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Abstract—In this paper, we focus on the sum-rate optimization
problem in a general dual-hop relay network by considering
the joint relay selection and power control in the presence of
interference. First, we propose a new relay selection algorithm
which has better sum-rate performance than the existing relay
selection techniques. Then we combine relay selection and power
control to propose a novel iterative algorithm based on the tight
lower bound approximation which maximizes the achievable
sum-rate. We also prove that for the special case of two-user
networks, binary power allocation is optimum for at least two
transmitting nodes. Extensive numerical examples are used to
compare the performance of the proposed algorithm and to
illustrate the accuracy of the analysis.

Index Terms—Decode-and-forward, dual-hop networks, sum-
rate optimization, relay selection, power control

I. INTRODUCTION

Cooperative transmission has been extensively studied as a
promising paradigm for next generation wireless networks. In
cooperative networks, relay nodes play an important role by
acting as intermediate nodes that help combat fading, path
loss and interference impairments [1]. For such networks,
relay selection and transmission power control are critical in
gaining advantages in terms of performance, complexity and
overhead. As a result, much research has focused on relay
selection and power control in cooperative relay networks [2].

Relay selection in the presence of multiple source-
destination (S-D) pairs is more complicated due to potential
interference among S-D pairs. In the literature this problem
has been approached from two directions, based on two inter-
related performance measures, namely, the outage probability
[3], [4] and the achievable sum-rate [5]. In [5]–[7], orthogonal
channels are adopted so that the different S-D pairs do not
interfere with each other. When there is no interference
among S-D pairs, the relay selection problem simplifies to
an assignment problem which can be solved using the well
known Hungarian algorithm. However, if there are more
relays than S-D pairs, then the interference in the second
hop depends on the relay selection. This is considered in
[8], where the second hop achievable rate is approximated as
a linear combination of the upper and the lower bounds of
the achievable rate derived based on the log-sum inequality
and Jensen’s inequality. A similar approach is used in [9],
where the second hop achievable rate is approximated using
the same upper bound as in [8]. Once the interference is
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estimated, the Hungarian algorithm has been used to solve the
relay selection problem. However, for an interference limited
network these approximations are only accurate in the high
signal-to-interference-plus-noise-ratio (SINR) regime. Taking
a more accurate approach, in [10], the authors propose
a quality-of-service (QoS) aware greedy algorithm where
interfering nodes are separated into clusters such that the
interference of a given cluster is fixed. However, this results
in a more complex algorithm because the number of clus-
ters increases exponentially with the difference between the
number of relay nodes and the S-D pairs.

Power control problem in relay networks has been ap-
proached based on three performance measures, namely, the
outage probability minimization, power minimization and the
achievable sum-rate maximization [11]. In [11], the authors
solve the power control problem in an amplify-and-forward
(AF) relay network using geometric programming in the high
SINR regime. In [6], the power control problem is solved
using the Lagrangian-dual approach following the use of
orthogonal sub-channels to avoid interference, where as in
[7], power control is performed by matching the signal-to-
noise-ratio (SNR) across two hops. Power control in the
presence of interference is considered in [12] for a single
relay network, where the authors propose an algorithm based
on the non cooperative game theory to solve power control
problem in a distributed manner.

In this paper, we focus on the joint relay selection and
power control problem and optimize the achievable sum-
rate in a general dual-hop relay network. Since this is a
non-convex optimization problem combined with binary con-
straints, it is an extremely hard problem to solve. To the best
of our knowledge, there exists no known optimum solution.
As such, we focus on finding a low-complex sub optimal so-
lution that has better performance compared to other available
reference techniques. To the best of our knowledge, a similar
joint optimization problem has only been considered in [2],
where the authors consider a simple minimum interference
estimation based approach for both the relay selection and
the power control. Different to [2], we consider a more
accurate average interference estimation based relay selection
and tight lower bound approximation based power control.
We also propose a novel iterative algorithm to maximize
the achievable sum-rate by combining relay selection and
power control based on the average interference and the
tight lower bound approximation, respectively. We observe
that the proposed algorithm is more accurate compared to



Fig. 1: A multi-user dual-hop relay network

the other techniques proposed in the literature. Subsequently,
we analyze the special case of two-user relay networks and
show that binary power allocation is optimum for at least two
transmitting nodes.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a dual-hop wireless relay network as illus-
trated in Fig. 1, where N source nodes (s1, ..., sN ) send
information to N corresponding destinations (d1, ..., dN ).
The communication is assisted by a dual-hop relay network
with M decode-and-forward (DF) relays (r1, ..., rM ) where
M ≥ N . We assume that each S-D pair is assisted by
only one relay and each relay assists at most one user to
minimize the synchronization requirements and to avoid too
much processing complexity in any single relay. We model
the channel gain between transmitter i and receiver j as a
random variable denoted by hi,j . In general, this includes
small scale fading, path loss and shadowing. We also assume
that each node operates in half-duplex mode with a maximum
transmit power of Pmax for each transmission. For such a
network with a given relay assignment, the minimum received
SINR for the S-D pair i can be expressed as,

γi = min{γ(1)i , γ
(2)
i }, (1)

where, γ(1)i and γ(2)i represent the received SINR of S-D pair
i at the first hop and the second hop, respectively and they
can be given by

γ
(1)
i =

Psi |hsi,rki
|2

σ2 +
∑N
j 6=i Psj |hsj ,rki

|2
, (2)

γ
(2)
i =

Prki
|hrki

,di |2

σ2 +
∑N
j 6=i Prkj

|hrkj
,di |2

, (3)

where rki is the relay node selected by S-D pair i and
Psi , Prki

denote the transmit powers of nodes si and rki ,
respectively. The noise power at any receiving node is denoted
by σ2.

Next, we formulate the achievable sum-rate optimization
problem based on joint relay selection and power control as,

max
Prki

,Psi
,ki ∀i

N∑
i=1

log2

(
1 + min{γ(1)i , γ

(2)
i }

)
s.t 0 ≤ Psi , Prki

≤ Pmax ∀i,
ki 6= kj ∀i 6= j,

ki ∈ {1, 2, ...,M}, (4)

where γ(1)i and γ(2)i are functions of ki, Psi and Prki
as given

in (2) and (3), respectively. The optimization problem in (4)
is non-convex. This combined with the integer nature of ki
makes this an extremely hard problem to solve for a general
multi-user network and to the best of our knowledge, there
exists no known optimum solution.

As such, we approach this optimization problem in two
steps. First we consider the relay selection problem for given
power vectors Ps = [Ps1 , ..., PsN ], Pr = [Prk1

, ..., PrkN
] as,

max
k1,k2,..,kN

N∑
i=1

log2

(
1 + min{γ(1)i , γ

(2)
i }

)
s.t ki 6= kj ∀i 6= j,

ki ∈ {1, 2, ...,M}. (5)

Next, we consider the power control problem for a given relay
assignment [rk1 , rk2 , ..., rkN ] as,

max
Prki

,Psi
∀i

N∑
i=1

log2

(
1 + min{γ(1)i , γ

(2)
i }

)
s.t 0 ≤ Psi , Prki

≤ Pmax ∀i. (6)

It is important to note that, for a general multi-user network,
solving each optimization problem in (5) and (6) separately
is still a challenging problem [8], [11]. In the following, we
solve the optimization problems in (5) and (6), separately,
and then propose an iterative algorithm that combines the
proposed solutions in order to provide a novel joint solution.

III. RELAY SELECTION

In this section we focus on the optimization problem
formulated in (5) and present a novel and more accurate relay
selection algorithm. First, we note that the second hop SINR,
which is caused by the relay network, changes depending on
the relay selection. In the literature, several approximation
techniques are proposed to estimate the second hop SINR.
For example, [8], [9] use approximations based on upper
and lower bounds to re-write the interference as a linear
summation of penalty terms, which are only accurate in the
high SINR regime. In the following, we take a different
approach and approximate the second hop interference γ(2)i

by the average interference caused by N −1 relays and write

γ
(2)
i ≈ γ̂(2)i =

Prki
|hrki

,di |2

σ2 +
(N − 1)

(M − 1)

∑M
j 6=i Prj |hrj ,di |2

, (7)

We can compute this average interference for each S-D pair
and relay combination respectively by computing the average
interference with assumption that all M − 1 relays transmit
and then multiplying it by the actual number of active and
interfering relays. Then, based on (7), we can derive the
achievable rate of S-D pair i as,

Gi,ki = log2(1 + min{γ(1)i , γ̂
(2)
i }).

Since Ii,ki does not depend on the relay selection, we can
simplify the optimization problem in (5) to an assignment
problem where a column of matrix G needs to be assigned
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Fig. 2: The achievable sum-rate versus the received SNR

to each row such that the sum is maximized. This problem
can be solved for the optimum solution using the well known
Hungarian algorithm. Therefore, we can consider that our
proposed relay selection method as well as the techniques
given in [2], [8], [9] have a complexity of O(M3) while the
exhaustive relay selection has a complexity of MN . In the
following example, the performance of our proposed relay
selection method is compared against existing techniques.

Example 1: Consider a dual-hop relay network where M=10,
N= 6 and the channels between nodes follow a Rayleigh
distribution with zero mean and unit variance. For such a
network, Fig. 2 plots the achievable sum-rate versus the
received SNR when the relay selection is performed based
on the proposed average interference based relay selection.
The performance of our proposed method is compared against
the two approximation based techniques given in [8], [9],
the minimum interference based relay selection given in [2]
and the optimum relay selection found via exhaustive search.
In this example, the average received SNR is computed as
the average of the minimum SNR across two hops for each
S-D and relay combination. In the low SNR regime, the
network is noise limited and the effect of interference is
negligible. As such, all the techniques have similar perfor-
mance. However, as the SNR increases, all techniques start
to deviate from the optimum solution with the proposed
method having comparatively better performance. As such,
we can conclude that in the high SNR regime, the average
interference provides a better approximation when compared
to the available approximation techniques in [2], [8], [9].

It is important to note that for the special case of M = N ,
interference in the second hop remains constant. Therefore,
γ
(2)
i remains fixed irrespective of the relay selection, thus, we

can directly define G and find the optimum relay selection
via the Hungarian algorithm.

IV. TRANSMIT POWER CONTROL

In this section we focus on the optimization problem
formulated in (6) and present an iterative power control
algorithm. In general, the achievable sum-rate optimization
problem given in (6) is non-convex with respect to Psi and

Prki
[11]. Therefore, we consider the tight lower bound

approximation given in [13] and approximate the objective
function in (6) as,

N∑
i=1

ai log(min{γ(1)i , γ
(2)
i }) + bi, (8)

that is tight at a chosen value z̄ = [z̄1, ..., z̄N ] when the
constants ai and bi are chosen as,

ai =
z̄i

1 + z̄i
, bi = log(1 + z̄i)−

z̄i
1 + z̄i

log(z̄i).

By selecting z̄i as the minimum SINR for S-D pair i achieved
using the initial solution or the solution achieved via the
previous iteration, we can re-write the achievable sum-rate
optimization problem given in (6) as,

max
Prki

,Psi
∀i

N∑
i=1

ai log(min{γ(1)i , γ
(2)
i }) + bi

s.t 0 ≤ Psi , Prki
≤ Pmax,∀i. (9)

To convert this non-convex objective function into a concave
function we use variable transformations Psi = eysi , Prki

=

e
yrki and ti=log(min{γ(1)i , γ

(2)
i }) and reformulate (9) as,

max
yrki

,ysi ∀i

N∑
i=1

ai ti + bi

s.t

ti ≤ ysi + log(|hsi,rki
|2)− log

(
σ2 +

N∑
j 6=i

eysj |hsj ,rki
|2
)
∀i,

ti≤yrki
+log(|hrki

, di|2)−log

(
σ2+

N∑
j 6=i

e
yrkj |hrkj

, di|2
)
∀i,

ysi , yrki
≤ log(Pmax), ∀i. (10)

For a given relay assignment, the optimization problem (10)
is concave. Therefore, in each iteration, we can compute
the coefficients ai and bi based on the solution of the
previous iteration and solve the above problem using any
existing convex solver or by implementing a gradient decent
algorithm.

V. JOINT RELAY SELECTION AND POWER CONTROL

In this section, we focus on the joint relay selection
and power control problem and propose a novel iterative
algorithm that can be implemented in a central controller to
maximize the achievable sum-rate.

First, we consider the case where M = N and propose
Algorithm 1 where we apply the Hungarian algorithm for
relay selection and (10) for power optimization. At the start
of Algorithm 1, we initialize all transmit powers to Pmax.
In each iteration, we first solve the relay selection problem
for a given transmit power vector and assign the selected
relays to a vector denoted by X. After the first iteration,
the relay selection is changed only if the resultant achievable
sum-rate is higher for a different relay selection under the
new transmit power vector. Then we proceed to iteratively



solve the power control problem. In the nth iteration of
the inner loop, we solve the optimization problem (10) and
assign the solution to vectors Ys

(n) = [ys1 , . . . , ysN ], and
Yr

(n) = [yrk1
, . . . , yrkN

]. Then the calculated error e is
compared against a user defined threshold eth. The tight lower
bound approximation monotonically improves the objective
function and always converges [13]. As such, the achievable
sum-rate improves within each iteration of the inner loop.
After the first iteration of the outer loop, the transmit power
vectors are changed only if the resultant achievable sum-rate
is higher for a different transmit power allocation under the
relay assignment. Therefore, in each iteration in the outer
loop, the achievable sum-rate improves monotonically until
it converges to a solution. Since, the optimization problem
(4) is non-convex, there might exist multiple local optima.
The objective function eventually converges to one of the
local solutions as it monotonically improves in each iteration.
We consider the proposed algorithm to be sub-optimal as we
cannot guarantee that the converged solution is the global
optimum solution.

Algorithm 1: The Proposed Iterative Joint Relay
Selection and Power Control Algorithm

Input : Channel state information (CSI), Pmax
Output: Achievable sum-rate R∗, Relay assignment

Xopt and Power allocation Ps and Pr

1 Xopt ← {}, Ps,Pr ← Pmax, R
∗ ← 0

2 while true do
3 Gij = log2 (1 + min{γ(1)i , γ

(2)
i }) ∀i, j

4 X← solution to relay selection problem using the
Hungarian algorithm

5 ki ← X(i) ∀i, n = 1
6 while true do
7 Ys

(n),Yr
(n) ← solution to problem (10)

8 e← | [Ys
(n),Yr

(n)]− [Ys
(n−1),Yr

(n−1)] |
9 if e < eth then

10 break
11 n ← n+1
12 end
13 Ps = eYs

(n)

, Pr = eYr
(n)

14 R← achievable sum-rate for Ps,Pr and ki ∀i
15 if R > R∗ then
16 R∗ ← R, Xopt ← X
17 else
18 break
19 end

The performance of our proposed algorithm is illustrated
in the following example.

Example 2: Consider a dual-hop relay network where M =
N and the channels between nodes follow a Rayleigh distri-
bution with zero mean and unit variance. For such a network,
Fig. 3 plots the achievable sum-rate versus N with Pmax = 1,
when Algorithm 1 based joint optimization is employed. We
compare the performance of the proposed algorithm with
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Fig. 3: The achievable sum-rate versus N when M = N

three reference techniques - the relay selection only (with
no power control), the relay selection with SINR matching1

and the iterative relay selection with SINR matching. From
the plot, we observe that the achievable sum-rate increases
with N while the gap between the proposed algorithm and
other methods increases as well. We also note that there
is no significant difference between the relay selection with
SINR matching and the iterative relay selection with SINR
matching.

Next, we extend our proposed Algorithm 1 such that it
can be used for joint relay selection and power control even
when M > N . First, we initialize all transmit powers to
Pmax and use the average interference based relay selection
given in section III. Next, the transmit powers of non-active
relays are set to zero thus, resulting in a dual-hop relay
network with M = N . As such, Algorithm 1 can be used
for power optimization and further relay selection in the
resulting network. We note that even though, this proposed
algorithm is sub-optimal, it has better performance compared
to the reference techniques. The performance of this proposed
algorithm is illustrated in the following example.

Example 3: Consider a dual-hop relay network where N= 8,
M > N and the channels between nodes follow a Rayleigh
distribution with zero mean and unit variance. For such a
network, Fig. 4 plots the achievable sum-rate versus M with
Pmax = 1, when the proposed sub-optimal algorithm based
joint optimization is employed. We compare the performance
of our proposed algorithm with three reference techniques
- the exhaustive search based relay selection in the first
iteration followed by Algorithm 1 (reference technique 1), the
exhaustive search based relay selection with SINR matching
(reference technique 2) and the SNR based relay selection
with SINR matching (reference technique 3). From the plot,
we observe that the achievable sum-rate increases with M
and Algorithm 1 based methods have better performance
compared to reference techniques 2 and 3. We also note
that the proposed sub-optimal algorithm and the reference
technique 1 have very similar performance. This implies that

1By SINR matching we simply mean that for each user the SINR of any
given hop is matched to the minimum between the SINRs in the two hops.
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there is no significant difference between the use of average
interference based relay selection compared to the exhaus-
tive search based relay selection at the first iteration, when
subsequent relay selection is performed iteratively. Thus, the
accuracy of the proposed algorithm is not compromised by
the use of proposed low-complexity relay selection method
given in section III.

VI. SPECIAL CASE OF TWO-USER NETWORK

When two S-D pairs share the same OFDMA carriers,
power control in multi-user orthogonal relay selection sim-
plifies to a two-user network. As such, let us now consider
a special case of two-user network. For a such network, we
prove the following Lemma.

Lemma 1: For a two user dual-hop relay network, there
exists an optimum power vector which maximizes the overall
achievable sum-rate, such that for each user the resulting
SINRs in the two hops are equal.

Proof: See Appendix A
Based on Lemma 1, we can develop the following theorem.

Theorem 1: For a dual-hop DF relay network with two
users, binary power allocation is optimum for at least two of
the four transmitting nodes. Transmit powers of the remaining
nodes can be found via SINR matching.

Proof: According to Lemma 1, at the optimum achievable
sum-rate, each user can have equal SINRs in the two hops.
Therefore, the achievable sum-rate optimization problem can
be expressed as

max
Ps,Pr

(
1 +

Ps1 |hs1,rk1
|2

σ2 + Ps2 |hs2,rk1
|2

)(
1 +

Ps2 |hs2,rk2
|2

σ2 + Ps1 |hs1,rk2
|2

)
s.t

Ps1 |hs1,rk1
|2

σ2 + Ps2 |hs2,rk1
|2
−

Prk1
|hrk1

,d1 |2

σ2 + Prk2
|hrk2

,d1 |2
= 0,

Ps2 |hs2,rk2
|2

σ2 + Ps1 |hs1,rk2
|2
−

Prk2
|hrk2

,d2 |2

σ2 + Prk1
|hrk1

,d2 |2
= 0,

0 ≤ Ps1 , Ps2 , Prk1
, Prk2

≤ Pmax. (11)

Since the objective function and the equality constraints are
twice differentiable with respect to Ps and Pr, we can re-

write (11) as an unconstrained optimization problem using
the Lagrangian dual as,

max
λ1,λ2

[
min
Ps,Pr

(λ1 − 1)Ps1 |hs1,rk1
|2

σ2 + Ps2 |hs2,rk1
|2
−

λ1Prk1
|hrk1

,d1 |2

σ2 + Prk2
|hrk2

,d1 |2

+
(λ2 − 1)Ps2 |hs2,rk2

|2

σ2 + Ps1 |hs1,rk2
|2
−

λ2Prk2
|hrk2

,d2 |2

σ2 + Prk1
|hrk1

,d2 |2

−
Ps1Ps2 |hs1,rk1

|2|hs2,rk2
|2

(σ2 + Ps2 |hs2,rk1
|2)(σ2 + Ps1 |hs1,rk2

|2)
− 1

]
s.t 0 ≤ Ps1 , Ps2 , Prk1

, Prk2
≤ Pmax, (12)

where λ1 and λ2 are the Lagrangian multipliers. Note that in
(12), the minimization of the negative achievable sum-rate is
considered. Therefore, the maximum achievable sum-rate is
achieved when the objective function of (12) is minimized.
In the following, we denote the objective function of (12) by
f , which is a variable of Ps1 , Ps2 , Prk1

and Prk2
.

Since the Lagrangian multipliers λ1 and λ2 are related to
the equality constraints, at the optimum solution of (12) they
can have any real value. Whilst not given here due to page
limitations, by analyzing the first and the second derivatives
of f with respect to these variables, we can show that at least
for two variables either the first derivative cannot be zero (i.e.,
they are either increasing or decreasing functions, indicating
that the achievable sum-rate is maximized at the corner
points) or the second derivative is not positive (indicating
that any existing critical point would be a local maximum of
f ). This implies that the achievable sum-rate is maximized
at the corner points for at least two of the variables out of
Ps1 , Ps2 , Prk1

and Prk2
. Therefore, we can conclude that

irrespective of the value of λ1 and λ2, at least for two
transmitting nodes binary power allocation is optimum. Since,
the two equality constraints in (11) connect all four power
values, the other two can be obtained solving those two
equations. This concludes the proof of Theorem 1.

Based on Theorem 1, we can find the optimum power
allocation for the special case of two-user networks, by
comparing the eight resulting power allocations with at least
two nodes having binary power allocation. Therefore, for a
two user network, it is possible to find the optimum solution
of the joint optimization problem given in (4). As such, the
performance of our proposed algorithm with respect to the
optimum solution is illustrated in the following example for
the special case of two user network.

Example 4: Consider a dual-hop relay network where N=2,
M > 2 and the channels between nodes follow a Rayleigh
distribution with zero mean and unit variance. For such a
network, Fig. 5 plots the achievable sum-rate versus M with
the average received SNR of 10 dB, when the proposed sub-
optimal algorithm based joint optimization is employed. We
compare the performance of our proposed algorithm with the
optimum solution achieved via the exhaustive search based
relay selection and Theorem 1 based power control and
the SNR based relay selection with SINR matching. From
the plot, we observe that the proposed algorithm has better
performance compared to SNR based join optimization.
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VII. CONCLUSION

We considered the achievable sum-rate optimization prob-
lem in a general dual-hop relay network with multiple S-
D pairs and multiple relays. First, we investigated the re-
lay selection problem when transmit powers are fixed. We
identified that when the number of relays is larger than the
number of S-D pairs, the average interference based relay
selection provides a good approximation for the optimum
relay selection. Then, we combined relay selection and power
control and presented a novel iterative algorithm based on
the tight lower bound approximation. Our proposed algorithm
performs joint relay assignment and power control in a such
a way that the achievable sum-rate is maximized. We also
proved that for the special case of two-user networks, binary
power allocation is optimum for at least two nodes.

APPENDIX A
PROOF OF LEMMA 1

In this section we provide the proof of Lemma 1. Let R∗

denotes the optimum achievable sum-rate that results from
the transmit powers of s1, s2, rk1 and rk2 denoted by P ∗s1 ,
P ∗s2 , P ∗rk1

and P ∗rk2
, respectively. Let the resulting optimum

SINR of s1 and s2 for the first hop and the second hop be
denoted by γ(1)∗1 , γ

(1)∗
2 , γ

(2)∗
1 and γ(2)∗2 , respectively. We start

the proof by assuming that the two users do not have equal
SINRs in both hops at the same time, i.e, γ(1)∗1 = γ

(2)∗
1

and γ
(1)∗
2 = γ

(2)∗
2 does not happen simultaneously. In the

following, we consider three possible situations resulting from
the above assumption.

Case 1 - Two users have the minimum SINR in the same hop

Let us assume that both users have minimum SINR in the
second hop, which gives R∗=log2(1+γ

(2)∗
1 )+log2(1+γ

(2)∗
2 ).

Next, we change the power values of s1, s2 as Ps1 =P ∗s1−x1
and Ps2 = P ∗s2−x2 such that γ(1)1 = γ

(2)∗
1 and γ

(1)
2 = γ

(2)∗
2 .

Based on the values of x1, x2 and considering the fact that
γ
(1)∗
1 >γ

(2)∗
1 and γ(1)∗2 >γ

(2)∗
2 , we can show that Ps1 , Ps2 falls

within 0 and Pmax. Therefore, we can achieve γ(1)1 = γ
(2)∗
1

and γ(1)2 = γ
(2)∗
2 for same optimum achievable sum-rate R∗.

Case 2- One user has equal SINRs in the two hops

Let us assume that the first user has the minimum SINR in
the second hop and the second user has equal SINRs in both
hops, which gives R∗ = log2(1 + γ

(2)∗
1 ) + log2(1 + γ

(2)∗
2 ).

Similar to scenario 1, it can be shown that there exist new
transmit power values such that we can achieve γ(1)1 =γ

(2)∗
1

and γ(1)2 =γ
(2)∗
2 for same optimum achievable sum-rate R∗.

Case 3- Two users have the minimum SINR in different hops

Let us assume that the first user has the minimum SINR in
the second hop and the second user has the minimum SINR in
the first hop, which gives R∗=log2(1+γ

(2)∗
1 )+log2(1+γ

(1)∗
2 ).

If we change the power value of s1 similar to scenario 1, it
can be shown that the achievable sum-rate would increase
as γ(1)2 >γ

(1)∗
2 . Therefore, this scenario cannot happen. The

fact that the third scenario is not possible and in the first
two scenarios, we can achieve R∗ such that γ(1)1 = γ

(2)∗
1 and

γ
(1)
2 = γ

(2)∗
2 completes the proof of Lemma 1.
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