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Abstract—In this letter, the use of adaptive source transmission
with amplify-and-forward relaying is proposed. Three different
adaptive techniques are considered: (i) optimal simultaneous
power and rate adaptation; (ii) constant power with optimal rate
adaptation; (iii) channel inversion with fixed rate. The capacity
upper bounds of these adaptive protocols are derived for the
amplify-and-forward cooperative system over both independent
and identically distributed (i.i.d.) Rayleigh fading and non-i.i.d.
Rayleigh fading environments. The capacity analysis is based on
an upper bound on the effective received signal-to-noise ratio
(SNR). The tightness of the upper bound is validated by the
use of a lower bound and by Monte Carlo simulation. It is
shown that at high SNR the optimal simultaneous power and
rate adaptation and the optimal rate adaptation with constant
power provide roughly the same capacity. Channel inversion is
shown to suffer from a deterioration in capacity relative to the
other adaptive techniques.

Index Terms—Cooperative diversity, adaptive transmission,
rayleigh fading, channel capacity.

I. INTRODUCTION

AN efficient way of providing diversity in wireless fading
networks is through the use of node cooperation for

information relaying [1], [2]. In cooperative communications,
the source transmits information to the destination not only
through a direct-link but also through the use of relays. The
performance of cooperative communication systems has been
analyzed for various system and channel models. The average
symbol error rate (SER) of a two-hop cooperative system
is analyzed in [3]–[5] for the Rayleigh and Nakagami-m
fading channels. The outage performance of the cooperative
system with Rayleigh fading which operates on a half-duplex
mode in the low SNR regime is provided in [6]. In [7]
and [8] the authors derive the closed-form expressions for
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the outage probability for Rayleigh and Nakagami-m chan-
nels, respectively, with decode-and-forward relays. The per-
formance of an analytical model for automatic repeat request
(ARQ) cooperative diversity in multi-hop wireless networks
is presented in [9]. Furthermore, the enhancement of spatial-
diversity by applying space-time coding is investigated in
[10] and [11] for non-regenerative and distributed regenerative
relaying, respectively.

All the aforementioned papers only consider fixed rate
and fixed power transmission. However, adaptive transmission
techniques for the wireless channel are shown to be effective
and popular [12], [13]. Particularly, the transmitter adapts
the transmit power level, symbol/bit rate, constellation size,
coding rate/scheme or any combination of these parameters
in response to the changing channel conditions [12], [13].
Therefore, by transmitting faster and/or higher power under
good channel conditions and slower and/or smaller power
under poor channel conditions, a higher spectral efficiency
without sacrificing performance can be achieved.

More recently, resource allocation in terms of power and
bandwidth is investigated for the basic three-node relay net-
work in [14]–[17] and for the m-node relay network in [18],
[19]. The majority of the aforementioned work considers
power allocation problems in the context of cooperative net-
works. This problem is formulated by placing a fixed power
constraint among the relays, and one seeks to allocate the
power to different nodes to optimize some objective. This
requires channels state information (CSI) of all the links
and fixed source rates, and as a consequence, it is distinctly
different than the adaptive policies of [12], [13]. In general,
the power allocation problem has a high overhead when the
number of nodes in the network is large. This is due to the
requirement of having the CSI for all of the links. Furthermore,
rate adaptation at the transmitter is not considered in all the
aforementioned work.

Motivated by these observations, we propose the use
of fixed non-regenerative cooperative systems with adaptive
transmission techniques. That is, only the source adapts its
rate and/or power level according to the changing channel
conditions, while the m relays simply amplify and forward
the signals. For the proposed source-adaptation scheme only
partial CSI is required at the source. Thus, feedback of the
effective SNR is only required to be available at the source,
not the m relays. In this letter, we derive the upper bound
expressions for the capacity and outage probability of such
source-adaptive cooperative networks in both independent and
identically distributed (i.i.d.) and non-i.i.d. Rayleigh fading
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Fig. 1. Cooperative diversity wireless network with source adaptive transmission.

environments. A lower bound and Monte Carlo simulations are
used to substantiate the tightness of the derived upper bound.
Three different adaptive techniques are considered, namely (i)
optimal simultaneous power and rate adaptation, (ii) constant
power with optimal rate adaptation, (iii) channel inversion with
fixed rate.

The remainder of this letter is organized as follows. Section
II presents the channel and system model. The capacity
analysis for the cooperative system under the different adaptive
transmission techniques is derived in Section III. In Section
IV the results of the capacity derivations are compared.
Conclusions are given in Section V.

II. CHANNEL AND SYSTEM MODEL

A. System Model

The cooperative wireless network of Fig. 1, a source node S
communicates with a destination node D via a direct link and
through m amplify-and-forward relays Ri, i ∈ {1, 2, ..., m}.
In the first phase of cooperation, the source transmits the signal
x to the destination and the relays. The received signals at the
destination and at the ith relay respectively are

rs,d = hs,dx + ns,d, (1)

rs,i = hs,ix + ns,i, (2)

where hs,i, hi,d, and hs,d denote the Rayleigh fading coeffi-
cients between the source and the ith relay, the ith relay and
destination, and the source and the destination, respectively.
The noise is denoted at the relays as ns,i and at the destination
as ns,d and ni,d.

The ith relay amplifies the received signal and transmits it
to the destination in the second phase of cooperation. During
the second phase of cooperation, orthogonal transmission is
required to transmit the m symbols at each of the relays.
Without lost of generality, this can be accomplished by using
time division multiple access (TDMA) [2]. That is, each of the
m symbols are transmitted from the relays in a round robin
fashion. The received signal at the destination from the ith
relay is

ri,d = Gihi,drs,i + ni,d (3)

where Gi is the ith relay amplifier gain, chosen as [2], G2
i =

Es/
(
Es|hs,i|2 +N0

)
where Es is the average symbol energy,

and N0 is the noise variance.

Using maximum ratio combining at the destination node the
total SNR is easily found as [2]

γtot = γs,d +
m∑

i=1

γs,iγi,d

γs,i + γi,d + 1
(4)

where γs,i = |hs,i|2Es/N0, γi,d = |hi,d|2Es/N0, γs,d =
|hs,d|2Es/N0 are the instantaneous SNRs between S and Ri,
Ri and D, S and D respectively.

An upper bound of the total SNR at the destination node
can be found as [4], [5]

γtot ≤ γs,d +
m∑

i=1

γi = γub (5)

where γi = min(γs,i, γi,d). Our subsequent analysis exclu-
sively relies on γub, as this upper bound has been shown to
be quite accurate [4], [5]. A lower bound can be formulated
as in [4] where γi = 0.5 min(γs,i, γi,d). As the lower bound
is different from the upper bound only by a factor of half, the
following analysis can easily be extended to the lower bound,
but is omitted for brevity.

B. Probability Distribution Function Derivation

As γi and γs,d are independent the moment generating
function (MGF) of γub is expressed as

Mγub
(s) = Mγs,d

(s)
m∏

i=1

Mγi(s) (6)

where Mγs,d
(s) and Mγi(s) are the MGF of γs,d and γi,

respectively, and the MGF is defined as MX(s) = E{e−sX},
E{·} denotes the statistical average over the random variable
X .

For Rayleigh fading, γs,d is exponentially distributed, thus
Mγs,d

(s) = (1 + γ̄s,ds)−1, where γ̄s,d = E{|hs,d|2}Es/N0.
The MGF of γi is derived via the use of the cumulative
distribution function (CDF) of γi

Fγi(γ) = 1 − P (γs,i > γ)P (γi,d > γ). (7)

To proceed further, we consider two different cases of
fading channels in the following.
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1) I.I.D. Fading Channels: In this case, the statistic of all
links is identical and the average SNR on each link is given by
γ̄ = E{|hs,i|2}Es/N0 = E{|hi,d|2}Es/N0. Differentiating
(7) the probability density function (pdf) of γi is easily shown
to be pγi(γ) = (2/γ̄)e−2γ/γ̄ . Then, the MGF can be written
as Mγi(s) = (1 + 0.5γ̄s)−1. Applying these results into (6)
the expression for the MGF of γub is

Mγub
(s) = (1 + γ̄s,ds)−1(1 + 0.5γ̄s)−m. (8)

Using partial fractions, (8) can be rewritten as

Mγub
(s) = β0(1 + γ̄s,ds)−1 +

m∑
i=1

βi(1 + 0.5γ̄s)−i (9)

where

β0 =
(

1 − γ̄

2γ̄s,d

)−m

(10)

and

βi =
(0.5γ̄)(i−m)

(m − i)!
∂m−i

∂sm−i

[
(1 + γ̄s,ds)−1

]
s=− 1

(0.5γ̄)
. (11)

Taking the inverse Laplace transform of Mγub
(s) in (9), and

using the fact that L−1{(1+as)−k} = 1
(k−1)!ak xk−1e−

x
a , the

pdf of γub is as follows:

pγub
(γ) =

β0

γ̄s,d
e
− γ

γ̄s,d +
m∑

i=1

βi(0.5γ̄)−i

(i − 1)!
γi−1e−

γ
(0.5γ̄) . (12)

2) Non-I.I.D. Fading Channels: In practice, the relays are
often not symmetrically placed which causes different fading
statistics among the relay-destination links. Thus, we consider
independent but not identically distributed channels. Similar
to the case of i.i.d. fading, differentiating (7) we obtain the
pdf of γi as pγi(γ) = (1/τi)e−γ/τi , where τi = γ̄s,iγ̄i,d

γ̄s,i+γ̄i,d
,

γ̄s,i = E{|hs,i|2}Es/N0 and γ̄i,d = E{|hi,d|2}Es/N0. The
MGF can then be written as Mγi(s) = (1+ τis)−1. Applying
these results into (6) the MGF of γub is

Mγub
(s) = (1 + γ̄s,ds)−1

m∏
i=1

(1 + τis)−1. (13)

Again, using partial fractions, (13) can be rewritten

Mγub
(s) = β̂0(1 + γs,ds)−1 +

m∑
i=1

β̂i(1 + τis)−1 (14)

where

β̂0 =
m∏

i=1

(
1 − τi

γ̄s,d

)−1

(15)

and

β̂i =
(

1 − γ̄s,d

τi

)−1 m∏
k=1,k �=i

(
1 − τk

τi

)−1

, i = 1, . . . , m.

(16)
Taking the inverse Laplace transform of Mγub

(s) in (14)
gives the pdf of γub as:

pγub
(γ) =

β̂0

γ̄s,d
e
− γ

γ̄s,d +
m∑

i=1

β̂i

τi
e
− γ

τi . (17)

The next section investigates the capacity of the cooperative
system under adaptive transmission. In the proposed system,

only the source performs adaptation, i.e., the source will vary
its rate and/or power while the relays simply amplify and
forward their received signal. In order to implement adaptive
transmission, it is assumed that the received SNR γtot is
perfectly tracked at the destination and is then fed back error
free to the source. The channel is assumed to be slow fading
and feedback delay is negligible, thus allowing the source to
change the power and/or rate. These are more or less standard
assumptions in [12-13].

III. CAPACITY ANALYSIS UNDER ADAPTIVE

TRANSMISSION

It is well-known that the Shannon capacity of the fading
channel defines the theoretical upper bound on the rate for
reliable data transmission. One way to achieve this bound
is to employ adaptive transmission, i.e., the transmitter at
the source adapts its power, rate, and/or coding scheme to
the channel variation. For fixed amplify-and-forward relaying
where only the source performs adaptation, the capacity of
different adaptive schemes are as follows.

A. Optimal Simultaneous Power and Rate Adaptation

1) I.I.D. Fading Channels: The channel capacity Copra

(in bits/second) given the pdf of the received SNR pγub
(γ),

under the condition of optimal simultaneous power and rate
adaptation is given by [12], [13]:

Copra =
B

(m + 1) ln 2

∫ ∞

γ0

ln
(

γ

γ0

)
pγub

(γ)dγ (18)

where B (in hertz) is the bandwidth of the channel and γ0

is the optimal cutoff SNR below which the transmission is
stopped. The factor 1/(m + 1) accounts for the fact that
the transmission process takes place in (m + 1) orthogonal
channels or time-slots.

The optimal cutoff SNR below which the transmission is
halted satisfies∫ ∞

γ0

(
1
γ0

− 1
γ

)
pγub

(γ)dγ = 1. (19)

As the transmission is halted when γub < γ0, there is a
probability that the SNR falls below the optimal threshold
γ0. This outage probability is given by:

Pout = P [γub < γ0] =
∫ γ0

0 pγub
(γ)dγ

= 1 − ∫∞
γ0

pγub
(γ)dγ.

(20)

The capacity Copra is achieved when the source adapts
its power and rate simultaneously according to the perfect
channel state information (CSI) at the transmitter. Substituting
(12) into (18), and making use of the integral Jn(μ) =∫∞
1

tn−1 ln(t)e−μtdt, μ > 0; n = 1, 2, . . ., which is evaluated
in closed-form [13, eq. (70)], the closed-form expression for
Copra is

Copra =
B

(m + 1) ln 2

[
β0γ0

γ̄s,d
J1

(
γ0

γ̄s,d

)

+
m∑

i=1

βi(0.5γ̄)−i

(i − 1)!γ−i
0

Ji

(
2γ0

γ̄

)]
(21)
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The optimal cutoff SNR γ0 is found by solving for γ0 in
(19), which can be rewritten as

1
γ0

∫ ∞

γ0

pγub
(γ)dγ −

∫ ∞

γ0

1
γ

pγub
(γ)dγ = 1. (22)

First,∫ ∞

γ0

pγub
(γ)dγ = β0e

− γ0
γ̄s,d + e−

2γ0
γ̄

m∑
i=1

βi

i−1∑
k=0

1
k!

(
2γ0

γ̄

)k

(23)
is established by using [20, eq. (3.351.2)]. Second,∫∞

γ0

pγub
(γ)dγ

γ = β0
γ̄s,d

E1

(
γ0

γ̄s,d

)
+ 2β1

γ̄ E1

(
2γ0
γ̄

)
+e−

2γ0
γ̄
∑m

i=2
βi

(i−1)

∑i−2
k=0

γk
0

k!(0.5γ̄)k+1

(24)
is found similarly using [20, eq. (3.351.2)] where En(x) is
the exponential integral of order n, defined by [13] En(x) =∫∞
1

t−ne−xtdt, x ≥ 0. Substituting (23) and (24) into (22)
the optimal cutoff SNR γ0 can be obtained numerically.
Asymptotically as γ̄ = γ̄s,d → ∞, γ0 → 1. Numerical results
also indicate, but not shown in this paper, that γ0 lies in the
interval of [0, 1].

The probability of outage is found by substituting (23) into
(20)

Pout = 1 −
[
β0e

− γ0
γ̄s,d + e−

2γ0
γ̄

m∑
i=1

βi

i−1∑
k=0

1
k!

(
2γ0

γ̄

)k
]

.

(25)
2) Non-I.I.D. Fading Channels: The closed-form expres-

sion for Copra is

Copra =
B

(m + 1) ln 2

[
β̂0γ0

γ̄s,d
J1

(
γ0

γ̄s,d

)
+

m∑
i=1

β̂iγ0

τi
J1

(
γ0

τi

)]
.

(26)
The optimal cutoff SNR γ0 in (26) is found by numerically

solving for γ0 in (22), where∫ ∞

γ0

pγub
(γ)dγ = β̂0e

− γ0
γ̄s,d +

m∑
i=1

β̂ie
− γ0

τi (27)

and,∫ ∞

γ0

pγub
(γ)dγ

γ
=

β̂0

γ̄s,d
E1

(
γ0

γ̄s,d

)
+

m∑
i=1

β̂i

τi
E1

(
γ0

τi

)
. (28)

As in the case of i.i.d. fading, the probability of outage is
found by substituting (27) into (20)

Pout = 1 −
[
β̂0e

− γ0
γ̄s,d +

m∑
i=1

β̂ie
−γ0

τi

]
. (29)

B. Optimal Rate Adaptation with Constant Transmit Power

1) I.I.D. Fading Channels: For optimal rate adaptation with
constant transmit power, the channel capacity Cora is given by
[12], [13]:

Cora =
B

(m + 1) ln 2

∫ ∞

0

ln(1 + γ)pγub
(γ)dγ. (30)

In fact, as discussed in [12], [13], Cora (30) is the capacity
of a flat-fading (m + 1) orthogonal wireless channel, without

adaptation. In other words, Cora (30) is the channel capacity
with receiver side information (i.e., CSI is known only at the
receiver).

Substituting (12) into (30), and making use of the integral
In(μ) =

∫∞
0 tn−1 ln(1 + t)e−μtdt, μ > 0; n = 1, 2, ...,

which can be evaluated in a closed-form as in [13, eq. (78)],
the closed-form expression for the capacity Cora is

Cora =
B

(m + 1) ln 2

[
β0

γ̄s,d
I1

(
1

γ̄s,d

)

+
m∑

i=1

βi(0.5γ̄)−i

(i − 1)!
Ii

(
2
γ̄

)]
. (31)

2) Non-I.I.D. Fading Channels: Likewise, the closed-form
expression for the capacity Cora is

Cora =
B

(m + 1) ln 2

[
β̂0

γ̄s,d
I1

(
1

γ̄s,d

)
+

m∑
i=1

β̂i

τi
I1

(
1
τi

)]
.

(32)
As the transmitter adapts only its rate, instead of both rate

and power, to the changing channel conditions, the scheme of
optimal rate adaptation with constant transmit power can be
implemented at reduced complexity, and thus, is more practical
than that of optimal simultaneous power and rate adaptation.
Furthermore, it is worth mentioning that in [12], it is stated
that optimal rate adaptation with constant transmit power is
arguably more complex than the system based on receiver side
information alone.

C. Channel Inversion with Fixed Rate

1) I.I.D. Fading Channels: Truncated channel inversion
with fixed rate is the least complex adaptive technique as
the transmitter only adjusts the power level to provide a
constant SNR at the destination. Truncated channel inversion
is possible as long as the received SNR is above a cutoff γ0.
This scheme achieves the outage capacity of the system. The
channel capacity Ctifr is given by [12], [13]:

Ctifr =
B

(m + 1) ln 2
ln

(
1+
[∫ ∞

γ0

pγub
(γ)dγ

γ

]−1
)

(1 − Pout).

(33)
The truncated channel inversion capacity with fixed rate

is simply found by substituting (24) and (25) into (33) but
omitted here for brevity.

2) Non-I.I.D. Fading Channels: The truncated channel
inversion capacity with fixed rate is similarly found by sub-
stituting (28) and (29) into (33) but is omitted for brevity.

The capacity of this scheme is shown to be always less
than the previous two schemes as it does not performs rate
adaptation relative to the channel conditions. It should be
noted that when channel inversion is done without truncation
i.e., γ0 = 0, the capacity is zero for i.i.d Rayleigh fading.
However, some applications require constant rate even with
the loss in achievable capacity.

IV. NUMERICAL RESULTS AND COMPARISONS

This section presents, the channel capacity and the outage
probability for cooperative systems with adaptive transmis-
sions. For i.i.d. and non-i.i.d Rayleigh fading, the system with
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one relay, m = 1 and two relays, m = 2 is considered,
respectively. However, the results of Section III can be used
for any number of relays. Moreover, the average SNR of the
links are chosen to represent a practical model of a cooperative
communication system.

In Fig. 2 the closed-form channel capacity derived in (21),
(31), and (33) are plotted for i.i.d. Rayleigh fading, with
γ̄s,d = γ̄. Note that the approximate lower bound of [4]
where γi = 0.5 min(γs,i, γi,d) is also plotted along with the
Monte Carlo simulation results for the case of simultaneous
power and rate adaptation. There is a distinct gap between
the upper and lower bounds, which agrees with the results in
[4]. The capacity of the optimal simultaneous power and rate
adaptation and the capacity of the optimal rate adaptation with
constant transmit power scheme are basically indistinguishable
at high SNR. It is noticeable at low SNR that the Monte Carlo
simulation is tight to the lower bound. Similar results for the
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Monte Carlo simulation result were obtained for the other
adaptive policies, but are omitted for clarity. Furthermore,
the capacity performance of the truncated channel inversion
with fixed rate is clearly suboptimal to the other schemes, as
previously discussed.

Fig. 3 shows the probability of outage for the simultaneous
optimal rate-power adaptation and for the truncated channel
inversion schemes. In the former case, the optimal cut-off SNR
was numerically found as in (22). In the latter case, the optimal
cut-off SNR is the value that maximizes the capacity (33).
However, this maximization occurs at the cost of increased
probability of outage. These results are illustrated in Fig. 4,
where the capacity per unit bandwidth is plotted as a function
of the cut-off SNR γ∗

0 , for γ̄s,d = γ̄ = 5, 10, 15 and 20
dB. The optimal cut off SNR γ∗

0 that maximizes the capacity
occurs at γ0 < γ∗

0 , as γ0 is restricted between the interval
[0,1]. This indicates that increased capacity occurs at the cost
of some outage probability, as in Fig. 3. Furthermore, it can
be seen that the lower bound on the outage probability is tight
to the Monte Carlo simulation at low SNR and that the upper
bound is tight to the Monte Carlo simulation at high SNR.

For non-i.i.d. Rayleigh fading, the channel capacity with
adaptive transmissions are plotted in Fig. 5. The average
SNRs on the branches are as follows: γ̄s,1 = Es/N0,
γ̄s,2 = 0.8Es/N0, γ̄1,d = 0.3Es/N0, γ̄2,d = 0.56Es/N0,
and γ̄s,d = 0.2Es/N0. The results obtained are similar
to the i.i.d. Rayleigh fading case, but, for this two-relay
system, the gap between the truncated adaptive scheme and
the optimal scheme is decreased. Also it was noticed that
as the cooperative diversity increases (i.e., the number of
relays increases) the difference in capacity of the adaptive
channel inversion technique with respect to the other adaptive
techniques depreciates. The outage probability is plotted in
Fig. 6.

V. CONCLUSION

We proposed the use of adaptive source transmission for
the cooperative networks with fixed amplify-and-forward relay
processing. To the best of our knowledge, this is the first
time such source-adaptive relay networks have been analyzed.
We derived the Shannon capacity of the non-regenerative
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Fig. 5. Channel capacity comparison of adaptive schemes with non-i.i.d.
Rayleigh fading channels. Upper bound, lower bound, and simulation results
plotted for m = 2 relays.
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Fig. 6. Outage probability of adaptive schemes with non-i.i.d. Rayleigh
fading channels. Upper bound, lower bound, and simulation results plotted
for m = 2 relays.

cooperative i.i.d. and non-i.i.d. Rayleigh fading channels with
adaptive transmission. The closed-form capacity bounds were
found using a tight upper bound on the effective received SNR.
The three adaptive techniques considered were: (i) optimal si-
multaneous power and rate adaptation; (ii) constant power with
optimal rate adaptation; (iii) channel inversion with fixed rate.
These capacity results represent achievable bounds for source-
adaptive relay networks. The proposed adaptive relay networks
open a large number of research problems such as design
of decoding-and-forward relaying, node selection strategies,
resource allocation among nodes, and distributed space-time

coding for these networks. We are currently investigating some
of these topics.

REFERENCES

[1] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity
part I: system description,” IEEE Trans. Commun., vol. 51, pp. 1927–
1938, Nov. 2003.

[2] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: efficient protocols and outage behavior,” IEEE
Trans. Inform. Theory, vol. 50, pp. 3062–3080, Dec. 2004.

[3] M. O. Hasna and M.-S. Alouini, “End-to-end performance of transmis-
sion system with relays over Rayleigh-fading channels,” IEEE Trans.
Wireless Commun., vol. 2, pp. 1126–1131, Nov. 2003.

[4] P. A. Anghel and M. Kaveh, “Exact symbol error probability of a
cooperative network in a Rayleigh-fading environment,” IEEE Trans.
Wireless Commun., vol. 3, pp. 1416–1421, Sept. 2004.

[5] S. Ikki and M. H. Ahmed, “Performance analysis of cooperative
diversity wireless networks over Nakagami-m fading channel,” IEEE
Commun. Lett., vol. 11, pp. 334–336, July 2007.

[6] A. S. Avestimehr and D. N. C. Tse, “Outage capacity of the fading relay
channel in the low-SNR regime,” IEEE Trans. Inform. Theory, vol. 53,
no. 4, pp. 1401–1415, Apr. 2007.

[7] N. C. Beaulieu and J. Hu, “A closed-form expression for the outage
probability of decode-and-forward relaying in dissimilar Rayleigh fading
channels,” IEEE Commun. Lett., vol. 10, no. 12, pp. 813–815, Dec. 2006.

[8] H. A. Suraweera, P. J. Smith, and J. Armstrong, “Outage probability
of cooperative relay networks in Nakagami-m fading channels,” IEEE
Commun. Lett., vol. 10, no. 12, pp. 834–836, Dec. 2006.

[9] L. Le and E. Hossain, “An analytical model for ARQ cooperative
diversity in multi-hop wireless networks,” to appear in IEEE Trans.
Wireless Commun.

[10] O. Canpolat, M. Uysal, and M. M. Fareed, “Analysis and design of
distributed space-time trellis codes with amplify-and-forward relaying,”
IEEE Trans. Veh. Technol., vol. 56, pp. 1649–1660, July 2007.

[11] S. Yiu, R. Schober, and L. Lampe, “Distributed space-time block
coding,” IEEE Trans. Commun., vol. 54, no. 7, pp. 1195–1206, July
2006.

[12] A. J. Goldsmith and P. P. Varaiya, “Capacity of fading channels with
channel side information,” IEEE Trans. Inform. Theory, vol. 43, pp.
1986–1992, Nov. 1997.

[13] M.-S. Alouini and A. J. Goldsmith, “Capacity of Rayleigh fading
channels under different adaptive transmission and diversity-combining
techniques,” IEEE Trans. Veh. Technol., vol. 48, pp. 1165–1181, July
1999.

[14] A. Host-Madsen and J. Zhang, “Capacity bounds and power allocation
for wireless relay channels,” IEEE Trans. Inform. Theory, vol. 51, no. 6,
pp. 2020–2040, June 2005.

[15] Y. Liang and V. V. Veeravalli, “Resource allocation for wireless relay
channels,” in Proc. 38th Asilomar Conference on Signals, Systems and
Computers 2004, vol. 2, Nov. 2004, pp. 1902–1906.

[16] D. Gunduz and E. Erkip, “Opportunistic cooperation by dynamic
resource allocation,” IEEE Trans. Wireless Commun., vol. 6, no. 4, pp.
1446–1454, Apr. 2007.

[17] O. Kaya and S. Ulukus, “Power control for fading multiple access
channels with user cooperation,” in Proc. International Conference
on Wireless Networks, Communications and Mobile Computing 2005,
vol. 2, June 2005, pp. 1443–1448.

[18] Y. Zhao, R. Adve, and T. J. Lim, “Improving amplify-and-forward
relay networks: optimal power allocation versus selection,” IEEE Trans.
Wireless Commun., vol. 6, no. 8, pp. 3114–3123, Aug. 2007.

[19] C. T. K. Ng and A. J. Goldsmith, “The impact of CSI and power
allocation on relay channel capacity and cooperation strategies,”
http://www.citebase.org/abstract?id=oai:arXiv.org:cs/0701116, 2007.

[20] I. Gradshteyn and I. Ryzhik, Table of Integrals, Series, and Products,
6th ed. Academic Press, 2000.

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on December 17, 2009 at 13:45 from IEEE Xplore.  Restrictions apply. 


