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Abstract: This paper studies sum rate maximization of a cognitive radio network, where a
full-duplex relay (FDR) is considered to assist data transmission. An FDR equipped with multiple
transmit/receive antennas is introduced to harvest energy from the radio frequency signal of the
primary system to reuse the energy for its own data transmission. By exploiting the time-switching
relaying protocol, we first formulate an optimization problem for the sum rate of primary and
secondary receivers and then propose a low-complexity algorithm to find the optimal solution.
Numerical results verify the effectiveness of the proposed technique for wireless information and
power transfer in cognitive radio systems.

Keywords: cognitive radio; energy harvesting; full-duplex relay; simultaneous wireless information
and power transfer (SWIPT); zero-forcing precoding

1. Introduction

In-band full-duplex (FD) radio has recently attracted much attention to improve the capacity
of wireless communication systems. Theoretically, the use of FD radio is expected to double the
spectral efficiency (SE) of a wireless channel [1]. However, the main challenge of an FD-based system
is the self-interference (SI) due to the data transmission and reception operating at the same time
and frequency. Accordingly, there have been many efforts to suppress SI, and thus, a small residual
SI is usually taken into account [2–6]. Based on FD communications, relay-assisted networks have
been studied in many works where the FD technique is used for relay nodes to forward the messages
efficiently from the source to the destination nodes [7,8].

Another paradigm for radio resource sharing, known as cognitive radio (CR), allows an unlicensed
secondary user (SU) to utilize the same spectrum that is allocated to a licensed primary user (PU),
so that SE can be significantly enhanced [9–11]. To reap the benefits of both FD and CR, the authors
in [12] proposed a new model, where an FD-enabled secondary transmitter (ST) is used to relay the
messages from the primary transmitter (PT) to PU. The authors in [13] considered an FD relay (FDR)
based on non-orthogonal multiple access (NOMA) to maximize the near user rate, while FDR selection
applicable for multiple pairs of SUs and PUs was presented in [14].

Simultaneous wireless information and power transfer (SWIPT) has been accepted as a green
solution for next-generation communication systems [15–21], in which the energy harvesting (EH)
process enables the devices to recharge their own batteries through radio frequency (RF) signals.
Consequently, SWIPT not only helps reduce the wasted energy, but also supports wireless networks
with many devices, such as the Internet of Things (IoT) and sensor networks. There are four main types
of SWIPT architectures: separate receiver, power splitting, time switching, and antenna switching.
Among them, the time switching approach facilitates joint optimization in the signal processing under
various conditions, i.e., interference management and quality-of-service (QoS) constraints.
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In the context of SWIPT-integrated networks, there are many efforts to improve the system
performance by applying SWIPT to both FD- and CR-based networks (CRNs). In [22], an FD-enabled
system using SWIPT was proposed to improve spectral and energy efficiencies. In CRNs,
the performance analysis for EH and system throughput was investigated in [23], indicating the
effectiveness of SWIPT. To further enhance the performance for SWIPT-based CRN systems, the authors
in [24] developed a model, where an FD-enabled access point simultaneously charges the battery of ST
and receives the signals from PT in the first phase, and in the second phase, the ST transmits/forwards
the messages to secondary/primary receivers (SR/PR). Although the CRN scheme in [23] could reuse
the energy by sensing the appearance of the PT’s signal, the conventional EH based on single-input
single-output (SISO) cannot exploit the benefit of the multiple-antenna technique. In addition, the use
of an energy beam in [22,24] might lead to inefficient power consumption at the energy beaming
sources, i.e., base stations and APs, due to the strong attenuation caused by the path loss. The above
discussions motivate us to develop an FD-based CRN that takes advantage of the beamforming
technique for SWIPT.

This paper investigates a CRN where the data transmission between an ST and an SR is entirely
performed via an FDR. Differently from previous works, the data transmission operates in two phases
of a time block as in the time-switching relaying (TSR) protocol, where the fraction is optimized so that
the sum rate of the primary and secondary systems is maximized. In the first phase, the ST and FDR
harvest energy from the primary signal and utilize the harvested energy to transmit their independent
signals. With the given spectrum access and harvested energy, in the second phase, the FDR is enabled
to assist PT and ST in forwarding the data to PR and SR, respectively. To the best of our knowledge,
a thorough performance evaluation of FDR enabled by EH in CRNs has not been reported in the
literature. The proposed model brings some advantages: (i) inherited from the property of relaying,
the FDR utilizes distances geometrically near receivers for improving the system performance; (ii) FDR
is able to exploit the benefit of the multiple-antenna technique to harvest energy and transmit data
efficiently; (iii) the proposed model is particularly suitable for CRNs, in that the CRNs can sense the
appearances of PT’s signals in one block transmission to recycle the energy from PT’s signal, instead of
requesting the new energy beam from PT.

Under the proposed model, we formulate a novel sum rate maximization problem for both SR and
PR, which is found to be non-convex programming. To solve the problem efficiently, we then propose
a low-complexity iterative algorithm based on the inner convex approximation (ICA) framework.
Numerical results are provided not only to demonstrate the effectiveness of the proposed system
model and optimization algorithm, but also to show the performance trade-off between the secondary
and primary systems under the multiple-antenna technique and fractional time optimization.

Notation: XH and tr(X) are the Hermitian transpose and trace of a matrix X, respectively. ‖ · ‖
and | · | denote the Euclidean norm of a vector and the absolute value of a complex scalar, respectively.
x ∼ CN (a, σ2) indicates that the random variable x follows the complex normal distribution with
mean a and variance σ2.

2. System Model and Problem Formulation

As illustrated in Figure 1, we consider a CRN consisting of a primary system with one PT and one
PR and a secondary system with one ST and one SR. A decode-and-forward (DF)-based FDR equipped
with N-receive and M-transmit antennas is primarily employed in the secondary system, under the
assumption that there is no direct link from ST to SR due to path loss and shadowing. We denote the
channel vectors from PT/ST to FDR by hz ∈ CN×1, z ∈ {p, s}, while gz ∈ C1×M represents the channel
vectors from FDR to PR/SR. fps ∈ C and fpp ∈ C stand for the channel responses from PT to ST and to
PR, respectively. FDR is assumed to be a multiple-input and multiple-output (MIMO) device while PT
and ST are merely equipped with one antenna (without loss of generality, the proposed system model
can be extended to MIMO scenarios for PT and/or ST to further improve the system performance).
Hence, HRR ∈ CN×M designates the self-interference (SI) channel from the transmit antennas to the
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receive antennas at FDR. In particular, the residual SI can be modeled as HRR =
√

ρH0, where the
entries of H0 follow a Rician distribution, and 0 ≤ ρ ≤ 1 denotes the level of SI suppression after
applying cancellation techniques as proposed in [25].

ST SR

PT PR

FDR
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ph pg

sg

RRH
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ppf

Figure 1. A cognitive radio network with a full-duplex relay (FDR).

Remark 1. In this paper, we focus on the effect of the TSR protocol under the perfectly known channel state
information (CSI). Therefore, the results of this paper will provide an upper bound of system performance.
However, the following proposed model and method can be applied to a robust design under channel uncertainty
by decomposing the perfect channels into the channel estimates and estimation errors [6].

2.1. Information and Power Transfer Model

To be energy-efficient, the data transmission of CRN is considered in a time block when the
link between PT and PR sharing the same spectrum is sensed to be active. Accordingly, ST and FDR
are allowed to harvest energy from RF signals transmitted by PT, and then, they use the harvested
energy for their own data transmission. We consider a TSR protocol for joint energy harvesting and
information processing [22], as illustrated in Figure 2. According to the TSR protocol, ST and FDR
harvest energy from the PT’s signal for a fraction α (0 ≤ α ≤ 1) of a certain time slot k of duration T.
The remaining (1− α) fraction of the time slot is used for information transmission. As a result,
the amount of energy harvested at ST and FDR can be respectively expressed as:

Es = ηPp
∣∣ fps

∣∣2 αT and Er = ηPp
∥∥hp

∥∥2
αT, (1)

where 0 < η < 1 denotes the energy conversion efficiency and Pp is the transmit power of PT.
Correspondingly, the maximum available power at ST and that at FDR for the time duration (1− α)T
are respectively calculated as:

Ps =
α

1− α
ηPp

∣∣ fps
∣∣2 and Pr =

α

1− α
ηPp

∥∥hp
∥∥2 . (2)

Herein, we suppose that the energies harvested by ST and FDR in the first phase time of αT are
completely used for information transmission in the second phase time of (1− α)T. The received
signals at FDR, SR, and PR during the time duration (1− α)T at the kth time slot are respectively
given as:

yr[k] = Hx[k] +
√

PrρH0Ws[k] + nr[k], (3)

ys[k] =
√

PrgsWs[k] + ns[k], (4)

yp[k] =
√

PrgpWs[k] +
√

Pp fppxp[k] + np[k], (5)

where H ,
[
hs hp

]
and x[k] ,

[√
Psxs[k]

√
Ppxp[k]

]H , with xs[k] and xp[k] ∼ CN (0, 1) being
the transmit symbols of ST and PT in the kth time slot, respectively; the elements of nr[k], ns[k],
and np[k] ∼ CN (0, σ2) denote the additive white Gaussian noise (AWGN) at FDR, SR and PR,
respectively. At FDR, a beamforming matrix W is applied to combat co-channel interference, yielding
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the transmit signal s[k] =
[
xs[k − τ] xp[k − τ]

]H , where τ accounts for the time delay caused by
the relay processing. The system is assumed to adopt a zero-forcing (ZF) detector AH and a ZF
beamforming W at FDR:

AH ,
(

HHH
)−1

HH , and W , cG
(

GHG
)−1

,

where:

GH =
[
gH

s gH
p

]H
, and c =

1√
tr
(
(GHG)

−1) .

Herein, the power control factor c is to ensure that the maximum transmit power at FDR does not
exceed the harvested power in the corresponding transmission block. Furthermore, PT can transmit
data directly to PR during the first phase, and thus, the received signal at PR via the direct link during
the time αT is given as:

ydir
p [k] =

√
Pp fppxp[k] + n′p[k]. (6)

It is assumed that the processing delay is negligibly small compared to the transmission time.
Moreover, the time slot k is an arbitrary slot at which PT sends the signals to PR. For simplicity, we omit
τ and k, hereafter.

Energy harvesting at ST, FDR Information transmission ST         FDR          SR

Information transmission PT         PR Information transmission PT FDR PR

Time slot 

Figure 2. Time-switching relaying (TSR) protocol.

2.2. Achievable Rates and Problem Formulation

The estimated data at FDR can be expressed as x̂ = AHyr. From (3) and (4), the signal-
to-interference-plus-noise ratio (SINR) of the secondary system in each hop can be computed as:

γST,R =
Ps
∣∣aH

s hs
∣∣2

Pp
∣∣aH

s hp
∣∣2 + Prρ ‖aH

s H0W‖2
+ σ2 ‖as‖2

, (7)

γR,SR =
Pr |gsws|2

Pr
∣∣gswp

∣∣2 + σ2
, (8)

where as is the first column of A corresponding to hs; ws and wp are the first and second columns of
W corresponding to hs and hp, respectively. Similarly, the SINR of the primary system during the time
(1− α)T can be found as:

γPT,R =
Pp
∣∣∣aH

p hp

∣∣∣2
Ps
∣∣∣aH

p hs

∣∣∣2 + Prρ
∥∥∥aH

p H0W
∥∥∥2

+ σ2
∥∥ap

∥∥2
, (9)

γR,PR =
Pr
∣∣gpwp

∣∣2
Pr
∣∣gpws

∣∣2 + Pp
∣∣ fpp

∣∣2 + σ2
, (10)
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where ap is the second column of A corresponding to hp. Furthermore, the SNR of the primary system
for the direct link during the time αT in (6) is found as:

γPT,PR =
Pp
∣∣ fpp

∣∣2
σ2 . (11)

The end-to-end (e2e) achievable rate of the secondary system can be expressed as:

Rs = (1− α) ln
(
1 + min

(
γST,R, γR,SR

))
. (12)

Similarly, the e2e achievable rate of the primary system that uses a maximal-ratio-combining
(MRC) to combine (9) and (11) can be written as:

Rp = Rα + (1− α) ln (1 + min (γPT,R, γR,PR)) , (13)

where Rα , α ln (1 + γPT,PR) is a linear function with respect to α.
From (12) and (13), the optimization problem of maximizing the sum rate of the primary and

secondary systems can be formulated as (To maximize the sum rate, we focus on the optimization of
the time fraction α, which determines a trade-off between the energy harvesting and data transmission.
The joint optimization of power allocation and time fraction will probably enhance the performance,
but with much higher complexity.):

maximize
α

Rs + Rp, (14a)

subject to 0 ≤ α ≤ 1. (14b)

It can be seen that Problem (14) is non-convex, since the objective function in (14a) is non-concave.
In what follows, a low-complexity approach to find the solution of (14) will be presented.

3. Proposed Solution for (14)

We first transform Problem (14) into a tractable non-convex form and then apply the ICA method
to devise a low-complexity algorithm.

3.1. Tractable Formulation for (14)

We first introduce a new variable β with an additional constraint: α + β ≤ 1. Accordingly, (1− α)

in (12) and (13) can be equivalently replaced by β. This provides a smoothing optimization instead
of a strictly-splitting time slot in the TSR protocol. Then, we tackle the non-smooth functions in (12)
and (13) by adding the following constraints:

γST,R ≥
1
ts

and γR,SR ≥
1
ts

, (15a)

γPT,R ≥
1
tp

and γR,PR ≥
1
tp

. (15b)

Therefore, Rs and Rp are respectively expressed as:

Rs ≥ β ln
(
1 +

1
ts

)
:= R̄s, (16a)

Rp ≥ Rα + β ln
(
1 +

1
tp

)
:= R̄p. (16b)
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By using (16), we can equivalently rewrite (14) as:

maximize
α,β,t

R̄s + R̄p, (17a)

subject to 0 ≤ α ≤ 1, 0 ≤ β ≤ 1, (17b)

α + β ≤ 1, (17c)

(15), (17d)

where t ,
[
ts; tp

]
. We note that Problem (17) is still non-convex due to the non-concave objective

in (17a) and the non-convex constraints in (17d).

3.2. Proposed Iterative Algorithm

In this subsection, we focus on convexifying Problem (17) by applying the ICA method to (17a)
and (17d). To do this, we first introduce two approximate functions as follows.

• Consider the function f (x, y) , 1
y ln(1 + 1

x ), (x, y) ∈ R2
++. It can be seen that f (x, y) is convex,

since its Hessian is a positive definite matrix. According to [6], we can obtain an upper bound of
f (x, y) around the point (x(κ), y(κ)) as:

f (x, y) ≥ A(x(κ), y(κ)) + B(x(κ), y(κ))x + C(x(κ), y(κ))y

:= f̃ (κ)(x, y), (18)

where:

A(x(κ), y(κ)) ,
2

y(κ)
ln
(

1 +
1

x(κ)

)
+

1(
x(κ) + 1

)
y(κ)

,

B(x(κ), y(κ)) , − 1
x(κ)

(
x(κ) + 1

)
y(κ)

,

C(x(κ), y(κ)) , − 1
(y(κ))2

ln
(

1 +
1

x(κ)

)
.

• Similarly, an upper bound of a convex function g(x, y) , x2

y , (x, y) ∈ R2
++ around the point

(x(κ), y(κ)) can be found as:

g(x, y) ≥ 2x(κ)

y(κ)
x− (x(κ))2

(y(κ))2
y := g̃(κ)(x, y). (19)

Inner approximation of (17a): We introduce a new variable δ that satisfies the following
convex constraint:

1
δ
≤ β, δ ≥ 1. (20)

By substituting (20) into (16) and applying (18), the concave minorants of R̄s and R̄p at the
iteration κ + 1 are respectively given as:

R̄s ≥ f (ts, δ) ≥ f̃ (κ)(ts, δ) := R̈s, (21a)

R̄p ≥ Rα + f (tp, δ) ≥ Rα + f̃ (κ)(tp, δ) := R̈p. (21b)

It is observed that (17a) can be iteratively replaced by R̈s + R̈p, which is a concave objective
function. We notice that when κ → ∞, the inequalities in (16), (20), and (21) hold with equalities.

To convexify (15), the following theorem is derived using the ICA framework.
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Theorem 1. For two arbitrary vectors x and y, let λ(x, y) , ηPp‖x‖2‖y‖2. The constraints in (15a) are
convexified as:

αλ(hp,
√

ρaH
s H0W) + βψST,R ≤ νST,R, (22a)

g(κ)(
√

α, νST,R)λ( fps, aH
s hs) ≥

1
ts

, (22b)

αλ(hp, gswp) + βσ2 ≤ νR,SR, (22c)

g(κ)(
√

α, νR,SR)λ(hp, gsws) ≥
1
ts

, (22d)

where νST,R and νR,SR are newly introduced variables and ψST,R , Pp
∣∣aH

s hp
∣∣2 + ‖as‖2 σ2. Similarly,

the constraints in (15b) are approximated by the following convex constraints:

αφPT,R + β
∥∥ap

∥∥2
σ2 ≤ νPT,R, (23a)

Pp
∣∣∣aH

p hp

∣∣∣2 g(κ)(
√

β, νPT,R) ≥
1
tp

, (23b)

αλ(hp, gpws) + β(Pp
∣∣ fpp

∣∣2 + σ2) ≤ νR,PR, (23c)

g(κ)(
√

α, νR,PR)λ(hp, gpwp) ≥
1
tp

, (23d)

where νPT,R and νR,PR are new variables and φPT,R , λ( fps, aH
p hs) + λ(hp,

√
ρaH

p H0W).

Proof. Please see Appendix A.

For convenience, we define ν ,
[
νST,R; νR,SR; νPT,R; νR,PR

]
. By using (20), (21), and Theorem 1,

the successive convex program providing a minorant maximization for (14) at the iteration κ + 1 is
given by:

maximize
S

R̈(κ+1)
Σ , R̈s + R̈p, (24a)

subject to (17b), (17c), (20), (22), (23), (24b)

where S , {α, β, δ, t, ν} and, correspondingly, S (κ) = {α(κ), β(κ), δ(κ), t(κ), ν(κ)} at iteration κ. We
successively solve (24) and update the involved optimization variables after each iteration until
convergence, which is guaranteed to achieve at least a locally optimal solution of (14). In summary,
the proposed algorithm for solving (14) is given in Algorithm 1.

Algorithm 1 Proposed iterative algorithm for solving Problem (14).

1: Initialization: Set κ := 0, ε := 10−3, R̈(0)
Σ := −∞, and randomly generate an initial point S (0).

2: repeat

3: Solve (24) to obtain the objective value R̈(κ+1)
Σ and solution S (?).

4: Update S (κ+1) := S (?).
5: Set κ := κ + 1.
6: until R̈(κ)

Σ − R̈(κ−1)
Σ < ε.

7: Output: The solution α∗ = α(κ). The corresponding achievable rate is given by (14a).

Complexity analysis: The proposed algorithm takes low complexity in the scene that all the
constraints in (24) are conic constraints. In particular, the per-iteration complexity of solving (24) is



Electronics 2020, 9, 835 8 of 12

O(C2.5V2 + C3.5), where C denotes the number of constraints in (24b) and V is the number of decision
variables determined by the number of elements in S .

Remark 2. It can be foreseen that the proposed algorithm is easily applied to an SR’s rate (resp., PR’s rate)
maximization problem under the quality-of-service (QoS) constraint for PR (resp., SR) receiver, i.e.,

maximize
S

R̃(κ+1)
Σ , R̈s, (25a)

subject to (17b), (17c), (20), (22), (23), (25b)

R̈p ≥ R̄p, (25c)

where R̄p is a data rate requirement for PR. In fact, Constraint (25c) is linear due to the property of the ICA
method, leading to a convex programming in (25). Typically, this problem is associated with a trade-off between
SR and PR rates, which is examined in Figure 5.

4. Numerical Results

We consider that an FDR (denoted by R) equipped with N receive antennas and M transmit
antennas is located 20 m away from PT, i.e., dPT,R = 20 m, where dx,y is the distance from x

to y. An ST is located between PT and FDR such that dPT,ST = 2 m. PR and SR are located
at two points, which are symmetric with respect to the line from PT to FDR, such that dR,PR =

dR,SR = 5 m, dPT,PR =
√

d2
PT,R + d2

R,PR m, and dST,SR =
√

d2
ST,R + d2

R,SR m. The channel responses
are determined by ḧ = d−ϕ

z ĥ, where ḧ ∈ {hp, hs, gp, gs, fps, fpp} corresponds to the link z ∈
{(PT, R), (ST, R), (R, PR), (R, SR), (PT, ST), (PT, PR)}, respectively; the path-loss exponent is assumed to
be ϕ = 3, while the elements of ĥ follow CN (0, 1). Unless otherwise specified, the transmit power at
PT, background noise power, and energy conversion parameter are respectively set as Pp = 26 dBm,
σ2 = −104 dBm, and η = 0.5 [26–28], while the suppression level of the residual SI is set as ρ = −90 dB
following the worst-case design in [29].

Figure 3 depicts the sum rate of SR and PR versus the maximum power budget at PT. The range
of the examined power budget is from 18 to 43 dBm, which is usually used for the maximum power at
BS in small-cell to macro-cell scenarios [30]. To evaluate the proposed algorithm (Algorithm 1), we
consider three other schemes: (i) SR and PR directly receive the signals from ST and PT, respectively,
in which the harvesting time α for ST is optimized (Opt.α w/oFDR); (ii) data transmission using the
same beamforming and detection as the proposed method is performed with α fixed to 0.5 (fixed α

w/FDR); (iii) we plot the performance of a baseline scheme using a half-duplex relay (HDR) (named as
“Alg. 1 w/HDR”), in which the proposed algorithm is utilized to find the optimal value of α, and the
later phase with time fraction (1− α) is split into two sub-phases: one sub-phase for transferring
signals from ST and PT to HDR and the other sub-phase for forwarding the messages from HDR to
SR and PR. We can observe that the proposed method provides the best performance, due to the fact
that the power is efficiently utilized by a cooperation between the harvesting time and beamforming
at the FDR. In particular, for all the considered values of Pp, the proposed scheme gives about 2
bps/Hz higher than the one using “fixed α w/FDR”, due to only the linear difference in time fraction
optimization. Meanwhile, the gain of the proposed scheme over “Opt. α w/o FDR” decreases as
Pp increases. Clearly, “Opt. α w/o FDR” suffers from high attenuation, due to the long-distance
propagation from PT (ST) to PR (SR), which is merely compensated by the increase in power budget at
the PT. It can be observed that with a low transmit power at PT, “Alg. 1 w/HDR” slightly outperforms
“Opt. α w/o FDR”, which confirms the benefit of the use of relaying. However, the performance gap is
seen to diminish as Pp increases. Figure 4 further investigates the system performance with various
numbers of receive/transmit antennas at FDR. Obviously, the performance of the scheme without FDR
is independent of the number of antennas, while the rate gain obtained by the proposed method is
verified. Indeed, the performance of FDR-assisted schemes is improved more quickly when both N
and M increase than when only one of them increases.
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Figure 3. Sum rate of the secondary receiver (SR) and the primary receiver (PR) versus Pp with
M = N = 4.
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Figure 4. Sum rate of SR and PR versus the transmit power at the primary transmitter (PT) and the
number of antennas at the full-duplex relay (FDR).

Figure 5 shows the trade-off between SR and PR rates with respect to α for different numbers of
receive/transmit antennas. Considering practicability, we set the number of transmit/receive antennas
at the FDR to the powers-of-two values. The energy harvested at the ST and FDR becomes higher as α

increases, leading to a higher SR rate. However, when the value of α is higher than a certain threshold,
the SR rate deteriorates due to the decrease in the information transmission time, (1− α). On the
contrary, the PR rate increases with α, since the time of direct information transmission for the PR
increases. At the maximum sum-rate point associated with the optimal α, an increase in the number of
transmit antennas at the FDR (M = 4, 8, 16) provides more degrees of freedom, which boosts both the
SR and PR rates. On the other hand, the sum rate also increases as the number of receive antennas at
FDR (N = 4, 8, 16) increases. This is primarily attributed to an increase in the SR rate, as FDR would
be in the proximity of ST.
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Figure 5. Trade-off between SR and PR rates.

5. Conclusions

In this paper, we considered a sum rate maximization problem for the primary and secondary
systems assisted by an FDR with energy harvesting. A design problem based on the TSR protocol
for joint optimization of energy harvesting and information transfer was established as a non-convex
problem. By using the ICA framework, we derived the optimal solution for the problem. Remarkably,
the proposed iterative algorithm was shown to provide a low computational complexity per iteration.
Numerical results indicated that the proposed scheme and algorithm provided a spectral efficiency 0.5
to 2 bps/Hz higher than other schemes in the medium to high transmit power at PT by exploiting the
benefits of multiple antennas and time fraction optimization. Moreover, we demonstrated a trade-off
between the SR rate and the PR rate, as well as the effect of the number transmit and receive antennas
at FDR on the sum rate.
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Appendix A. Proof of Theorem 1

To convexify (15), we first address Constraint (15a). For two arbitrary vectors x and y, let
λ(x, y) , ηPp‖x‖2‖y‖2, and then, Constraint (15a) is equivalent to the following constraints:

(15a)⇔


αλ( fps, aH

s hs)

αλ(hp,
√

ρaH
s H0W) + βψST,R

≥ 1
ts

,

αλ(hp, gsws)

αλ(hp, gswp) + βσ2 ≥
1
ts

,

(A1a)

(A1b)
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where ψST,R , Pp
∣∣aH

s hp
∣∣2 + ‖as‖2 σ2. By applying (19) to (A1), Constraint (15a) is convexified as:

g(κ)(
√

α, νST,R)λ( fps, aH
s hs) ≥

1
ts

, (A2a)

g(κ)(
√

α, νR,SR)λ(hp, gsws) ≥
1
ts

, (A2b)

with the imposed constraints:

αλ(hp,
√

ρaH
s H0W) + βψST,R ≤ νST,R, (A3a)

αλ(hp, gswp) + βσ2 ≤ νR,SR, (A3b)

where νST,R and νR,SR are new variables. When κ → ∞, the equality of (15a) holds with the equalities
in (A2) and (A3), which are given in (22). Next, we apply the same steps as above to (15b) to obtain
the convex constraints in (23), which completes the proof.
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