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Abstract—In this paper, a cognitive radio network is considered
in which the secondary network (SN) consists of a source, a
buffer-aided full-duplex decode-and-forward relay, and a desti-
nation, underlaid over a primary network (PN). An imperfect
self-interference (SI) cancellation is assumed at the secondary
relay (SR), such that the SI power is proportional to the transmit
power of the SR. For the SN with limited power expenditure, a
novel joint mode selection and power allocation policy is proposed
to maximize the secondary throughput under the constraints of
secondary power consumption and a limited average induced
interference power at the primary destination. For delay sensitive
SN applications, a statistical delay constraint is imposed in which
the queue length at the SR can only exceed a specified threshold
with a limited probability. In the two proposed policies, the
SN decides optimally when to operate in half duplex mode
and/or in full duplex mode, and be silent. To avoid data loss
in the SN, buffer is used at the SR for data storage. Simulation
results show that, for a given interference threshold and statistical
delay constraint, the proposed policy outperforms the non-buffer
full-duplex, buffer-aided half-duplex, and non-buffer half-duplex
policies in terms of the average secondary throughput, the
average secondary delay, and the secondary power expenditure.

Index Terms—Full duplex relaying, buffer-aided relaying, cog-
nitive radio networks, power allocation, statistical delay con-
straint.

I. INTRODUCTION

By enabling simultaneous transmission and reception
over the same frequency, full duplex (FD) communications
promises to yield significant performance gains over classical
half-duplex (HD) wireless networks [1]. Recently, practical
implementation of FD communication has sparked an enor-
mous interest in FD communication both in research and
industry [2]. However, the benefits of FD communication
come at the price of several technical challenges. Indeed, the
performance of an FD node is typically impaired by self-
interference (SI), which occurs due to the energy leakage
from the transmitter to the receiver of an FD node. Therefore,
FD relaying with imperfect SI has attracted research attention
recently. In FD relaying with the imperfect SI cancellation,
the non-zero residual SI is proportional to the transmit power
of the relay [3].

Buffer-aided relaying was first proposed in the HD relay net-
works in order to relax the predefined transmission-reception

schedule of the conventional HD relaying [4], [5]. More specif-
ically, in buffer-aided relaying, in each time slot, the mode of
the HD relay is adaptively selected to be either transmission
or reception based on the involved channel qualities. In [6],
it is shown that buffer-aided relaying can be generalized to
the FD relay networks in order to improve the performance.
In particular, in contrast to the conventional FD relaying
with the simultaneous transmission and reception at the relay,
in buffer-aided FD relaying, the FD relay should adaptively
choose whether to transmit, receive, or simultaneously transmit
and receive data based on the qualities of the involved links
[6]. In [7]-[9], buffer-aided relaying policies were proposed
for improving the performance of the primary network (PN)
and the secondary network (SN) in cognitive radio networks
(CRN). In [7] and [8], a heuristic buffer-aided relay selection
policy is introduced for the SN with multiple HD relays, where
in each time slot, the best relay is selected to transmit data to
the secondary destination (SD) under the condition of limited
instantaneous interference at the primary destination (PD). In
[9], a buffer-aided link selection policy was introduced for
the CRN with the HD secondary relay (SR) to maximize the
secondary throughput.

Despite the performance gains achieved in the buffer-aided
relay networks, one challenge in such networks is the intro-
duced delay that can impair the quality of service (QoS) for the
delay intolerant applications. The proposed protocols in [7]-
[9], improve the secondary throughput with the expense of an
unbounded delay in the HD SN. Due to the deep fades of a
wireless channel, imposing deterministic delay bound usually
results in high power consumption. On the other hand, a small
probability of delay bound infringement can be withstood
by the most delay sensitive applications such as multimedia
streaming, and video telephony. In [10], a statistical delay
constraint is considered in which a certain bound of the queue
length at the relay is allowed to be violated within a maximum
acceptable probability. Similarly, the statistical delay constraint
can be applied for the delay sensitive CRNs. In our proposed
policy, in order to guarantee the secondary delay QoS, we
impose the statistical delay constraint in the SN.

The main contributions of this paper are two novel mode



selection protocols for buffer-aided FD CRN that allow the
maximization of the secondary throughput under constraint
on the average interference (A-INT) power at the PD for both
power and delay limited cases. In contrast to the proposed
policies in [7]-[9], in our approach, the SR is an FD node with
imperfect SI cancellation in which the SI power is proportional
to the transmitted power at the SR. For a power limited SN, a
joint mode selection and power allocation scheme is proposed
to maximize the secondary throughput under the constraints of
secondary power expenditure and a limited induced secondary
interference at the PN. Furthermore, for delay sensitive SN
applications, a statistical delay constraint is imposed in which
the length of queue at the SR can be over a fixed threshold
within a limited probability. In particular, in the two proposed
protocols, the SN can optimally decide when to operate in HD
mode and/or in FD mode, and be silent. Simulation results
show that our proposed adaptive mode selection policies
yield considerable secondary throughput gains, low secondary
power expenditure, and low secondary average delay compared
to the buffer-aided HD in [9], non-buffer FD, and non-buffer
HD policies in the SN.

II. SYSTEM MODEL

Consider a cooperative CRN, shown in Fig. 1, in which
the PN consists of a primary source (PS) and a PD, and the
SN includes a SD that can receive data of a secondary source
(SS) only via an FD SR. Time is divided into equal length
time slots. All wireless channels exhibit an additive white
Gaussian noise (AWGN) with zero mean and unit variance
and are impaired by flat block fading. At time slot i, hsr(i),
hrd(i), gp1(i), and gp2(i) denote the channel coefficients
between the SS and the SR, between the SR and the SD,
between the PS and the SR, and between the PS and the SD,
respectively. The SI channel at the SR has a channel gain of
grr(i), and the channel coefficients between the SS and the
PD, between the SR and the PD, and between the PS and
PD are given by gs1(i), gs2(i), and hp(i), respectively. The
channel coefficients are considered to be stationary and ergodic
stochastic processes. In our model, the primary transmit power
is assumed to be fixed and is denoted Pp. The transmit powers
of the SS and the SR during slot i are denoted by Ps(i) and
Pr(i), respectively. P̄s and P̄r denote the average transmit
power of the SS and the SR, respectively. P̄int is the A-INT
power induced at the PD.

To prevent data loss at the SN, the SR has equipped with
a buffer. Q(i) captures the amount of normalized information
in bits/symbol saved in the buffer of the SR at the end of time
slot i. At the SR, the received data is decoded, stored in the
buffer, and finally retransmitted to the SD. In our proposed
protocols, the primary interference experienced at the SR and
SD is treated as noise. Let Ch

sr(i) and Ch
rd(i) be, respectively,

the capacity of the SS-SR and SR-SD links in the HD mode.
In case of available channel state information (CSI) of the
interference channels, Ch

sr(i) and Ch
rd(i) can be written as

Ch
sr(i) = log2

(
1 +

Ps(i)|hsr(i)|2

1 + Pp|gp1(i)|2

)
, (1)
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Fig. 1. The considered buffer-aided FD CRN.

Ch
rd(i) = log2

(
1 +

Pr(i)|hrd(i)|2

1 + Pp|gp2(i)|2

)
. (2)

In the FD mode, the SI power at the SR is proportional to the
transmit power at the SR, which yields the following SS-SR
link capacity:

Cf
sr(i) = log2

(
1 +

Ps(i)|hsr(i)|2

1 + Pr(i)|grr(i)|2 + Pp|gp1(i)|2

)
. (3)

Further, the capacity of the SR-SD link in the FD mode is
similar to the HD mode, i.e., Cf

rd(i) = Ch
rd(i) = Crd(i).

In our proposed protocol, during each time slot, the mode
of operation of the SN is selected as either silent, HD, and/or
FD such that the secondary throughput is maximized under
the constraint of a limited interference induced to the PD. For
the power limited and delay intolerant SN, a limited average
secondary power consumption and a low statistical delay
constraints are also imposed, respectively. The binary variables
q1(i), q2(i), q3(i) ∈ {0, 1} are used for SN mode selection.
Here, if q1(i) = 1, the SN operates in HD mode and the SS-
SR link is selected for data transmission at slot i allowing
the SS to transmit with maximum rate Rsr(i) = Ch

sr(i).
At the SR, data is decoded and stored in the buffer, and
thus, at the end of i-th time slot, the buffer at the SR stores
Q(i) = Q(i − 1) + Rsr(i) bits/symbol of information. In
contrast, if we have q2(i) = 1, then the SN operates in
HD mode and data is transmitted via the SR-SD link with
the data rate of Rrd(i) = min{Q(i − 1), Crd(i)}. Here,
the amount of information stored in the buffer decreases to
Q(i) = Q(i−1)−Rrd(i) bits/symbol. Similarly, if q3(i) = 1,
the SN operates in FD mode and both of the SS and the
SR transmit data with the rate of Rsr(i) = Cf

sr(i) and
Rrd(i) = min{Q(i − 1), Crd(i)}, respectively, and thus,
at the end of i-th time slot, the buffer at the SR stores
Q(i) = Q(i−1)+Rsr(i)−Rrd(i) bits/symbol of information.

III. PROPOSED BUFFER-AIDED MODE SELECTION
PROTOCOLS

Here, after investigating the secondary achievable average
rates, the average power of interference at the PD, and the
secondary statistical delay constraint, two optimization prob-
lems are formulated to maximize the secondary throughput for



the limited power and delay intolerant cases. Then, a buffer-
aided joint mode selection and power allocation protocol and
a buffer-aided mode selection policy with statistical delay
constraint are derived for an SN with the limited power budget
and delay sensitive applications.

A. Achievable Average Rates of the SN

Under the assumption of an infinite number of slots and
a continuous stream of information at the SS, the average
transmission rates of the SS-SR link and the SR-SD link,
denoted by R̄sr and R̄rd, respectively, will be:

R̄sr = lim
N→∞

1

N

N∑
i=1

q1(i)C
h
sr(i) + q3(i)C

f
sr(i), (4)

R̄rd=lim
N→∞

1

N

N∑
i=1

(
q2(i) + q3(i)

)
min{Crd(i), Q(i− 1)}.(5)

The buffer of the SR always has enough data to send, and
thus, the SR has the following average processing rate

R̄∗
rd = lim

N→∞

1

N

N∑
i=1

(
q2(i) + q3(i)

)
Crd(i). (6)

For an infinite-size buffer, if the average input rate and the
average processing rate are equal, i.e., R̄sr = R̄∗

rd, the queue
is rate stable, and R̄rd = R̄∗

rd holds [5].

B. CSI Assumption and Induced Interference Power at the PD

In our proposed mode selection protocols, it is assumed
that the perfect instantaneous CSI of the secondary channels
is available. As such, the SR receives pilot signals from the
SS and SD and estimates the CSI of the SS-SR and SR-SD
links. In this paper, two cases of available instantaneous CSI of
the interference links (I-CSI-I) and available statistical CSI of
the interference links (S-CSI-I) are considered. For the A-INT
power at the PD, we have

P̄int=


1
N

∑N
i=1

(
q1(i)Ps(i)|gs1(i)|2 + q2(i)Pr(i)|gs2(i)|2

+q3(i)(Ps(i)|gs1(i)|2 + Pr(i)|gs2(i)|2)
)
, I-CSI-I,

Ψ1

N

∑N
i=1 Ps(i)(q1(i) + q3(i))

+Ψ2

N

∑N
i=1 Pr(i)(q2(i) + q3(i)), S-CSI-I,

(7)

in which Ψ1 = E{|gs1(i)|2}, Ψ2 = E{|gs2(i)|2|}, and E{·} is
the expectation.

C. Statistical Delay Constraint at the SN

Given a stable queue at the SR, a steady-state queue length
distribution can be considered for the SR. Let Q be the steady
state queue length distribution of the SR. The statistical delay
constraint in the SN can be defined as the maximum allowable
queue length outage probability [10]:

Pr{Q > Qmax} ≤ ξ, (8)

where 0 < Qmax and 0 < ξ ≤ 1 hold. Assume that the
queue at the SR satisfies the Gartner-Ellis limit, i.e., the
following logarithmic moment generating functions (LMGF)

for the arrival and service processes of the SR, ΥRsr(i)(θ) and
ΥRrd(i)(θ), exist for all θ > 0.

ΥRsr(i)(θ) = logE[eθRsr(i)], ΥRrd(i)(θ) = logE[eθRrd(i)].
(9)

If for a unique achievable delay exponent θ > 0,
ΥRsr(i)(θ) + ΥRrd(i)(−θ) = 0 holds, for sufficiently large
x, the steady state queue length outage probability at the SR
can be written as [11]

Pr{Q > x} = e−θx. (10)

For satisfy the statistical delay constraint in (8) and achieve
the maximum secondary throughput, we must have:

θ =
−1

Qmax

(
1 +W−1(

−ξ

e
)
)
, (11)

with W−1(.) being the real branch of Lambert W function.
Therefore, ΥRsr(i)(θ) = −ΥRrd(i)(−θ) can be used as the
statistical delay constraint of the SN instead of (8). By some
mathematical manipulations, ΥRsr(i)(θ) = −ΥRrd(i)(−θ)

results in E{eθRsr(i)} =
1

E{e−θRrd(i)}
.

D. Buffer-Aided Joint Mode Selection and Power Allocation
Protocol

In a power limited SN, the secondary throughput can be
maximized by solving the following optimization problem.

max
q(i), Ps(i), Pr(i) ∀i

R̄∗
rd

subject to C1: P̄int ≤ Ithr

C2: R̄sr = R̄∗
rd

C3: Ps(i), Pr(i) ≥ 0

C4: P̄s + P̄r ≤ Pb

C5: q(i) ∈ Q, ∀i,

(12)

in which q(i) = [q1(i), q2(i), q3(i)]. The induced A-INT
power at the PD is limited by constraint C1 to be lower
than an interference threshold Ithr. Rate stability of the
buffer at the SR is ensured by constraint C2. Constraint C3
ensures that the instantaneous transmit powers at the SN
are positive and constraint C4 limits the average transmit
powers of the SS and the SR to be below a power bud-
get limit, Pb. In addition, the set of Q can be written as
Q =

{
[q1(i), q2(i), q(3)(i)] | q1(i), q2(i), q3(i) ∈ {0, 1} ∧

q1(i) + q2(i) + q3(i) ≤ 1
}

.

Theorem 1. In a power limited SN and for both the
I-CSI-I and S-CSI-I assumptions, the secondary throughput
is maximized by the following optimal sequences of q1(i),
q2(i), and q3(i):

q(i) =



[0, 0, 0], if Γ1(i),Γ2(i),Γ3(i) < 0,
[1, 0, 0], if Γ1(i) ≥ Γ2(i) ≥ 0 ∨ Γ1(i) > 0 > Γ2(i)

∧Γ1(i) ≥ Γ3(i) ≥ 0 ∨ Γ1(i) > 0 > Γ3(i),
[0, 1, 0], if Γ2(i) > Γ1(i) > 0 ∨ Γ2(i) > 0 > Γ1(i)

∧Γ2(i) ≥ Γ3(i) ≥ 0 ∨ Γ2(i) > 0 > Γ3(i),
[0, 0, 1], if Γ3(i) > Γ1(i) > 0 ∨ Γ3(i) > 0 > Γ1(i)

∧Γ3(i) ≥ Γ2(i) ≥ 0 ∨ Γ3(i) > 0 > Γ2(i),
(13)



in which Γ1(i), Γ2(i), and Γ3(i) are as follows:

Γ1(i)
∆
=

{
λCh

sr(i)− µPh
s (i)|gs1(i)|2 − γPh

s (i), I-CSI-I,
λ̂Ch

sr(i)− µ̂Ph
s (i)Ψ1 − γ̂Ph

s (i), S-CSI-I,
(14)

Γ2(i)
∆
=

{
(1−λ)Crd(i)−µPh

r (i)|gs2(i)|2−γPh
r (i), I-CSI-I,

(1−λ̂)Crd(i)−µ̂Ph
r (i)Ψ2−γ̂Ph

r (i), S-CSI-I,
(15)

Γ3(i)
∆
=


(1− λ)Crd(i)− γ(P f

s (i) + P f
r (i)) + λCf

sr(i)
−µ

(
P f
s (i)|gs1(i)|2 + P f

r (i)|gs2(i)|2), I-CSI-I,
(1− λ̂)Crd(i)− γ̂(P f

s (i) + P f
r (i)) + λ̂Cf

sr(i)
−µ̂

(
P f
s (i)Ψ1 + P f

r (i)Ψ2

)
, S-CSI-I,

(16)

where Ph
s (i), and P f

s (i) are the transmit power of the SS
in HD and FD modes, respectively, and Ph

r (i), and P f
r (i)

denote the transmit power of the SR in HD and FD modes,
respectively. For the transmit powers in the HD mode we have

Ph
s (i)=


[ λ

ln 2(µ|gs1(i)|2 + γ)
− 1 + Pp|gp1(i)|2

|hsr(i)|2
]+

, I-CSI-I,[ λ

ln 2(µΨ1 + γ)
− 1 + PpE{|gp1(i)|2}

|hsr(i)|2
]+

, S-CSI-I,
(17)

Ph
r (i)=


[ 1− λ

ln 2(µ|gs2(i)|2 + γ)
− 1 + Pp|gp2(i)|2

|hrd(i)|2
]+

, I-CSI-I,[ 1− λ

ln 2(µΨ2 + γ)
− 1 + PpE{|gp2(i)|2}

|hrd(i)|2
]+

, S-CSI-I,
(18)

in which [x]+ = maxx, 0. The transmit power of the SS and
the SR in the FD are

P f
s (i)=



[ λ|hsr(i)|2 + |grr(i)|2

ln 2
(
µ|gs1(i)|2 + γ

)
|hsr(i)|2

+

− 1 + Pp|gp1(i)|2

|hsr(i)|2 + |grr(i)|2
]+

, I-CSI-I,[λ|hsr(i)|2 + E{|grr(i)|2}
ln 2

(
µΨ1 + γ

)
|hsr(i)|2

+

− 1 + PpE{|gp1(i)|2}
|hsr(i)|2 + E{|grr(i)|2}

]+
,S-CSI-I,

(19)

P f
r (i)=



[ 1− λ

ln 2
(
µ|gs2(i)|2 + γ + |grr(i)|2

)+
− 1 + Pp|gp2(i)|2

|hrd(i)|2 + |grr(i)|2
]+

, I-CSI-I,[ 1− λ

ln 2
(
µΨ2 + γ + E{|grr(i)|2}

)+
− 1 + PpE{|gp2(i)|2}
|hrd(i)|2 + E{|grr(i)|2}

]+
, S-CSI-I.

(20)

Proof: Please refer to Appendix A.
The variables (µ, λ, γ) and (µ̂, λ̂, γ̂) are the Lagrangian

multipliers for the constraints (C1, C2, C4) in (12) with I-
CSI-I and S-CSI-I knowledge, respectively. These Lagrangian
multipliers depend only on the statistics of the channels, and
thus, are constant for a given channel realization. Constants
(µ, λ, γ) and (µ̂, λ̂, γ̂), can be found via a three-dimensional
search such that constraints (C1, C2, C4) in (12) are satisfied
for both the I-CSI-I and S-CSI-I knowledge. By exploiting
our proposed buffer-aided joint mode selection and power
allocation protocol in (13)-(20), in each time slot, the optimal

secondary transmission mode with the respective transmit
power is determined in order to maximize the secondary
throughput.

E. Buffer-Aided Mode Selection with Statistical Delay Con-
straint

In a delay sensitive SN, the following optimization problem
maximizes the secondary throughput constrained on a statisti-
cal delay.

max
q(i)∀i

R̄∗
rd

subject to C1: P̄int ≤ Ithr

C2: R̄sr = R̄∗
rd

C3: E{eθRsr(i)} =
1

E{e−θRrd(i)}
C4: q(i) ∈ Q, ∀i,

(21)

where condition C3 with θ = −1
Qmax

(
1+W−1(

−ξ
e )

)
corresponds

to the statistical delay constraint introduced in (8).

Theorem 2. In a delay intolerant SN and for both the I-CSI-I
and S-CSI-I assumptions, the optimal sequences of q1(i),
q2(i), and q3(i) for the secondary throughput maximization
with the statistical delay constraint are given by (13) in which
Γ1(i), Γ2(i), and Γ3(i) are as follows:

Γ1(i)
∆
=

{
λCh

sr(i)−µPh
s (i)|gs1(i)|2−ρθCh

sr(i)e
θCh

sr(i), I-CSI-I,

λ̂Ch
sr(i)− µ̂Ph

s (i)Ψ1 − ρ̂θCh
sr(i)e

θCh
sr(i), S-CSI-I,

(22)

Γ2(i)
∆
=

{
(1−λ)Crd(i)−µPh

r (i)|gs2(i)|2+ρθN2Crd(i), I-CSI-I,

(1−λ̂)Crd(i)−µ̂Ph
r (i)Ψ2+ρ̂θN

2Crd(i), S-CSI-I,
(23)

Γ3(i)
∆
=


(1− λ)Crd(i)−µ

(
P f
s (i)|gs1(i)|2+P f

r (i)|gs2(i)|2)
+λCf

sr(i)−ρθCf
sr(i)e

θCf
sr(i)+ρθN2Crd(i), I-CSI-I,

(1− λ̂)Crd(i)−µ̂
(
P f
s (i)Ψ1+P

f
r (i)Ψ2

)
,

+λ̂Cf
sr(i)−ρ̂θCf

sr(i)e
θCf

sr(i)+ρ̂θN2Crd(i), S-CSI-I,

(24)

in which ρ and ρ̂ are the Lagrangian multipliers for the
constraint C3 in (21) with I-CSI-I and S-CSI-I knowledge,
respectively.

Proof: Can be proven in a similar way as Theorem. 1.

IV. SIMULATION RESULTS AND ANALYSIS

For our simulations, a Rayleigh block fading channel is
assumed and we set Pp = 10 dB, Pb = 5 dB, E{|hp(i)|2} =
0.1, E{|hsr(i)|2} = E{|hrd(i)|2} = 1, E{|gp1(i)|2} =
E{|gp2(i)|2} = 0.1, and Ψ1 = Ψ2 = 0.1. This implicitly
assumes that the SN has a small size compared to the PN.
The average secondary throughput is shown in Fig. 2 in terms
of the interference threshold, Ithr, for S-CSI-I and I-CSI-
I assumptions. In this figure, the average throughput of the
SN is shown for our first proposed buffer-aided joint mode
selection and power allocation protocol, non-buffer FD SN,
buffer-aided HD SN in [9], and non-buffer HD SN policies.
As Fig. 2 shows, our first proposed protocol outperform other
policies in terms of the average secondary throughput. This



−20 −15 −10 −5 0

0

0.5

1

1.5

I
thr

(d B)

S
e

co
n

d
a

ry
A

ve
ra

g
e

T
h

ro
u

g
h

p
u

t
(b

its
p

e
r

tim
e

sl
o

t)

First Prop. Buffer−Aided Protocol, I−CSI−I

First Prop. Buffer−Aided Protocol, S−CSI−I

Non−Buffer FD Relay, I−CSI−I

Buffer−Aided HD Relay in [9], I−CSI−I

Non−Buffer HD Relay, I−CSI−I

Fig. 2. Average secondary throughput versus Ithr (dB).

−6 −5 −4 −3 −2 −1 0
0

5

10

15

I
thr

(d B)

S
e

co
n

d
a

ry
 A

ve
ra

g
e

 D
e

la
y 

(t
im

e
 s

lo
t)

Second Prop. Buffer−Aided Protocol, I−CSI−I

Second Prop. Buffer−Aided Protocol, S−CSI−I

Non−Buffer FD Relay, I−CSI−I

Buffer−Aided HD Relay in [9], I−CSI−I

Fig. 3. Average secondary delay versus Ithr (dB).

improvement reaches up to 55%, 75% and 160%, relative to
non-buffer FD SN, buffer-aided HD SN in [9], and non-buffer
HD SN policies, respectively.

In Fig. 3, the average delay of the SN is shown as the
interference threshold varies. In Fig. 3, we can see that our sec-
ond proposed protocol with statistical delay constraint achieves
lower average delay compared with non-buffer FD SN, buffer-
aided HD SN in [9], and non-buffer HD SN policies. Fig.
4 shows the average secondary throughput with respect to
the secondary power budget. Fig. 4 also shows that our first
proposed protocol has better secondary throughput for the case
of a limited power budget at the SN in comparison with the
other policies.

APPENDIX A

First, consider the case of I-CSI-I. We have an integer
program in (12), and hence, to solve it, we relax the binary
constraints of qj(i) ∈ {0, 1}, j ∈ {1, 2, 3} into 0 ≤ qj(i) ≤ 1.
Nevertheless, since the obtained relaxed problem is linear
in terms of qj(i), we can find the optimal solution at the
boundaries of 0 ≤ qj(i) ≤ 1, and thus, by the relaxation we do
not lose the optimality. Then, the optimal solution can be found
from the Karush-Kuhn-Tucker (KKT) necessary and sufficient
conditions for the relaxed linear optimization problem.
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Fig. 4. Average secondary throughput versus Pb (dB).

The relaxed optimization problem has the following La-
grangian function

L
(
qj(i), Ps(i), Pr(i), µ, λ, ν1, ν2, γ, αj(i), βj(i)

)
=

−R̄∗
rd + µ(P̄int − Ithr) + λ(R̄∗

rd − R̄sr)−
N∑
i=1

ν1(i)Ps(i)

−
N∑
i=1

ν2(i)Pr(i) + γ(P̄s + P̄r − Pb) +

N∑
i=1

3∑
j=1

αj(i)(qj(i)− 1)

−
N∑
i=1

3∑
j=1

βj(i)qj(i) +
N∑
i=1

φ(i)
(
q1(i) + q2(i) + q3(i)− 1

)
, (25)

where µ, λ, νj(i), γ, αj(i), βj(i), and φ(i) are the Lagrangian
multipliers for constraints C1, C2, C3, C4, qj(i) ≤ 1,
qj(i) ≥ 0, and q1(i) + q2(i) + q3(i) ≤ 1, respectively. Next,
we differentiate the Lagrangian function with respect to q1(i),
q2(i), and q3(i) and equate it to zero.

∂L
∂q1(i)

=
µ

N
Ps(i)|gs1(i)|2 −

λ

N
Ch

sr(i) +
γ

N
Ps(i) + α1(i)

−β1(i) + φ(i) = 0, (26)

∂L
∂q2(i)

=
−Crd(i)

N
+

µ

N
Pr(i)|gs2(i)|2 +

λ

N
Crd(i)

+
γ

N
Pr(i) + α2(i)− β2(i) + φ(i) = 0, (27)

∂L
∂q3(i)

=
−Crd(i)

N
+

µ

N
(Ps(i)|gs1(i)|2 + Pr(i)|gs2(i)|2)

− λ

N
Cf

sr(i) +
λ

N
Crd(i)

γ

N

(
Ps(i) + Pr(i)

)
+ α3(i)− β3(i)

+φ(i) = 0. (28)

If q(i) = [1, 0, 0] then α2(i), α3(i) and β1(i) will be
zero based on the complementary slackness condition, and
therefore, we have

N(α1(i)+φ(i))=λCh
sr(i)−µPs(i)|gs1(i)|2−γPs(i)

∆
=Γ1(i),

(29)
N(φ(i)−β2(i))=(1−λ)Crd(i)−µPr(i)|gs2(i)|2−γPr(i)

∆
=Γ2(i),

(30)



TABLE I
NECESSARY CONDITIONS FOR OPTIMAL q(i)

q(i) Necessary conditions
[1, 0, 0] Γ1(i) ≥ 0,Γ1(i) ≥ Γ2(i),Γ1(i) ≥ Γ3(i).
[0, 1, 0] Γ2(i) ≥ 0,Γ2(i) ≥ Γ1(i),Γ2(i) ≥ Γ3(i).
[0, 0, 1] Γ3(i) ≥ 0,Γ3(i) ≥ Γ1(i),Γ3(i) ≥ Γ2(i).
[0, 0, 0] Γ1(i) ≤ 0, Γ2(i) ≤ 0, Γ3(i) ≤ 0.

N(φ(i)− β3(i)) = Crd(i)− µ(Ps(i)|gs1(i)|2 + Pr(i)|gs2(i)|2)
+λ(Cf

sr(i)− Crd(i))− γ(Ps(i) + Pr(i))
∆
= Γ3(i). (31)

Based on the dual feasibility condition, β2(i), β3(i), φ(i),
and α1(i) are non-negative, and thus, Γ1(i) ≥ 0 holds. By
subtracting (30) from (29) and (31) from (29), we obtain

Γ1(i)− Γ2(i) = N(α1(i) + β2(i)) ≥ 0, (32)

Γ1(i)− Γ3(i) = N(α1(i) + β3(i)) ≥ 0. (33)

Therefore, the necessary conditions for q(i) = [1, 0, 0] are
Γ1(i) ≥ 0, Γ1(i) ≥ Γ2(i) and Γ1(i) ≥ Γ3(i). Similarly,
other cases of q(i) have the necessary conditions as in Table
I. As can be seen from this table, the different cases of
q(i) have mutually exclusive necessary conditions except
when Γ1(i) = Γ2(i), Γ2(i) = Γ3(i), Γ1(i) = Γ3(i), and
Γ1(i) = Γ2(i) = Γ3(i). Nevertheless, because the occurrence
probabilities of these situations are approximately zero, select-
ing either q(i) =[0, 0, 0], [1, 0, 0], [0, 1, 0], or [0, 0, 1] does not
alter the maximum average secondary throughput. Thus, the
conditions in Table I are both necessary and sufficient which
results in Theorem 1. Similarly, the maximization problem for
the case of S-CSI-I can be solved by substitution of Ψ1 and
Ψ2 by |gs1(i)|2 and |gs2(i)|2, respectively, as in (7).

To compute the optimum transmit power of the SS and the
SR, we set to zero the derivative of the Lagrangian function
with respect to Ps(i), and Pr(i).

∂L
∂Ps(i)

=
(
q1(i)+q3(i)

)( µ
N

|gs1(i)|2 +
γ

N

)
− ν1(i)+

−λ|hsr(i)|2

N ln 2
×
( q1(i)

1 + Ps(i)|hsr(i)|2 + Pp|gp1(i)|2
+

+
q3(i)

1 + Ps(i)|hsr(i)|2 + Pp|gp1(i)|2 + Pr(i)|grr(i)|2
)
= 0,

(34)and
∂L

∂Pr(i)
=

(
q2(i) + q3(i)

)( µ
N

|gs2(i)|2 +
γ

N

)
− ν2(i)+

+

q3(i)|grr(i)|2Ps(i)|hsr(i)|2λ
(1 + Pr(i)|grr(i)|2 + Pp|gp1(i)|2)

N ln 2(1 + Pr(i)|grr(i)|2 + Pp|gp1(i)|2 + Ps(i)|hsr(i)|2)

+
(q2(i) + q3(i))|hrd(i)|2(λ− 1)

N ln 2(1 + Pp|gp2(i)|2 + Pr(i)|hrd(i)|2)
= 0.

(35)
Suppose that at time slot i, the HD mode with the transmitting
SS is selected, and hence, q1(i) = 1, q2(i) = q3(i) = 0,
and Ps(i) ̸= 0 hold. Based on the complementary slackness
condition, ν1(i) = 0, and thus, by substitution of q1(i) and
ν1(i) into (34), the transmit power of the SS in the HD mode
is obtained as

Ph
s (i) =

[ λ

ln 2(µ|gs1(i)|2 + γ)
− 1 + Pp|gp1(i)|2

|hsr(i)|2
]+

. (36)

In addition, if at time slot i, the SR in the HD mode is selected
for data transmission to the SD, q2(i) = 1, q1(i) = q3(i) = 0,
and Pr(i) ̸= 0 hold, and thus, according to the complementary
slackness constraint, ν2(i) = 0. Therefore, by substitution of
q2(i) and ν2(i) into (35), the transmit power of the SR in the
HD mode can be written as

Ph
r (i) =

[ 1− λ

ln 2(µ|gs2(i)|2 + γ)
− 1 + Pp|gp2(i)|2

|hrd(i)|2
]+

. (37)

Similarly, if FD mode is selected in the SN, q3(i) = 1, q1(i) =
q2(i) = 0, Ps(i) ̸= 0, and Pr(i) ̸= 0 hold. Based on the
complementary slackness condition, ν1(i) and ν2(i) are zero.
Thus, by substituting q3(i), ν1(i), and ν2(i) into (34) and (35),
the transmit power of the SS and the SR in the FD mode is
obtained as

P f
s (i) =

[ λ|hsr(i)|2 + |grr(i)|2

ln 2
(
µ|gs1(i)|2 + γ

)
|hsr(i)|2

(38)

− 1 + Pp|gp1(i)|2

|hsr(i)|2 + |grr(i)|2
]+

,

and

P f
r (i) =

[ 1− λ

ln 2
(
µ|gs2(i)|2 + γ + |grr(i)|2

) (39)

− 1 + Pp|gp2(i)|2

|hrd(i)|2 + |grr(i)|2
]+

.

This completes the proof.
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