the so-called receive diversity (RD) protocol, which
is also known as orthogonal relaying [1]. In the first phase
of this protocol, the source node broadcasts to the destination
and the relay nodes. In the second phase, the source stops
transmission, and the relay nodes forward their received signals
within the first phase to the destination node. Either repetition
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coding in orthogonal time slots or orthogonal space-time block
coding can be used among relay nodes in the second phase.
The RD protocol realizes a maximum degree of broadcasting
and exhibits no receive collision. Non-orthogonal cooperation
protocols such as the transmit diversity (TD) protocol and
the simplified TD protocol have been further proposed [5],
[6] and allow receive collision. In an effort to address the
spectral inefficiency of the conventional cooperation protocols,
which assume the participation of all relays, relay selection
has been proposed to improve the throughput [7]. Based on a
predetermined criteria, e.g., the signal-to-noise ratio (SNR), the
“best” relay is selected, and only a single relay is allowed to
participate in the second phase.

A common assumption in the earlier literature on cooperative
diversity is the availability of perfect channel state information
(CSI) at the receiver. In coherent detection, the fading channel
coefficients need to first be accurately estimated during the
training period, and then, these imperfect estimates are used
in the detection process at the destination node. Relay nodes
operating in decode-and-forward (DF) mode need the CSI of
the source-to-relay channel for their own decoding process.
In amplify-and-forward (AF) relaying, relay nodes might need
CSI for appropriately scaling the received signal to satisfy
relay power constraints. The effect of channel estimation on
the overall performance of cooperative systems is therefore
critical.

Several researchers have investigated the performance of co-
operative systems with imperfect channel estimation [8]–[10];
however, these works are mainly limited to simulation studies.
A few exceptions are [11]–[14], which aim to analytically study
the impact of channel estimation for single-relay cooperative
systems. In [11], Mheidat and Uysal derived a pairwise error
probability (PEP) expression for the TD protocol with AF relay-
ing. In [12], Patel and Stüber obtained an approximate error rate
performance expression for the RD protocol, assuming binary
phase-shift keying (PSK). In [13], Wu and Patzold derived
symbol error rate expressions for the RD protocol, assuming
M-ary PSK and M-ary quadrature amplitude modulation
(QAM). In [14], Gedik and Uysal considered both RD and TD
protocols and presented PEP analysis for mismatched-coherent
and partially coherent receivers under different degrees of CSI.
While the aforementioned works assume single-relay scenarios,
Han et al. [15] considered multirelay AF cooperative systems
and derived the average bit error rate (BER) for the RD proto-
col, assuming all relays’ participation in the relaying phase.
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Fig. 1. Cooperative system model.

In this paper, we present a framework for the performance
analysis of multirelay AF cooperative systems in the presence
of channel estimation errors. We consider both conventional
relaying (in which all relay nodes participate in the relaying
phase) and opportunistic relaying (in which only a single relay
is allowed to participate). We derive expressions for BER,
outage probability, and channel capacity, demonstrating the
effect of channel estimation on the performance.

The rest of this paper is organized as follows: In Section II,
we present the system and channel models. In Section III, we
derive the instantaneous effective SNR, which will be used for
the derivations of performance measures under consideration in
Section IV. The derived closed-form expressions can be used
for system optimization. As an example, we use the derived
BER expression to optimize power allocation in Section V.
Section VI concludes this paper.

Notation: |.| denotes the absolute value. E(.) is the expecta-
tion operator.

II. SYSTEM AND CHANNEL MODELS

As shown in Fig. 1, we consider a multirelay network in
which a source node (S) and a destination node (D) com-
municate through a number of relay nodes denoted by Ri,
i = 1, 2, · · · , L. The nodes are assumed to be located in a 2-D
plane where dSD, dSRi

, and dRiD denote the distances of
source-to-destination (S → D), source-to- relay (S → Ri), and
relay-to-destination (Ri → D) links, respectively. The angle
between lines representing S → Ri and Ri → D links is θi.
The complex fading coefficients between the source and the ith
relay and between the ith relay and the destination are hi and
gi, i = 1, . . . , L, respectively. They are modeled as complex
Gaussian with zero mean and variances of σ2

hi
, σ2

gi
, leading to

Rayleigh fading. The fading coefficient for the direct link is de-
noted as g0, and its amplitude distribution also follows Rayleigh
distribution. Finally, in our analysis, we assume frequency-flat
and time-flat (nonselective fading) channel models.

To take into account the relays’ location, we also consider
the long-term path loss. The path loss is inversely proportional
to dα, where d is the distance between nodes and α is the
path loss exponent. By normalizing the path loss terms with
respect to that of direct S → D link, the so-called geometrical
gains [5] can be defined as GSRi

= (dSD/dSRi
)α and GRiD =

(dSD/dRiD)α, i = 1, 2 . . . L.
We assume the RD cooperation protocol. In the first time

slot (i.e., broadcasting phase), the source broadcasts its signal.
The destination and all L relays receive faded noisy versions of
the source signal. In the relaying phase, the source is silent.

If conventional relaying is employed, all relay nodes partic-
ipate in the relaying phase and forward the scaled versions
of their received signals to the destination node in orthogonal
time slots. The destination node combines all signals received
through indirect/direct links using maximal ratio combining.
On the other hand, if opportunistic relaying is employed, the
destination combines only the “best” indirect link (which yields
the highest SNR at the destination) and the direct link.

Mathematically speaking, the received signals from the
source at the destination and the ith relay can, respectively, be
written as

ySD =
√

ESg0x + nSD (1)

ySRi
=

√
GSRi

EShix + nSRi
i = 1, 2, . . . , L (2)

where ES is the source signal energy, and x is either an M-PSK
or an M-QAM modulated signal with unit energy. In the second
time slot, the relay normalizes the received signal (to comply
with power constraints) and transmits the resulting signal xRi

to the destination. The received signal at the destination from
the ith relay is given by

yRiD =
√

GRiDEigixRi
+ nRiD, i = 1, 2, . . . , L (3)

where Ei is the relay signal energy, and xRi
is given by

xRi
=

√
1

ESGSRi
|ĥi|2 + N0

ySRi
. (4)

In (1)–(4), nSD, nSRi
, and nRiD are zero-mean complex

Gaussian noise terms with variance N0/2 per dimension. We
assume that total power consumption in the network is given by
ET . In the case of conventional relaying, the power of source
and each of L relays is given by ET /(L + 1), i.e., ES = Ei =
ET /(L + 1). On the other hand, in the case of opportunistic
relaying, the source and the selected relay are each assigned
ET /2.

The destination is assumed to have access only to imperfect
channel estimates, which will be used at the combiner. Let the
channel estimate of the S → Ri link be ĥi for the ith relay link.
We assume that hi and ĥi are jointly ergodic and stationary
Gaussian processes. We can write

hi = ĥi + ehi
(5)

where ehi
denotes the channel estimation error, which is mod-

eled as complex Gaussian with zero mean and variance σ2
ehi

.
Assuming a linear-minimum-mean-square-error estimator, the
variance of channel estimation error is σ2

ehi
= E(|hi|2) −

E(|ĥi|2) = 1/(Npγ̄SRi,t + 1) [16]. Here, Np is the number
of pilot symbols, γ̄SRi,t = E(γSRi,t) = GSRi

ES,t/N0 is the
average SNR of pilot symbols for S → Ri link, and ES,t is the
source power for training period. Similarly, variances for chan-
nel estimates of S → D and Ri → D links are given by σ2

egi
=

1/(Npγ̄RiD,t + 1), where γ̄SD,t = E(γSD,t) = ES,t/N0, and
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γ̄RiD,t = E(γRiD,t) = GRiDEi,t/N0 are the average SNRs of
pilot symbols for S → D and Ri → D links, with Ei,t denoting
the ith relay power for training period. The signal at the
combiner’s output can be written as [17]

λ =

⎧⎨
⎩WSDySD +

L∑
i=1

WiyRiD, Conventional

WSDySD + WiselyRiselD
, Opportunistic

(6)

where the combiner coefficients are given by WSD =√
ES ĝ∗0/N0 and Wi =

√
GRiDEiĥ

∗
i ĝ

∗
i /(|ĥi|Ntot), with

Ntot = N0 + EiGRiD|ĝi|2N0/(ESGSRi
|ĥi|2 + N0). In (6),

isel denotes the index for the selected relay, which yields the
highest effective SNR in S → Ri → D.

III. STATISTICAL CHARACTERIZATION OF

INSTANTANEOUS EFFECTIVE SIGNAL-TO-NOISE RATIO

In this section, we will determine the probability density
function (pdf) of the effective SNR (i.e., incorporating the ef-
fects of channel estimation) at the destination. Such a statistical
characterization is essential for the derivation of performance
measures under consideration.

A. Instantaneous Effective SNR

From (6), it can be noticed that the combiners output con-
sist of two terms coming from either direct or indirect links.

λSD
def
= WSDySD is the term contributed by the S → D link.

It can be expanded as

λSD =
ES |ĝ0|2

N0
x︸ ︷︷ ︸

signal

+
√

Esĝ
∗
0

N0

(√
ESeg0x + nS,D

)
︸ ︷︷ ︸

effective noise

. (7)

The instantaneous effective SNR for this term can be there-
fore written as

γSD =
γ̂S,D

ESσ2
eg0

/N0 + 1
(8)

where γ̂SD = ES |ĝ0|2/N0 is the estimated instantaneous SNR
of the S → D link. The average effective SNR can be further
written as

γ̄SD = E(γSD) =
ES

(
E
(|g0|2

)− σ2
eg0

)
(
ESσ2

eg0
+ N0

) . (9)

Similarly, it can be noticed from (5) that λSRiD
def
= WiyRiD

is the term contributed by the indirect link via the ith relay
node. It can be expanded as in (10), shown at the bottom of the
page, where Gi = ESGSRi

|hi|2 + N0. This lets us to write the
corresponding instantaneous effective SNR as in (11), shown at
the bottom of the page.

Further defining γ̂SRi
= GSRi

ES |ĥi|2/N0 and γ̂RiD =
GRiDEi|ĝi|2/N0 as the estimated instantaneous SNR of the
S → Ri and Ri → D links, (11) can be rewritten as in (12),
shown at the bottom of the page.

Equation (12) can be simplified as

γSRiD =
γSRi

γRiD

γSRi
+ γRiD + Ωi

(13)

where γSRi
= γ̂SRi

/(GSRi
ESσ2

ehi
/N0 + 1) and γRiD =

γ̂RiD/(GRiDEiσ
2
egi

/N0 + 1) are the instantaneous effective
SNRs of S → Ri and Ri → D links, respectively, and Ωi is
given by

Ωi =
GSRi

GRiDESEiσ
2
ehi

σ2
egi

+ GRiDEiσ
2
egi

N0 + N2
0(

GSRi
ESσ2

ehi
+ N0

)(
GRiDEiσ2

egi
+ N0

) .

(14)

λSRiD=

√
GRiDEiĥ

∗
i ĝ

∗
e

|ĥi|Ntot

√
GSRi

ES

Gi
higi︸ ︷︷ ︸

signal

+
√

GRiDEi

Gi

ĥ∗
i ĝ

∗
i

|ĥi|Ntot

(√
GSRi

ES(ĥiegi
+ĝiehi

)x+(ĝi+egi
)nS,Ri

+
√

GinRiD

)
︸ ︷︷ ︸

effective noise

(10)

γSRiD=
GSRi

GRiDESEi|ĥi|2|ĝi|2
GSRi

ES |ĥi|2
(
GRiDEiσ2

egi
+N0

)
+GRiDEi|ĝi|2

(
GSRi

ESσ2
ehi

+N0

)
+GSRi

GRiDESEiσ2
ehi

σ2
egi

+GRiDEiσ2
egi

N0+N2
0

(11)

γSRiD =
γ̂SRi

γ̂RiD

γ̂SRi

(
GRiDEiσ2

egi

N0
+ 1

)
+ γ̂RiD

(
GSRi

ESσ2
ehi

N0
+ 1

)
+

GSRi
GRiDESEiσ2

ehi
σ2

egi

N2
0

+
GRiDEiσ2

egi

N0
+ 1

(12)
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Finally, using (8) and (13), the effective total output SNR can
be obtained as

γtot =

⎧⎪⎨
⎪⎩

γSD +
L∑

i=1

γSRiD, Conventional

γSD + max
i∈L

γSRiD, Opportunistic.
(15)

To simplify the ensuing performance analysis, we employ a
tight upper bound on γSRiD, which is given as γSRiD ≤ γi =
min(γSRi

, γRiD) [17]. This yields bounds on (15) as

γCon
ub = γSD +

L∑
i=1

min(γSRi
, γRiD) (16)

for conventional relaying. Similarly, we have

γOpp
ub = γSD + max

i∈L
min (γSRi

, γRiD) (17)

for opportunistic relaying.

B. PDFs of the Instantaneous Effective SNR

For conventional relaying, the pdf of (16) can be derived,
following the steps in [18], which yields the following:

fγCon
ub

(γ) =
βS,D

γ̄SD
exp

( −γ

γ̄SD

)
+

L∑
i=1

βi

γ̄i
exp

(−γ

γ̄i

)
(18)

where

γ̄i =
γ̄SRi

γ̄RiD

γ̄SRi
+ γ̄RiD

(19)

γ̄SRi
= E (γSRi

) =
GSRi

ES

(
E
(|hi|2

)− σ2
ehi

)
(
GSRi

ESσ2
ehi

+ N0

) (20)

γ̄RiD = E (γRiD) =
GRiDES

(
E
(|gi|2

)− σ2
egi

)
(
GRiDESσ2

egi
+ N0

) (21)

βSD =
L∏

i=1

(
1 − γ̄i

γ̄SD

)−1

(22)

βi =
(

1 − γ̄SD

γ̄i

)−1 L∏
k=1,k �=i

(
1 − γ̄k

γ̄i

)−1

. (23)

For opportunistic relaying, the pdf of (17) is obtained as

fγOpp
ub

(γ) =
L∑

i=1

(−1)i+1
L−i+1∑
K1=1

L−i+2∑
K2=K1+1

· · ·

L∑
Ki=Ki−1+1

1
1/ξi − γ̄SD

(
exp(−γξ) − exp

(
− γ

γ̄SD

))
(24)

where ξi =
∑i

j=1(1/γ̄Kj
). Considering independent identi-

cal distribution (i.i.d) channels, i.e., γ̄SD = γ̄SRi
= γ̄RiD = γ̄,

(24) reduces to

fOpp
γub,iid

(γ) =
M∑

q=1

(
M

q

)
(−1)q−1

γ̄ (1 − 1/(2q))

×
[
exp

(
−γ

γ̄

)
− exp

(
−2qγ

γ̄

)]
. (25)

IV. PERFORMANCE ANALYSIS

A. Error Probability

The average error probability over frequency-flat fading
channels can be found by averaging the conditional error prob-
ability in additive white Gaussian noise Pb(e/γub). Mathemat-
ically, Pb(e) is given by [19]

Pb(e) =

∞∫
0

Pb(e/γub)fγub
(γub)dγub (26)

where fγub
(γub) is given by either (18) and (24) for the schemes

under consideration. Note that, for several Gray bit-mapped
constellations, Pb(e/γub) is in the form of aerfc(

√
bγub), with

erfc(x) being the complementing error function [19], and a,
b are constants, depending on the type of modulation (e.g.,
BPSK: a = 0.5, and b = 1, QPSK: a = 0.5, and b = 0.5). By
substituting (18) into (26) and solving the integration, a lower
bound on the error probability for conventional relaying can be
obtained as

PCon
b (e)=aβSD

(
1−

√
bγ̄SD

1+bγ̄SD

)
+ a

L∑
i=1

βi

(
1−

√
bγ̄i

1+bγ̄i

)
.

(27)

Similarly, by substituting (24) into (26) and performing the
integration operation, we find a lower bound on the error
probability for opportunistic relaying as

POpp
b (e) = a

L∑
i=1

(−1)i+1
L−i+1∑
K1=1

L−i+2∑
K2=K1+1

· · ·
L∑

Ki=Ki−1+1

×1 − 1
1 − γ̄SDξi

√
b

ξi + b
+

γ̄SDξi

1 − γ̄SDξi

√
bγ̄SD

1 + bγ̄SD
. (28)

As a sanity check, it can be noted that, in the perfect CSI case
(i.e., σ2

ehi
= σ2

egi
= 0), (28) reduces to the expression given by

[20, eq. (14)].
To provide some further insight into the performance, we

now consider the asymptotically high-SNR case. Following
[21], we can obtain an approximation to (27) as follows:

PCon
b (e) ≈ aC(L)

bL+1

1
γ̄SD

L∏
i=1

(
1

γ̄SRi

+
1

γ̄RiD

)
(29)

where C(L) =
∏L+1

i=1 (2i − 1)/(2(L + 1)!) is constant, which
depends on the number of relay nodes L. It is observed from
(29) that a full diversity order of L + 1 is achieved as in the
case of the perfect channel estimation. For σ2

ehi
= σ2

egi
= 0,



2054 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 60, NO. 5, JUNE 2011

(29) reduces to [22, eq. (21)], which is reported for perfect
CSI case.

An asymptotical expression can be obtained for opportunistic
relaying as (see the Appendix for the proof)

POpp
b (e) ≈ aU(L)

bL+1

1
γ̄SD

L∏
i=1

(
1

γ̄SRi

+
1

γ̄RiD

)
(30)

where U(L) = L
∏L+1

i=1 (2i − 1)/(2(L + 1)!). A comparison
of (29) and (30) reveals that both expressions have identical
forms where the only difference comes from the coefficient
term given by U(L) = LC(L). This will eventually result in a
horizontal shift between the performance of two schemes, both
of which are able to achieve the full diversity.

B. Outage Probability

The mutual information between the source and the des-
tination for conventional and opportunistic relaying can be
written as

ICon =
1

L + 1
log2

(
1 + γCon

ub

)
(31)

IOpp =
1
2

log2

(
1 + γOpp

ub

)
. (32)

The reason for different factors in (31) and (32) is that we
need L + 1 time slots (or orthogonal channels) to transmit the
data in conventional relaying and only two times slots in the
case of opportunistic relaying.

The outage probability is defined as the probability that
the mutual information falls below the required rate r. For
conventional relaying, it is given by

PCon
out = Pr(IReg ≤ r) = Pr

(
γCon

ub ≤ γCon
t = 2(L+1)r − 1

)
.

(33)

It can be noted that outage probability is actually the cumu-
lative CDF of γConv

out evaluated at 2(L+1)r − 1. Using (18), we
can obtain a lower bound on the outage probability as

PCon
out = βSD

(
1 − exp

(
−γCon

t

γ̄SD

))

+
L∑

i=1

βi

(
1 − exp

(
−γCon

t

γ̄i

))
(34)

where βSD and βi are earlier defined in (22) and (23). Asymp-
totically, it can be approximated as

PCon
out (e) ≈

[
2(L+1)r − 1

]L+1

γ̄SD(L + 1)!

L∏
i=1

(
1

γ̄SRi

+
1

γ̄RiD

)
. (35)

Similarly, for opportunistic relaying, we obtain

POpp
out = Pr(IOpp ≤ r) = Pr

(
γOpp

ub ≤ γOpp
t = 22r − 1

)

=
L∑

i=1

(−1)i+1
L−i+1∑
K1=1

L−i+2∑
K2=K1+1

· · ·
L∑

Ki=Ki−1+1

1

− 1
1 − γ̄SDξi

exp
(
−γOpp

t ξi

)

+
γ̄S,Dξi

1 − γ̄SDξi
exp

(
−γOpp

t

γ̄SD

)
. (36)

Asymptotically, this yields

POpp
out (e) ≈ [22r − 1]L+1

(L + 1)
1

γ̄SD

L∏
i=1

(
1

γ̄SRi

+
1

γ̄RiD

)
. (37)

C. Ergodic Channel Capacity

For conventional relaying, the average channel capacity is
given by

C̄Con =
W

L + 1

∞∫
0

log2(1 + γ)fγCon
ub

(γ)dγ. (38)

By substituting (18) into (38), an upper bound on channel
capacity can be obtained in a closed form as

C̄Con =
W

(L + 1) ln(2)

[
βSD exp

(
γ̄−1

SD

)
E1

(
γ̄−1

SD

)

+
L∑

i=1

βi exp
(
γ̄−1

i

)
E1

(
γ̄−1

i

) ]
. (39)

where E1(x) is the exponential integral defined as E1(x) =∫∞
x exp(−t)/tdt [23]. It can be readily checked that, for σ2

ehi
=

σ2
egi

= 0, (39) reduces to [24, eq. (32)] reported for perfect CSI
scenario.

For opportunistic relaying, we have

C̄Opp =
W

2

∞∫
0

log2(1 + γ)fγOpp
ub

(γ)dγ. (40)

For this case, we obtain an upper bound as

C̄Opp =
W

2 ln(2)

L∑
i=1

(−1)i+1
L−i+1∑
K1=1

· · ·
L∑

Ki=Ki−1+1

× exp(ξi)E1(ξi) − γ̄SDξi exp(1/γ̄SD)E1(1/γ̄SD)
1 − γ̄SDξi

. (41)

For σ2
ehi

= σ2
egi

= 0, (41) reduces to [25, eq. (24)] reported
for perfect CSI scenario.

V. ADAPTIVE POWER ALLOCATION (APA)

The derived closed-form expressions can be used for system
optimization. In this section, as an example, we consider the
derived error probability expression and obtain the optimal
power distribution rules between the source and the relay nodes
to minimize it.
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A. Conventional Relaying

For conventional relaying, the optimization problem can be
formulated as

min
s.t. ES+

L∑
i=1

Ei=ET

PCon(e). (42)

The power to be allocated to source and relay nodes can be
written in terms of total power as ES = ρ0ET , Ei = ρiET , i =
1, 2, . . . , L. Using (29), (42) can be rewritten as

min
s.t. Es+

L∑
i=1

Ei=ET

(
ε0 +

α0

ρ0ET

) L∏
i=1

(
εi +

αi

ρ0ET
+

βi

ρiET

)

(43)

where ε0, εi, α0, and αi are given by

ε0 =
σeg0

aC(L)

bL+1
(
E|g0|2 − σ2

eg0

) (44)

εi =
σ2

ehi

E (|hi|2) − σ2
ehi

+
σ2

egi

E (|gi|2) − σ2
egi

(45)

α0 =
aN0C(L)

bL+1
(
E (|g0|2) − σ2

eg0

) (46)

αi =
N0

GSRi

(
E (|hi|2) − σ2

ehi

) (47)

βi =
N0

GRiD

(
E (|gi|2) − σ2

egi

) . (48)

Unfortunately, (43) cannot be solved in a closed form; how-
ever, ρi, i = 1, 2, . . . , L can be calculated through numerical
optimization techniques. For perfect channel estimation (i.e.,
σ2

ehi
= σ2

egi
= 0, i = 0, . . . , L), (43), however, simplifies to

min
s.t. Es+

L∑
i=1

Ei=ET

aC(L)NL+1
0

bL+1ρ0E
L+1
T

L∏
i=1

(
1

GSRi
ρ0

+
1

GRiDρi

)
.

(49)

Using Lagrange multiplier method, we can obtain optimum
values for ρi, i = 1, 2, . . . , L as

ρi =
−GSRi

ρ0 +
√

G2
SRi

ρ2
0 + 4GRiDGSRi

ρ0/(L + 1)

2GRiD

(50)

where ρ0 can be computed by solving

L∑
i=1

√(
GSRi

GRiD

)2

ρ2
0 +

4
(L + 1)

(
GSRi

GRiD

)
ρ0

− 2(1 − ρ0) − ρ0

L∑
i=1

GSRi

GRiD
= 0 (51)

using any minimization bracketing method [26].

In Table I, we present the optimal values of ρi, i =
0, 1, . . . , L for both perfect and imperfect channel estimation
cases. We assume 4-PSK modulation, α = 2, and Np = 1 and
consider the following scenarios based on the number of relays
and relay geometry.

1) L = 1, θ1 = π, and GSR1/GR1D = −30 dB.
2) L = 2, θ1 = π, θ2 = π/3, GSR1/GR1D = −30 dB, and

GSR2/GR2D = 0 dB.
3) L = 2, θ1 = π, θ2 = π/3, θ3 = π/6, GSR1/GR1D =

−30 dB, GSR2/GR2D = 0 dB, and GSR3/GR3D =
30 dB.

4) i.i.d case: GSD = GSRi
= GRiD = 1, and θi = π/3,

i = 1, 2, 3.

B. Opportunistic Relaying

For opportunistic relaying, the optimization problem can be
formulated as

min
s.t. Es+ERsel=ET

POpp(e). (52)

The power to be allocated to source and selected relay can
be written in terms of the total power as ES = ρET and Ei =
(1 − ρ)ET . Using (30), (52) can be rewritten as

min
s.t. Es+ERsel=ET

L

(
ε0+

α0

ρET

) L∏
i=1

(
εi+

αi

ρET
+

βi

(1−ρ)ET

)
.

(53)

The optimal ρ parameter value can be calculated from equat-
ing ∂POpp(e)/∂ρ to zero, which yields(

ε0 +
α0

ρET

) L∑
k=1

βk

(1−ρ)2ET
− αk

ρ2ET

εk + αk

ρET
+ βk

(1−ρ)ET

− α0

ρ2ET
= 0. (54)

In the case of perfect channel estimation, (54) simplifies to

(L+1)ρ−1−
L∑

k=1

(1−ρ)GRiDE
(|gi|2

)
ρGSRi

E (|hi|2)+(1−ρ)GRiDE (|gi|2) =0.

(55)

Further imposing the assumption of identical channels (i.e.,
E(|gi|2) = E(|hi|2), and GSD = GSRi

= GRiD = 1), optimal
ρ is found as

ρiden =
L + 1
2L + 1

. (56)

Optimal values of ρ for aforementioned scenarios with per-
fect and imperfect channel estimation can be found in Table II.
From Tables I and II, we observe that power allocation values
slightly vary with SNR for the case of imperfect channel
estimation (as a result of the dependency of channel estimation
error on SNR). On the other hand, they are independent of SNR
in the case of perfect channel estimation.

VI. SIMULATION RESULTS AND DISCUSSION

In this section, we provide numerical results to confirm the
derived analytical expressions. We assume the same system
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TABLE I
OPTIMAL POWER ALLOCATION VALUES FOR CONVENTIONAL RELAYING. (a) IMPERFECT CHANNEL ESTIMATION.

(b) IMPERFECT CHANNEL ESTIMATION AND I.I.D CASE. (c) PERFECT CHANNEL ESTIMATION

TABLE II
OPTIMAL ρ VALUES FOR OPPORTUNISTIC RELAYING (L = 1, 2, 3). (a) IMPERFECT CHANNEL ESTIMATION. (b) PERFECT CHANNEL ESTIMATION

parameters for non-identical channels considered in Tables I
and II.

In Fig. 2, we present the error probability performance of
conventional relaying for L = 1, 2 and 3. In this figure, the
exact error probability (obtained through simulations) is plotted
along with the lower bound given by (27) and the asymptotical
expression by (29). The derived lower bound lies within 0.3 dB
of the exact performance. The asymptotical expression further
provides an excellent match in moderate-high SNR region
(> 15 dB). The performance with perfect CSI is also included
as a benchmark. It is observed that, due to imperfect channel
estimation, the performance is degraded by ∼3 dB. However,
the slope of the performance curves and, therefore, the di-
versity order remain the same for both perfect and imper-
fect CSI.

In Fig. 3, we present the error probability performance of
opportunistic relaying for L = 1, 2 and 3. In this figure, the
lower bound given by (28) and the asymptotical expression
given by (30) are provided along with the exact (simulated)
expression. Similar to Fig. 2, the lower bound is within
0.3 dB of the exact performance, and the asymptotical expres-
sion provides tight results for SNR higher than 15 dB. We
further observe that the performance is degraded by 3, 4, and
4.7 dB as a result of the imperfect channel estimation.

From the comparison of Figs. 2 and 3, we observe that oppor-
tunistic relaying outperforms conventional relaying, confirming
the earlier reported results for the case of perfect channel
estimation (see, e.g., [27]–[30]). It is also important to empha-
size that imperfect channel estimates affect the opportunistic
relaying more than the conventional relaying. This is due to the
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Fig. 2. Probability of error for conventional relaying.

Fig. 3. Probability of error for opportunistic relaying.

effect of imperfect channel estimation on both relay selection
and the MRC combining processes in opportunistic relaying.
On the other hand, it has impact only on the MRC combiner in
the case of conventional relaying.

In Fig. 4, we return our attention to outage probability.
Lower bounds on the outage probability for conventional and
opportunistic relaying, respectively, given by (34) and (36),
along with asymptotical expressions given by (35) and (37),
are illustrated, assuming two relays. As expected from the
similarity of corresponding expressions, tightness is similar to
that observed in error probability.

In Fig. 5, we illustrate the upper bounds on ergodic channel
capacity for conventional and opportunistic relaying, assuming
L = 2 and 3. The degradation in the capacity for conventional
relaying due to imperfect channel estimation is 3 dB for both
L = 2 and 3. The degradation in opportunistic relaying climbs
to 4 and 4.9 dB for L = 2 and 3, respectively. Despite the
additional degradation, opportunistic relaying outperforms the

Fig. 4. Outage probability for conventional and opportunistic relaying with
L = 2.

Fig. 5. Channel capacity for conventional and opportunistic relaying.

conventional counterpart for the same number of relays. It
should be noted that, in the case of opportunistic relaying, as
L increases, the end-to-end SNR improves, and the average
channel capacity of the opportunistic relaying increases. On
the other hand, in conventional relaying, increasing L has an
opposing factor to SNR improvement, because it uses L + 1
time slots and consequently reduces the channel capacity by
a factor of L + 1. The second factor has the dominant effect,
which degrades the channel capacity performance with increas-
ing number of relays, as observed in Fig. 5.

Finally, in Figs. 6 and 7, we investigate the effect of power
allocation on the error rate performance. For conventional
relaying, it is observed from Fig. 6 that optimized power
allocation provides a performance improvement of 1.15 dB for
L = 1 at error probability of 10−4. The improvement decreases
to 1 and 0.77 dB for L = 2 and L = 3, respectively. On the
other hand, for opportunistic relaying, it is observed from Fig. 7
that the performance improvement is 1.15 dB for L = 1. The
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Fig. 6. Effect of power allocation on the performance of conventional
relaying.

Fig. 7. Effect of power allocation on the performance of opportunistic
relaying.

improvement gets smaller for increasing number of relays. It
should be further emphasized that imperfect channel estimation
reduces the improvement obtained through APA over equal
power allocation (EPA) when compared with the perfect chan-
nel estimation case. For example, assume conventional relaying
and L = 2. For the perfect channel estimation case, APA brings
a gain of 2.5 dB with respect to EPA. When imperfect channel
estimation is considered, this gain reduces to 1 dB. This is due
to the fact that the imperfect estimation reduces the average
received energy at both the relay and the destination nodes, i.e.,
γ̂SRi

and γ̂Ri,D.

VII. CONCLUSION

In this paper, we have derived error probability, outage
probability, and ergodic channel capacity expressions for a
multirelay AF scheme in the presence of imperfect channel
estimation. Utilizing a tight bound on the effective SNR, we

have derived closed-form expressions for both conventional
and opportunistic relaying. As demonstrated throughout this
paper, our results generalize the existing results in the literature
as to illustrate the effect of channel estimation errors. High-
SNR analysis has also been made to provide insight into the
achievable diversity orders. Derived results have been validated
through extensive Monte Carlo simulation results. We have fur-
ther used the derived error probability expressions to optimize
the power allocation, which yields performance improvements
of about 1 dB.

APPENDIX

In this Appendix, we present the proof of (30). First note
that the nth differentiation of γi’s pdf at zero, (∂nfγi

/∂γn)(0),
has a limited nonzero value. Using the chain rule and the fact
that Pr[γi ≤ 0] = 0, it can be shown that the pdf of the random
variable X = maxi∈L(γi) can be written as

∂L−1fX

dxL−1
(0) = L

L∏
i=1

fγi
(0) (57)

where fX(x) is the pdf of the random variable X . Further,
note that all the derivatives of the pdf of γOpp

tot , i.e., fγOpp
tot

(γ),
evaluated at zero up to order L − 1 are zero, and the Lth-order
derivative is given by

∂LfγOpp
tot

∂γL
(0) = fγSD

(0)
∂L−1fX

∂γL−1
(0). (58)

Since we are integrating at the value around zero, the initial
value theorem of Laplace transforms can be used to find (58).
Noting that γOpp

tot is the sum of two independent random vari-
ables, we have MγOpp

tot
(s) = MγSD

(S)MX(s), where MγSD
(s)

and MX(s) are the Laplace transforms of fγSD
(γ) and fX(γ),

respectively. Using the initial value theorem, we obtain

∂LfγOpp
tot

∂γL
(0) = lim

s→∞ sL+1MγOpp
tot

(s). (59)

On the other hand, we have lims→∞ sMγSD
(s) = fγSD

(0),
which yields

lim
s→∞ sLMX(s) = L

L∏
i=1

fγi
(0). (60)

To find out the asymptotic behavior of the average error
probability, we use the approximate expression given in [21].
Since the derivatives of fγOpp

tot
(γ) up to the kth order are null

at γ = 0, the approximate average error probability using the
McLaurin series can be expressed as

fγOpp
tot

(γ) ≈

k+1∏
i=1

(2i − 1)

2(k + 1)bk+1

1
k1

∂kfγOpp
tot

∂γk
(0) (61)

where ∂kfγ(0)/∂γk is the kth-order derivative of the pdf, and
the derivatives of fγ(γ) up to order k + 1 are zero. Applying
(57) and (61), the approximate error probability can be written
as in (30).



AMIN et al.: ON PERFORMANCE ANALYSIS OF MULTIRELAY COOPERATIVE DIVERSITY SYSTEMS 2059

REFERENCES

[1] J. Laneman and G. Wornell, “Distributed space-time-coded protocols for
exploiting cooperative diversity in wireless networks,” IEEE Trans. Inf.
Theory, vol. 49, no. 10, pp. 2415–2425, Oct. 2003.

[2] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity.
Part I. System description,” IEEE Trans. Commun., vol. 51, no. 11,
pp. 1927–1938, Nov. 2003.

[3] R. Nabar, H. Bolcskei, and F. Kneubuhler, “Fading relay channels: Perfor-
mance limits and space-time signal design,” IEEE J. Sel. Areas Commun.,
vol. 22, no. 6, pp. 1099–1109, Aug. 2004.

[4] P. Mitran, N. Devroye, and V. Tarokh, “On compound channels with side
information at the transmitter,” IEEE Trans. Inf. Theory, vol. 52, no. 4,
pp. 1745–1755, Apr. 2006.

[5] H. Ochiai, P. Mitran, and V. Tarokh, “Design and analysis of collaborative
diversity protocols for wireless sensor networks,” in Proc. 60th IEEE
VTC, 2004, vol. 7, pp. 4645–4649.

[6] K. Azarian, H. El Gamal, and P. Schniter, “On the achievable diversity-
multiplexing tradeoff in half-duplex cooperative channels,” IEEE Trans.
Inf. Theory, vol. 51, no. 12, pp. 4152–4172, Dec. 2005.

[7] A. Bletsas, A. Khisti, D. Reed, and A. Lippman, “A simple cooperative
diversity method based on network path selection,” IEEE J. Sel. Areas
Commun., vol. 24, no. 3, pp. 659–672, Mar. 2006.

[8] H. Yomo and E. De Carvalho, “A CSI estimation method for wireless relay
network,” IEEE Commun. Lett., vol. 11, no. 6, pp. 480–482, Jun. 2007.

[9] F. Gao, T. Cui, and A. Nallanathan, “On channel estimation and optimal
training design for amplify and forward relay networks,” IEEE Trans.
Wireless Commun., vol. 7, no. 5, pp. 1907–1916, May 2008.

[10] O. Amin, B. Gedik, and M. Uysal, “Channel estimation for amplify-
and-forward relaying: Cascaded against disintegrated estimators,” IET
Commun., vol. 4, no. 10, pp. 1207–1216, Jul. 2010.

[11] H. Mheidat and M. Uysal, “Non-coherent and mismatched-coherent re-
ceivers for distributed STBCs with amplify-and-forward relaying,” IEEE
Trans. Wireless Commun., vol. 6, no. 11, pp. 4060–4070, Nov. 2007.

[12] C. Patel and G. Stuber, “Channel estimation for amplify and forward relay
based cooperation diversity systems,” IEEE Trans. Wireless Commun.,
vol. 6, no. 6, pp. 2348–2356, Jun. 2007.

[13] Y. Wu and M. Patzold, “Performance analysis of cooperative communi-
cation systems with imperfect channel estimation,” in Proc. IEEE ICC,
Jun. 2009, pp. 1–6.

[14] B. Gedik and M. Uysal, “Impact of imperfect channel estimation on
the performance of amplify-and-forward relaying,” IEEE Trans. Wireless
Commun., vol. 8, no. 3, pp. 1468–1479, Mar. 2009.

[15] S. Han, S. Ahn, E. Oh, and D. Hong, “Effect of channel-estimation error
on BER performance in cooperative transmission,” IEEE Trans. Veh.
Technol., vol. 58, no. 4, pp. 2083–2088, May 2009.

[16] S. Kay, Fundamentals of Statistical Signal Processing: Estimation
Theory. Englewood Cliffs, NJ: Prentice-Hall, 1993.

[17] P. Anghel and M. Kaveh, “Exact symbol error probability of a cooper-
ative network in a Rayleigh-fading environment,” IEEE Trans. Wireless
Commun., vol. 3, no. 5, pp. 1416–1421, Sep. 2004.

[18] A. Papoulis and A. Maradudin, The Fourier Integral and Its Applications.
New York: McGraw-Hill, 1963.

[19] J. Proakis and M. Salehi, Digital Communications. New York: McGraw-
Hill, 2001.

[20] S. Ikki and M. Ahmed, “Performance of multiple-relay cooperative di-
versity systems with best relay selection over Rayleigh fading channels,”
EURASIP J. Adv. Signal Process., vol. 2008, pp. 1–7, Jan. 2008.

[21] Z. Wang and G. Giannakis, “A simple and general parameterization quan-
tifying performance in fading channels,” IEEE Trans. Commun., vol. 51,
no. 8, pp. 1389–1398, Aug. 2003.

[22] A. Ribeiro, X. Cai, and G. Giannakis, “Symbol error probabilities for
general cooperative links,” IEEE Trans. Wireless Commun., vol. 4, no. 3,
pp. 1264–1273, May 2005.

[23] M. Abramowitz and I. Stegun, Handbook of Mathematical Functions With
Formulas, Graphs, and Mathematical Tables. New York: Dover, 1964.

[24] T. Nechiporenko, K. Phan, C. Tellambura, and H. Nguyen, “On the ca-
pacity of Rayleigh fading cooperative systems under adaptive transmis-
sion,” IEEE Trans. Wireless Commun., vol. 8, no. 4, pp. 1626–1631,
Apr. 2009.

[25] S. Ikki and M. Ahmed, “On the performance of amplify-and-forward
cooperative diversity with the nth best-relay selection scheme,” in Proc.
IEEE ICC, 2009, pp. 1–6.

[26] S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge, U.K.:
Cambridge Univ. Press, 2004.

[27] J. Zhang, T. Zhang, J. Huang, and R. Yuan, “ABEP of amplify-and-
forward cooperation in Nakagami-m fading channels with arbitrary m,”
IEEE Trans. Wireless Commun., vol. 8, no. 9, pp. 4445–4449, Sep. 2009.

[28] Y. Zhao, R. Adve, and T. Lim, “Symbol error rate of selection amplify-
and-forward relay systems,” IEEE Commun. Lett., vol. 10, no. 11,
pp. 757–759, Nov. 2006.

[29] R. Yuan, T. Zhang, J. Huang, J. Zhang, and Z. Feng, “Performance analy-
sis of opportunistic cooperative communication over Nakagami-m fading
channels,” in Proc. IEEE Int. Conf. WCNIS, 2010, pp. 49–53.

[30] B. Maham and A. Hjorungnes, “Performance analysis of amplify-and-
forward opportunistic relaying in Rician fading,” IEEE Signal Process.
Lett., vol. 16, no. 8, pp. 643–646, Aug. 2009.

Osama Amin (S’07) received the B.Sc. degree in
electrical and electronics engineering from South
Valley University, Aswan, Egypt, in 2000, the M.Sc.
degree in electrical engineering from Assiut Univer-
sity, Assiut, Egypt, in 2004, and the Ph.D. degree in
electrical and computer engineering from University
of Waterloo, Waterloo, ON, Canada.

He is currently a Postdoctoral Fellow with the
Department of Electrical and Computer Engineer-
ing, University of British Columbia, Vancouver,
BC, Canada. His research interests include coop-

erative communications, power line communication, adaptive systems, or-
thogonal frequency-division multiplexing, green communication, and channel
estimation.

Salama Said Ikki (M’09) received the B.S. de-
gree from Al-Isra University, Amman, Jordan, in
1996, the M.Sc. degree from The Arab Academy
for Science and Technology and Maritime Transport,
Alexandria, Egypt, in 2001, and the Ph.D. degree
from Memorial University, St. John’s, NL, Canada,
in 2008, all in electrical engineering.

He is currently a Research Assistant with the
Department of Electrical and Computer Engineer-
ing, University of Waterloo, Waterloo, ON, Canada.
His research interests include communications and

signal processing, specifically wireless cooperative networks, and multiple-
input–multiple-output systems. His current research interests include signal
processing, imperfect estimation, and cochannel interference for cooperative
communications networks.

Murat Uysal (SM’07) was born in Istanbul, Turkey,
in 1973. He received the B.Sc. and M.Sc. degrees
in electronics and communication engineering from
Istanbul Technical University, in 1995 and 1998,
respectively, and the Ph.D. degree in electrical en-
gineering from Texas A&M University, College Sta-
tion, in 2001.

Since 2002, he has been with the Department
of Electrical and Computer Engineering, University
of Waterloo, Waterloo, ON, Canada, where he is
currently an Associate Professor. He is currently on

leave at Özyegin University, Istanbul, Turkey. He was a Guest Co-Editor for
Wiley Journal on Wireless Communications and Mobile Computing Special
Issue on “MIMO Communications” (October 2004). His research interests
include communications theory and signal processing for communications,
with special emphasis on wireless applications. His specific research interests
include multiple-input–multiple-output communication techniques, space-time
coding, diversity techniques and coding for fading channels, cooperative com-
munication, and free-space optical communication.

Dr. Uysal is an Associate Editor for the IEEE TRANSACTIONS ON WIRE-
LESS COMMUNICATIONS and the IEEE COMMUNICATIONS LETTERS. He
was a Guest Co-Editor for the IEEE JOURNAL ON SELECTED AREAS IN

COMMUNICATIONS Special Issue on “Optical Wireless Communications”
(December 2009). Over the years, he has served on the technical program
committees of more than 60 international conferences in the communications
area. He co-chaired the Communication Theory Symposium at the 2007 IEEE
International Conference on Communications and the Communications and
Networking Symposium at the 2008 Canadian Conference on Electrical and
Computer Engineering.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


