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Abstract— We propose a priority based resource allocation
algorithm for heterogeneous services in the relay enhanced
OFDMA downlink systems. The aim is to maximize the
system throughput while satisfying the quality of service
(QoS) requirements of heterogeneous services, comprising
real time (RT) and non real time (NRT) services. The base
station (BS) allocates resources dynamically to the users in
a prioritized manner. The priority parameter depends on
the channel condition, QoS requirement and data buffer
information. We propose a suboptimal algorithm to reduce
the computational complexity. The simulation results are
compared with the fixed as well as dynamic resource
allocation algorithms proposed in different researches. Our
proposed scheme reduces the outage probability of the
system and increases the system throughput.

Index Terms— Heterogeneous services, OFDMA, resource
allocation, fairness, minimum rate constraint (MRC), buffer
length.

I. INTRODUCTION

The next generation wireless systems provide high
speed and reliable communications over harsh wireless
channel to meet the ever increasing data rate demand of
the customers. The inter-symbol interference (ISI) and
low transmit power restrict the high data transmission
rates. To mitigate these problems, one way is to use relay
enhanced Orthogonal Frequency Division Multiplexing
(OFDM) system. OFDM splits a high-rate data stream
into N number of lower-rate data streams. The dura-
tion of each symbol increases for lower rate streams.
Thus the relative amount of dispersion decreases. By
adding a redundant cyclic prefix (CP) to each symbol,
ISI can be omitted completely [1]. On the other hand,
the high data rate requirement creates serious power
concern. The energy decreases linearly with increasing
data transmission rate for a given transmit power. Multi-
hop relaying network can reduce the signal degradation at
the destination and thereby overcome the transmit power
problem [2-3].

OFDMA is a multiuser version of OFDM in which
different set of subcarriers are exclusively assigned to
different user. Thus the relay-enhanced OFDMA wireless
system can meet throughput and coverage requirements
for multi-rate services simultaneously. Heterogeneous ser-
vices are broadly divided into two categories: RT services
(Service A), e.g., interactive audio and video, and NRT
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services (Service B), e.g., email and web applications.
Each type of services has its own QoS requirement. Since
the radio resources are limited and channel realization of
each user on each subcarrier is different, dynamic radio
resource (DRR) allocation becomes extremely important.

The problem of assigning available radio resources
(subcarriers and power) to different users has been
an area of intense research. Various researchers propose
efficient subcarrier, power and rate allocation scheme
with/without fairness for the OFDM system [1],[4]. Sev-
eral papers address the resource allocation problem in
cooperative relay based OFDMA system [5]-[7]. Subop-
timal algorithms are also proposed in different literatures
[1]-[5], [8]. In [8],[9], the problem of power minimizing
under the minimum rate constraint for Service A users are
studied. Authors have allocated subcarriers with the best
channel gain to users under best channel conditions. They
allocated less number of subcarriers to users at the cell
boundary. Thus, users at the cell boundary and with the
worst channel condition fail to maintain minimum data
rate requirements. However, the data buffer information
of a user is not considered during the subcarrier allocation
[4]-[6],[8],[14],[15]. But the buffer condition of each user
should be taken into consideration to efficiently utilize the
limited resources. These motivates us to consider user
priority, data buffer informations, bit-error-rate (BER)
and minimum data rate requirements (Rmin) for allo-
cating resources according to the users request for the
proper utilization of the limited radio resources. To the
best of our knowledge, resource allocation algorithm
considering QoS constraints (BER,Rmin), data buffer
length information and user priority for heterogeneous
services has not yet been explored.

In this paper, we investigate a priority based OFDMA
downlink resource allocation for heterogeneous services,
and formulate an optimization problem as the maximiza-
tion of system throughput subject to the total power, QoS
requirement (BER,Rmin) and data buffer information.
The proposed suboptimal algorithm firstly allocates the
resources to Service A, and then to Service B. The sets
of Service A as well as Service B users are scheduled
according to the priority parameter. This parameter is cal-
culated considering full channel state information(CSI),
buffer length information and the QoS constraint.

The remaining of this article is ordered as follows:
section II discusses the system model and the problem
formulation. Section III develops priority based resource
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allocation algorithm. Section IV discusses numerical re-
sults. Finally, section V concludes the article.

II. SYSTEM MODEL

We consider a 2-hop downlink OFDMA system as
shown in Fig. 1. It consists of a single cell with one
base station (BS) communicating simultaneously with ka
number of RT and kb number of NRT service users. Na
and Nb are the number of subcarriers of RT and NRT
service users respectively. It is assumed that the trans-
mitter and the receiver know the instantaneous channel
response. We consider a time division transmission in the
S → R,D and R→ D links, where S,R, and D stand for
source, relay and destination respectively. In the even time
slots, only the R terminal forwards the signal received in
the odd time slot from the S terminal. In the BS, the
serial data streams for ka and kb users are stored in the
individual data buffers, the transmitted information is also
stored in a data buffer of the selected relay.

An OFDM system converts frequency selective fading
into frequency flat fading for each subcarrier. hsdk,n, hsrk,n
and hrdk,n are the complex channel gains for S−D,S−R
and R − D links, σ2 is the variance of the additive
white gaussian noise (AWGN). We consider maximal
ratio combining at the receiver that combines the received
signal in the two consecutive time slots.

The data rate of the k-th user using n-th subcarrier, i.e.,
bk,n, can be expressed as

bk,n =

1
2 log2
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where Γk is the signal to noise gap which can be

expressed as

Γk = 1.5/[− ln 5(BER)k].

PSk,n and PRk,n are the source and relay transmit powers.
The total power of k-th user using n-th subcarrier is
Pk,n = PSk,n + PRk,n. Let PSk,n = εPk,n then PRk,n =
(1− ε)Pk,n. Equation (2) can be rewritten as

⇒ bk,n =
1
2 log2

(
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(
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or, bk,n =
1
2

log2

(
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ΓkPk,nh2
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σ2

)
, (4)

where

h2
k,n = ε|hsdk,n|2 +

ε|hsrk,n|2(1− ε)|hrdk,n|2

ε|hsrk,n|2 + (1− ε)|hrdk,n|2
(5)

is the equivalent channel response of the k-th user using
n-th subcarrier. The achievable data rate of the k-th RT
service user, i.e., bk, can be expressed as

bk =
Na∑
n=0

ρk,nbk,n,

where ρk,n is the subcarrier allocation indicator. It can be
given by,

ρk,n =

{
1 if n-th subcarrier is allocated to k-th user
0 otherwise .

Thus the throughput of the RT service users can be
expressed as

ka∑
k=0

bk =
ka∑
k=0

Na∑
n=0

ρk,nbk,n. (6)

Similarly, the throughput of the NRT service users can
be expressed as

kb∑
k=0

bk =
kb∑
k=0

Nb∑
n=0

ρk,nbk,n. (7)

The throughput of each RT/NRT user is limited by its
buffer occupancy, that is, bk ≤ min[Lk, Lr].

where Lk and Lr are the buffer length of the k-th
user and r-th relay respectively. In a real system, the data
arrival process in the fixed length is random [10]. Thus
the behavior of the queue is dynamic.

The total throughput, i.e., T , of the system can be
written as

T =
ka∑
k=0

bk +
kb∑
k=0

bk.

Thus, the resource allocation problem of the system can
be formed as

arg max
(ρk,n,Pk,n)

[T ] = arg max
(ρk,n,Pk,n)

[
ka∑
k=0

bk +
kb∑
k=0

bk

]
.

(8)
We consider the problem of resource allocation in order

to guarantee the QoS of both the RT and NRT services.
The throughput of the RT service users are constant, this
is due to the minimum data rate requirements of the RT
users, i.e., bk = Rk,min; for all k, where Rk,min is the
minimum data rate requirement of the k-th user. The over-
all system throughput will increase if the throughput of
the RT service users increases. The optimization problem
of the resource allocation can be written as

maximize
∑kb
k=0 bk

subject to bk = Rk,min k ∈ {1, 2, ..., ka}
Pa + Pb ≤ P
Pk,n > 0; bk ≤ min[Lk, Lr] ∀k,

(9)

where

Pa =
ka∑
k=0

Pk =
ka∑
k=0

Na∑
n=0

Pk,n,
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Figure 1. OFDMA downlink system.

Pb =
kb∑
k=0

Pk =
kb∑
k=0

Nb∑
n=0

Pk,n.

Pk is the power of the k-th user, and P is the total
power.

This is a non-linear optimization problem. It is difficult
to solve directly and the complexity of this problem is
very high. Thus the optimization problem in Equation
(9) can be transformed into two suboptimal problems as

Problem I: Service A

minimize
∑ka
k=0

∑Na
n=0 Pk,n

subject to bk = Rk,min
Pk,n > 0; bk ≤ min[Lk, Lr].

(10)

Problem II Service B

maximize
∑kb
k=0 bk

subject to Pa + Pb = P
Pk,n > 0; bk ≤ min[Lk, Lr].

(11)

The outage probability of a k-th user using n-subcarrier
i.e., Potg , can be obtained from exponential channel gain
distribution, i.e., σijk,n

−2
, of the channel coefficient |hijk,n|2

[11]

Potg = Pr{Ck,n < Rk,min}

=
(

σsrk,n
2+σrdk,n

2

2σsdk,n
2σsrk,n

2σrdk,n
2

)(
22Rk,min−1

1/σ2

)
.

III. RESOURCE ALLOCATION

We allocate less number of subcarriers with high SNR
to the user’s at the cell edge to achieve the minimum
data transmission rate. Because the user at the cell edge
suffers high path loss. In order to ensure the minimum
QoS to all RT and NRT service users at the cell edge, a
scheduling parameter must be set. The QoS requirements
of the different users are different. The priority parameter,
i.e., Wk(q), is given as

Wk(q) =
[
Rk,min ×

Rk(q)
Rk(q − 1)

]1−α

× hk,nα, (12)

where Rk,min is the minimum rate constraint of k-th
user,

Rk(q − 1) is the average rate at the end of (q − 1)th
frame of k-th user, and

Rk(q) = min[Qk(q), Lk(q), Lr(q)],

where Qk(q) is the number of bits which should be sent
out at the q-th frame to satisfy the users demand,
Lk(q) and Lr(q) are the data buffer length of the k-th

user and r-th relay at the q-th frame respectively, and α
is the priority selection factor,

α =

{
0 if bk < Rk,min

1 if bk ≥ Rk,min.
(13)

A. Resource Allocation for the RT User

In this subsection, we discuss the resource allocation
algorithm for the RT service users. In the optimization
problem I, we minimize the resource usage while main-
taining the target data rate requirement of the RT service
users. As the number of subcarriers and allocated power
are correlated, we can minimize the allocated power to
each RT service user by assigning more subcarriers. The
resource usage, i.e., ηk , of the k-th RT user can be written
as

ηk =

(∑Na
n=1 Pk,n
Pa

×
∑Na
n=1 ρk,n
Na

)
, (14)

where the first and second terms are the normalized power
and subcarrier usages of the k-th user respectively. The
optimization problem for minimizing the resource usage
of the RT users can be expressed as

argmin
∑ka
n=1 ηk

= argmin
∑ka
n=1

(∑Na
n=1 Pk,n
Pa

×
∑Na
n=1 ρk,n
Na

)
subject to bk = Rk,min; bk ≤ min[Lk, Lr].

(15)

The optimization problem in Equation (15) is difficult
to solve, because we have to select minimum resource
usage (power, subcarriers) for each RT user corre-
sponding to all RT users. Thus, we propose suboptimal
approach to solve this problem. In the proposed algorithm,
there are ka number of iterations. At each iteration,
we select one RT service user, estimate the number of
subcarriers and then allocated power that minimizes the
resource usage of the selected RT service user. User with
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better channel condition requires fewer subcarriers and
less power to achieve the target data rate. The number of
best subcarriers is used as the representative of channel
condition of each user. The set of best subcarriers, i.e.,
ψk, for the k-th RT user can be written as

ψk = {arg max
k

(hk,n)}. (16)

The cardinality, i.e., nk, of |ψk| is nk = |ψk|. The
selected user corresponds to

k = arg max
k

(Wk(q)). (17)

The maximum number of available subcarriers for the
k-th user is nk and the corresponding channel gains are
hk,n, where n ∈ {1, 2, ..., nk}. It is assumed that mk

number of subcarriers from nk satisfy the target data rate
requirement of k-th user. The resource usage for the k-th
user can be written as

ηk =
(∑mk

n=1 Pk,n
Pa

× mk

Na

)
. (18)

If we minimize
∑mk
n=1 Pk,n, then ηk will be minimized.

For the k-th user the optimal power allocation problem is
formulated as

minimize
∑mk
n=0 Pk,n

subject to bk = Rk,min
Pk,n > 0; bk ≤ min[Lk, Lr].

(19)

Using the Lagrange multiplier and Karush-Kuhn-
Tucker conditions [2],[8], we can get the solution of the
above optimization problem. By taking the derivatives of
L and after some algebraic manipulation, we can get the
following solution,

Pk,n = σ2

Γk

[(
22Rk,min∏mk
n=1 |hk,n|2

) 1
mk − 1

|hk,n|2

]+

, (20)

where (x)+ stands for max(0, x). The supported rate of
the k-th RT user can be written as

bk =
mk∑
n=1

ρk,n
1
2

log2

(
22Rk,min |hk,n|2mk∏mk

n=1 |hk,n|2

) 1
mk

. (21)

The derivation of this solution is given in the Appendix
A.

We repeat the same process for the rest (ka − 1)
RT service users. Note that, allocated subcarrier and the
selected user must be excluded in the next iteration.

Fig. 2 shows the flow chart of the resource allocation
algorithm for the RT service users. The proposed algo-
rithm sorted the users in the descend order according
to the priority parameter, then a set of best subcarriers
are allocated to user with the highest priority sothat the
required QoS has been met. Before the next iteration the
allocated subcarriers are subtracted from the total number
of subcarriers.

))(max( qWk k=

Find mk number of 
subcarriers from the best set

)}max({arg ,nkk h=ψ

Find knk bP ,,

kaa mNN −=

Yes

No

Start

0=aN

Stop

Yes

No

k++

akk >

Initialization

Stop

Figure 2. Flow chart of the resource allocation algorithm for the RT
service users.

B. Resource Allocation for the NRT User

In this section, we discuss the resource allocation for
the NRT service users. After allocating resources to the
RT users, the remaining resources are

(Power, Subcarriers) = (Pb, Nb) = (P − Pa, N −Na),

where P is the total power and N is the total number of
downlink subcarriers.

The subcarrier and power allocation optimization
problem for the NRT service users can be rewritten as

minimize −
∑kb
k=0 bk

subject to Pa + Pb = P
Pk,n > 0; bk ≤ min[Lk, Lr].

(22)

The above optimization problem is also difficult to
solve. Thus we propose suboptimal algorithm to allocate
subcarriers and power to each NRT user.

For any k-th NRT user, the optimal power allocation
problem is formulated as

minimize −
∑nk
n=0 ρk,nbk,n

subject to
∑nk
n=0 Pk,n = Pk

Pk,n > 0; bk ≤ min[Lk, Lr].
(23)

where nk is the total number of allocated subcarriers
to the k-th NRT service users.

Using the Lagrange multiplier and Karush-Kuhn-
Tucker conditions [2],[8], we get the solution of the above
optimization problem. By taking the derivatives of L
and after some algebraic manipulation, we can get the
following solution

Pk,n =
[

1
nk

(
Pk +

∑nk
n=0

σ2

Γk|hk,n|2

)
− σ2

Γk|hk,n|2

]+
.

(24)
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The supported rate of the k-th NRT user can be written
as

bk =
nk∑
n=0

ρk,n
1
2

log2

[
1
nk

(
Pk +

nk∑
n=0

σ2

Γk|hk,n|2

)
Γk|hk,n|2

σ2

]
.

(25)

The derivation of this solution is presented in the
Appendix B.

The proposed suboptimal algorithm is described below:

Estimation of the number of required subcarriers per
user: Numbers of subcarriers assigned to each NRT
service user is directly proportional to its minimum data
rate [12]. We estimate the number of subcarriers as mk =
φkbNbc. These subcarriers are initially assigned to each
user in order to satisfy their minimum rate constraint. φk
is the proportional constant which depends on the k-th
user data rate. The numbers of unallocated subcarriers
can be calculated as

N∗ = Nb −
kb∑
k=1

mk. (26)

Allocation of subcarrier for the worst users: We sort
the users based on k = arg max

k
(Wk(q)) (here the value

of α = 0) and allocate the subcarriers with best channel
gain, i. e., mk = arg max

k
(hk,n).

Allocation of N∗ subcarriers to increase
the throughput: The unallocated N∗ subcarriers
allocated in this step. We select the users based on
k = arg max

k
(Wk(q)) (here the value of α = 1) and

allocate a subcarrier with best channel gain, i. e.,
n = arg max

k
(hk,n).

Power allocation: Allocate equal power to each user
and then use waterfilling power allocation on the basis of
known power and subcarriers of each user.
Fig. 3 shows the flow chart of the resource allocation

algorithm for the NRT service users

IV. SIMULATION AND RESULTS

We consider a single cell with a cell-radius of 1000 m.
BS is placed at the center of the cell whereas the fixed
infrastructure relays are placed 700 m away from BS.
Table I shows the simulation parameters. We generate
N=8 users (Na=3 and Nb=5) randomly in the cell. The
total transmit power of each link is 30 dBm. Depend-
ing on the value of ε the source and relay powers
are distributed. Each subcarrier experiences a 3-Rayleigh
multipath fading with rms delay spread of 300 ns. We
assume the path loss model of IEEE 802.11 with relay
[13] and define the average SNR as 1/σ2. In the fixed
allocation A and B we allocate 20 and 10 subcarriers
respectively.

Fig. 4 shows the throughput analysis of the NRT users.
Our algorithm can maintain almost same data rate as
of the algorithm in [8] and it outperforms the fixed

++k
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)max(arg ,nkhn =
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0=α 1=α
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Figure 3. Flow chart of the resource allocation algorithm for the NRT
service users.

allocation. The slight difference in performance is due
to the allocation of best carriers to the worst users in our
case while algorithm in [8] allocates best carriers to the
best users. It is also observed from Fig. 4 that dynamic
resource allocation is better than the fixed allocation. For
low value of SNR, the throughput of the fixed allocation
A performs better then fixed allocation B whereas fixed
allocation B performs better than fixed allocation A for the
high SNR. It is due to the allocation of more subcarriers
in the low SNR region and allocation of more power in
the high SNR region.

Fig. 5 presents the outage probability analysis of the RT
service users. We compare our proposed algorithm with
the adaptive resource allocation proposed in [8] and fixed
allocation A and B. The proposed algorithm outperforms
in all aspects. It is observed that the outage probability is
reduced if more subcarriers are allocated to the users.

Fig. 6 shows the performance of the proposed algorithm
and resource allocation proposed in [8]. When buffer
information is considered, the data rate of the algorithm
in [8] degrades and becomes equal to our proposed
algorithm.

Fig. 7 shows the impact of the minimum rate constraint
on the individual user’s data rate. We consider the best
channel user, worst channel user and average channel user
for comparison. In case of the proposed algorithm the data
rate of the worst channel user improves whereas the data
rate of the best channel user decreases with the increase
of MRC. On the other hand, the data rate of the worst
channel user decreases whereas the data rate of the best
channel user increases with the increase of MRC in case
of algorithm in [8].
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V. COMPLEXITY ANALYSIS

In this section, we analyze the complexity of the
proposed algorithm. K = ka + kb is the total number of
users and N = Na+Nb is the total number of subcarriers,
where ka and kb are the RT and NRT users, and Na
and Nb are the number of subcarriers allocated to the RT
and NRT users respectively. In case of resource allocation
to the RT user, initialization requires a constant timing
step, and sorting of the users according to the priority
parameter requires ka log2 ka operations. The loop in the
flow chart, as shown in Fig 2, requires kamk log2mk +
constant operations. Finding the value of Pk,n, bk and
subtraction of the used subcarriers from the Na require
constant time. In case of resource allocation to the NRT
users, the algorithm requires constant time to initialize
all variables and calculate N∗. The sorting of the users
according to the priority parameter requires kb log2 kb
operations. The allocation of

∑kb
k=1mk subcarriers to the

users require kbmk log2mk operations while the alloca-
tion of the residue subcarrier requires N∗ operations.
Calculation of data rate and subtraction of the used
subcarriers require some constant time. The asymptotic
complexity of the proposed algorithm is O(KN log2N)
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whereas the asymptotic complexity of the optimal search
is O(KN ).

VI. CONCLUSION

In this paper, we propose a suboptimal priority based
resource allocation algorithm for the multiservice 2-hop
OFDMA systems. The simulation results are compared
with the fixed and dynamic resource allocation algorithms
proposed in different researches. The proposed scheme
performs better then the fixed allocation. The outage
probability of the system is reduced and achieved almost
the same throughput as compare to algorithm in [8].
The complexity analysis shows that the complexity of
the proposed suboptimal algorithm is greatly reduced
compared to the optimal algorithm. Our work can be
extended considering the partial CSI instead of full CSI
and overlay cognitive radio system.
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APPENDIX

A. Derivation of solution of Equations (20) and (21)

Using Equation (4) and (19), we can set up the La-
grangian function as

L = −
mk∑
n=0

Pk,n+

µ

2

[
Na∑
n=0

ρk,n log2

(
1 +

ΓkPk,n|hk,n|2

σ2

)
− log2 22Rk,min

]
+ λPk,n. (27)

The derivation of the Lagrangian with respect to Pk,n
is given by

∂L

∂Pk,n
= −1 + µ

Γk|hk,n|2
σ2

2 ln2

(
1 + ΓkPk,n|hk,n|2

σ2

) + λ. (28)

Setting Equation (28) to zero, we get,

λ = 1− µ
Γk|hk,n|2

σ2

2 ln2

(
1 + ΓkPk,n|hk,n|2

σ2

) . (29)

From the KKT conditions, we know that λ ≥ 0, and
λPk,n = 0 but Pk,n > 0. Thus we get

µ =
Γk|hk,n|2

σ2

2 ln2

(
1 + ΓkPk,n|hk,n|2

σ2

) . (30)

From the equation (30), we can obtain,

Γk|hk,n|2
σ2

1 + ΓkPk,n|hk,n|2
σ2

=
Γk|hk,o|2

σ2

22Rk,min
,

JOURNAL OF COMMUNICATIONS, VOL. 5, NO. 6, JUNE 2010 453

© 2010 ACADEMY PUBLISHER



where n 6= o and n, o ∈ {1, 2, ...,mk}.

⇒
1 + ΓkPk,n|hk,n|2

σ2

Γk|hk,n|2
σ2

=
22Rk,min

Γk|hk,o|2
σ2

⇒ Pk,n +
1

Γk|hk,n|2
σ2

=
22Rk,min

Γk|hk,o|2
σ2

. (31)

Taking log2 on the both side, Equation (31) can be
simplified as

Pk,n = σ2

Γk

[(
22Rk,min∏mk
n=1 |hk,n|2

) 1
mk − 1

|hk,n|2

]+

. (32)

The corresponding supported data rate can be written
as

bk =
mk∑
n=0

ρk,n
1
2

log2

(
1 +

ΓkPk,n|hk,n|2

σ2

)
. (33)

Using Equations (32) and (33), we have

bk =
mk∑
n=0

ρk,n
1
2

log2

((
22Rk,min∏mk
n=1 |hk,n|2

) 1
mk

|hk,n|2
)
.

(34)

Thus, the supported rate of the k-th RT user can be
written as

bk =
mk∑
n=1

ρk,n
1
2

log2

(
22Rk,min |hk,n|2mk∏mk

n=1 |hk,n|2

) 1
mk

. (35)

B. Derivation of solution of Equations (24) and (25)

Using Equations (4) and (21), we can set up the
Lagrangian function as

L =
1
2

log2

(
1 +

ΓkPk,n|hk,n|2

σ2

)
+ λPk,n − µ(

nk∑
n=0

Pk,n − Pk).

The derivation of the Lagrangian with respect to Pk,n
is given by

∂L

∂Pk,n
=

Γk|hk,n|2
σ2

2 ln2

(
1 + ΓkPk,n|hk,n|2

σ2

) + λ− µ. (36)

Setting Equation (36) to zero, we get,

λ = µ−
Γk|hk,n|2

σ2

2 ln2

(
1 + ΓkPk,n|hk,n|2

σ2

) . (37)

From the KKT condition, we know that λ ≥ 0. Thus
we get from Equation (37)

µ ≥
Γk|hk,n|2

σ2

2 ln2

(
1 + ΓkPk,n|hk,n|2

σ2

) . (38)

Another KKT condition is that λPk,n = 0, that is,µ− Γk|hk,n|2
σ2

2 ln2

(
1 + ΓkPk,n|hk,n|2

σ2

)
Pk,n = 0. (39)

But Pk,n > 0 Thus, Equation (39) can be reduced to

µ =
Γk|hk,n|2

σ2

2 ln2

(
1 + ΓkPk,n|hk,n|2

σ2

) . (40)

From the Equation (40), we can write

Γk|hk,n|2
σ2

2 ln2

(
1 + ΓkPk,n|hk,n|2

σ2

) =
Γk|hk,o|2

σ2

2 ln2

(
1 + ΓkPk,o|hk,o|2

σ2

) ,
(41)

where n, o ∈ {1, 2, ..., nk} and n 6= o, Equation (41)
can be rewritten as

Pk,n = Pk,o +
σ2

Γk|hk,n|2 −
σ2

Γk|hk,o|2

σ2

Γk|hk,n|2
σ2

Γk|hk,o|2
. (42)

Since Pk =
∑nk
n=0 Pk,n and Pk,n > 0, then

Pk,n =

[
1
nk

(
Pk +

nk∑
n=0

σ2

Γk|hk,n|2

)
− σ2

Γk|hk,n|2

]+

.

(43)

The supported rate of the k-th NRT user can be written
as

bk =
nk∑
n=0

ρk,n
1
2

log2

(
1 +

ΓkPk,n|hk,n|2

σ2

)
. (44)

Using Equations (43) and (44), the supported rate of
the k-th NRT user can be written as

bk =
nk∑
n=0

ρk,n
1
2

log2

[
1
nk

(
Pk +

nk∑
n=0

σ2

Γk|hk,n|2

)
Γk|hk,n|2

σ2

]
.

(45)
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