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Abstract

In this paper, we improve networks' spectral efficiency (SE), extend networks'life-

time, and maximize networks'energy efficiency (EE) of two-way full-duplex (FD)

relay networks. Firstly, to improve networks' SE and to extend networks' lifetime
simultaneously, we design a two-way FD relay transmission strategy with simulta-
neous wireless information and power transfer and direct links (DLs). The designed
transmission strategy can complete a bidirectional communication in only one time
slot with the exists of DLs and the energy-constrained relay node. With the designed
transmission strategy, we further give the characteristics of relay amplification factor,
the analysis of the designed transmission strategy, and the EE analysis of traditional
half-duplex two-way amplify-and-forward relaying. Secondly, to maximize networks'EE,
we present both the EE maximization problems and analyses of the designed transmis-
sion strategy with equal power allocation and optimal power allocation. To solve the EE
maximization problems, we further propose the alternating optimal algorithm and give
complexity analysis of the algorithm. Simulations show that our designed transmission
strategy can improve the SE and EE of the networks.

Keywords: Two-way relaying, Full-duplex, Simultaneous wireless information and
power transfer, Direct links, Energy efficiency

1 Introduction

Wireless networks affect all aspects of our daily lives for their ever growing and emerg-
ing applications, such as vehicle Ad Hoc networks, IoT networks, some industrial net-
works and so on. However, the operational time of energy-constrained devices usually
limits the wireless networks’ lifetime [1]. To address this problem, there introduce dif-
ferent energy harvesting (EH) techniques. Simultaneous wireless information and power
transfer (SWIPT) is a sustainable solution to the scenarios where replacing or recharg-
ing batteries is very costly or hardly [2]. The SWIPT can use the received radio fre-
quency signals to keep energy-constrained devices operational. Existing studies adopt
time-switching (TS) and power-splitting (PS) protocols to implement a SWIPT receiver
architecture. The TS and PS protocols can use one part of segregated resources for
information decoding (ID), and the other for EH. In particular, the [3] considered joint
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transmit power and TS control in SWIPT cellular networks to maximize throughput,
and the [4] studied resource allocation in a underlaid cellular networks to maximize
energy efficiency (EE). Both of the [3] and [4] can extend the networks’ lifetime. Because
the energy-constrained node can harvest energy from the received signal.

Relay technique can improve reliability, enhance spectral efficiency (SE), and improve
connectivity of wireless networks [5, 6]. The [7] and [8] also proved that the relay tech-
nique can improve the security of wireless networks. This means the relay technique
can play an important role in wireless networks for its varieties of advantages. The inte-
gration of the SWIPT into relay networks can expand communication range and keep
energy-constrained nodes active simultaneously. The [9] and [10] studied the wireless-
powered relay networks with TS-based relaying and/or PS-based relaying. Specifically,
the [9] maximized the EE of the energy-constrained multi-relay networks. Moreover, the
[10] studied the PS based one-way relaying to improve outage performance. Further-
more, the [11] examined the transmission performance with non-coherent modulation
by considering both TS-based and PS-based amplify-and-forward (AF) relay proto-
cols. The [9-11] showed the benefits of combing the SWIPT and the relay technique
effectively.

However, the [9-11] only considered the one-way relaying. This means they suffered
from SE loss to some extent with two time slots to achieve a one-way communication
[12]. To make up for this deficiency, two-way relaying (T WR) becomes popular and this
paper also considers the TWR. By combining the SWIPT and the TWR, the [13] pro-
posed a PS ratio optimization scheme to maximize EE and the [14] proposed a dynamic
asymmetric PS scheme to minimize outage probability. However, the [13] and [14] only
considered the half-duplex (HD) transceivers. Therefore, they still partly suffered from
SE loss to some extent. Fortunately, the [15-17] proved that the full-duplex (FD) tech-
nique can overcome this inherent SE loss with the technological progress in self-interfer-
ence cancellation (SIC) techniques.

Considering the SE advantages of the TWR and the FD technique, the integration of
the TWR and the FD technique receives a lot of attention in recent years. For example,
the [18] investigated a multiuser TWR system with FD technique to improve average
rate, and the [19] analyzed relay power optimization with FD technique to improve SE.
However, both the [18] and [19] did not consider the energy-constrained problem. To
consider the TWR system with the FD technique and the SWIPT, the [20] and [21] dis-
cussed the problem of relay selection. The [20] and [21] also showed their SE and outage
probability superiorities of the TWR system with the FD technique and the SWIPT. But
the [20] and [21] focused on the problem of relay selection to maximize capacity. At the
same time, they were limited to the simplified system model. In the simplified system
model, it usually ignores the direct links (DLs) in relay transmission. Actually, the DLs
in relay transmission can achieve further SE performance gain [22]. Because the DLs in
relay transmission also can convey information, and some works have shown this prop-
erty. For example, the [22] discussed the optimal design of source and relay nodes with
DLs to against channel state information (CSI) errors, and the [23] studied bidirectional
relay transmissions with DLs to improve EE.

Based on the above analysis, we can get three important points. First, the TWR, the
ED technique, and the DLs in relay transmission can improve the networks’ SE. While
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the combination of the three can further improve the networks” SE. Second, the
SWIPT can extend the networks’ lifetime. Because the energy-constrained node can
harvest energy from the received signal. Third, it seems that there is no effort to con-
sider the TWR, the FD technique, the DLs in relay transmission, and the SWIPT in
one paper to improve networks’ SE and to extend networks’ lifetime, simultaneously.

At the same time, except for the networks’ SE and the networks’ lifetime, the net-
works’ EE is also a very important performance metric for the wireless networks [24].
Thus, the related works also investigated the EE maximization problem. For example,
authors in [25] and [12] respectively studied the EE maximization problem in two-
way HD and FD relay networks without considering SWIPT architecture, and authors
in [13] and [15] respectively examined the EE maximization problem in two-way HD
and FD relay networks with considering SWIPT architecture. However, to the best of
the authors’ knowledge, there is still no effort in open literature to investigate the EE
maximization problem with the integration of the TWR, the FD technique, the DLs in
relay transmission, and the SWIPT. Namely, to consider the TWR, the FD technique,
the DLs in relay transmission, the SWIPT, and the EE maximization problem, five
characteristics in one paper.

Improving networks’ SE, extending networks’ lifetime, and maximizing net-
works’ EE is a promising solution to meet the requirements of future wireless net-
works, which is still relatively under-explored. Motivated by the limitations of the
related works with only consider part of the five characteristics in Table 1, this paper
attempts to meet the requirements of future wireless networks with our proposed
two-way FD relay transmission strategy. The contributions of this paper are summa-
rized as follows:

« To improve networks’ SE and to extend networks’ lifetime simultaneously, this paper
designs a transmission strategy with the integration of the TWR, the FD technique,
the DLs in relay transmission, and the SWIPT. With the designed transmission strat-
egy, this paper further gives the characteristics of relay amplification factor, the anal-
ysis of the designed transmission strategy, and the EE analysis of traditional HD two-
way AF relaying.

Table 1 Related Literatures' Considered Characteristics

Related literatures FD TWR DL SWIPT EE
[4,9,11] v v
[WO} v v

[12] v v

[13] 4 v v
[14] 4 v

[15] v 4 v v
[18,19] v v

[20,21] v v v

This paper v v v v v
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+ To maximize networks’ EE, this paper presents both the EE maximization problems and
analyses of the designed transmission strategy with equal power allocation (EPA) and
optimal power allocation (OPA).

+ To solve the EE maximization problems, this paper further proposes the alternat-
ing optimal algorithm and gives the algorithm complexity analysis of the algorithm.
For simplicity, we express the designed transmission strategy as FD-TWR-SWIPT-DL
transmission strategy in the following parts.

2 System model

Consider the traditional two-way AF relay networks [6] consisting of two FD end nodes
S1 and S; and one FD relay node R. All the nodes are equipped with a transmit antenna
and a receive antenna, and operated in the FD mode during the time slot 1. Figure 1 shows
the transmission model of the FD-TWR-SWIPT-DL transmission strategy and it is similar
to [12]. However, the [12] assumed all the signals forwarded by the relay as unit signals.
Although this assumption can help the [12] to simplify the analysis and get the analyti-
cal expression of OPA. But it also brings some problems. For example, it cannot make full
use of the AF relay protocol’s characteristics to get the relay gain. Except for this assump-
tion, there are also two differences between this paper and the [12]. Firstly, there exists DLs
between two end nodes and the DLs can transmit signal in this paper. Secondly, the relay
node transmits signal with SWIPT to extend networks’ lifetime in this paper. As in Fig. 2,
the power splitter at the relay node divides the received signal into an information decoder
with « portion and an energy harvester with (1 — o) portion [14]. This paper considers the
EH model of SWIPT-PS for its superiority of hardware features. The Fig. 2 shows the nodes’
signal transmission model of the FD-TWR-SWIPT-DL transmission strategy.

The channels #;, hj, and & experience independent quasi-static Rayleigh fading and
remain unchanged within the fixed duration of one frame T = 5 ms [25, 26]. The /; (or /)
is the channel between node S; (or ;) and R, / is the channel between node S; and S;, where
{i,j} € {1,2} and i # j, namely,i = 1,j = 2 ori = 2,j = 1. The channels between the same
two nodes are also reciprocal. The hii (or 21;«) is the residual self-interference (RSI) channel
at node S; (or S)), hy is the RSI channel at node R. The RSI channels /;;, E,;, and /1,, are sub-
ject to independent Ricean fading at different frames. The average power gains of the RSI
channels are [E{ IhNiiIZ} = Q; and E{|Ijl;|2} = Q,. All nodes only know the statistical char-
acterization of the RSI channels, i.e., ; and €2, [27]. We assume that there exists a central
processor in the networks. The central processor can access to all CSIs and other required
information for processing signal. At the same time, this processor feeds back the calculated
data to all the networks nodes and help all the nodes to receive and forward signal [12]. The
transmit signal of the node S; is x; with E{|x;|?} = 1 and E{x;} = 0. The node S; combines
the received signals with maximum ratio combining (MRC) technique. The noises at three

nodes are zero-mean symmetric complex Gaussian vector with variance o-2.

2.1 Total capacity and energy consumption models

The total capacity contains the transmission tasks in two directions with a round of bidi-
rectional communication [25]. Then, as [12, 23, 25], the total capacity of the FD-TWR-
SWIPT-DL transmission strategy is
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C=C1+ Gy, (1)

where C; and C; are the capacities in two directions.

The total energy consumption contains transmit powers and circuit powers [12]. At
the same time, the power amplifier usually works in non-ideal environment with the fea-
tures of hardware. Thus, the power amplifier efficiency should be considered to show the
actually transmit powers consumption [13]. Then, the total energy consumption of the
FD-TWR-SWIPT-DL transmission strategy is

E, = Tt(eP! 4 P°), (2)

where 1/¢ is power amplifier efficiency, T? is transmit time and 7% € (0, T]. The P! is the
total transmit power and the P¢ is the total circuit power.

2.2 Problem formulation

To improve networks’” SE and to extend networks’ lifetime simultaneously, this paper
designs the FD-TWR-SWIPT-DL transmission strategy. With the FD-TWR-SWIPT-DL
transmission strategy, this paper attempts to present both the EE maximization prob-
lems and analyses with EPA and OPA. Based on the total capacity and total energy con-
sumption models, this paper defines the EE as the ratio of total transmission bits to total
consumed energy, and it isn = % [24, 25]. It means that this paper needs to maximize
the n of the FD-TWR-SWIPT-DL transmission strategy with EPA and OPA.

3 Methods
In this section, we give the details of the FD-TWR-SWIPT-DL transmission strategy and
the method to maximize the EE of it.

3.1 Transmission strategy design and analysis
In this subsection, we give the design and analysis of the FD-TWR-SWIPT-DL transmis-
sion strategy.

3.1.1 Transmission strategy design

Firstly, we give the design of the FD-TWR-SWIPT-DL transmission strategy. Figures 1
and 2 respectively show the specific transmission model and nodes’ signal transmission
model.

From Fig. 1, we can see that the FD-TWR-SWIPT-DL transmission strategy can com-
plete the information exchange between the two nodes S7 and S; in only one time slot. In
the only one time slot, all the nodes transmit and receive signal with FD transceivers. As
it has been stated in [16] that the self-interference at the FD transceivers can be canceled
by jointly using three-step interference cancelation, i.e., antenna, analog, and digital
interference cancelations. However, even with the SIC, the self-interference cannot be
canceled completely [12]. Thus, all the nodes have RSI and the RSI is considered in this
paper. At the same time, there exists DLs between two nodes S; and Sy. So the nodes
S1 and S, can respectively transmit x; (m) and xo(m) in frame m to each other. What's
more, the FD relay node is an energy-constrained node and it forwards the received sig-
nal x, (m) with only « portion.
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From Fig. 2, we can see the transmitted and received signals of node S; and R. Figure 2a
gives the signal transmission model of node S;. For node S;, it transmits signal x;(m) to
node S; and R. At the same time, it receives signal x;(r7) from node Sj, and it receives signal
xﬁD (m) from node R. Then, with SIC and MRC techniques, the received signal at node S; is

yi(m) = hix'® (m)+ \/Pj’f hix () + \/P? hii (m)xi(m) +n;, 3)

where \/> h;;i(m)x;(m) is the RSI at the node S;, /; xID (m) is the relay node’s forward sig-
nal with SWIPT-PS technique, \/7 hx;j(m) is the signal transmitted with DL, Pt (or PY) is

the transmit power of node S; (or S;), and #; is the additive Gaussian noise at node S;. For
all the noises are assumed as zero-mean symmetric complex Gaussian vector with vari-
ance o2, Thus, this paper omits the order numbers of the frame in the noises.
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The Fig. 2b gives the signal transmission model of node R. For node R, it receives signal
x1(m) and xy (m) from node S; and Sy, respectively. At the same time, it divides the received
signal into « portion for ID and (1 — «) portion for EH with SWIPT-PS technique. Besides
the dividing operation, it also forwards the ID signal xﬁD (m) to node Sq and Ss. But there is a
one-frame delay from node R receiving the signals x; (m — 1) and x5 (m — 1) till it forward-
ing the signals xﬁD (m) [12]. With SIC and MRC technique, the received signal at node R is

yetm) = Pl m)+ [Py (om) + g ()l () 4y (@)

where /P!hix;(m) and /Pjth,'x,'(m) are signals respectively from two nodes S; and S,

},z;(m)xﬂD(m) is the RSI at the node R, and xﬁD(m) = B(Jay,(m — 1) + ny). The B is the
amplification factor to maintain a constant average transmit power P at node R. The 7,
and ny are the additive Gaussian noise and the ID noise at node R.

The node R only receives signal from two end nodes and it has no signal to forward at
frame 1. Thus, the received signal at node R in the frame 1 is

2
=3 /Pt (D) +ny. (5)
i=1

In summary, Table 2 gives the signal transmission at each node for the FD-TWR-SWIPT-
DL transmission strategy. At the only one time slot of every frame, node S; transmits its
signal to node R and S;, and node R broadcasts the previous received signal from Sj and S».

Substituting  xP(m) = B(Jay,(m — 1) + ny) = ﬁ(\/&(\/Pi‘hixi(m -1+ \/JT;h,x,(m -1

+hypy (1 — DxP(m —1) +n,) +ny) into (3) and making some arrangements, then the

received signal at node §; is rewritten as

yilm) = a By [Phhihyxom — 1) + [P om)
- aBhilyy (m — D m— 1)+ P (m)xi(om) ©)
+ ap\[Pxim = 1) + aphin, + Bhing i,
where ap \/IT]'?hihjxj(m ~1) and ﬁhx,(m) are the signals from the node S,

\/Eﬂhi};;(m — l)fo(m —1)and ﬁhNﬁ(m)xi(m) are the RSIs, /ap \/ijh?xi(m —1)is
the self-interference term (SIT) of node S;, and \/aBh;n, + Bhing + n; is the noise part.
Assuming that channel reciprocity holds and perfect CSIs are available. Then, the SIT
can be perfectly canceled [6]. In such case, the remaining received signal at node S; is

further rewritten as

Table 2 Signal transmission at each node

Frame 1 2 m—1 m
S110RS, x1(1) x1(2) xi(m—1) x1(m)
S53to RS x(1) x2(2) xXo(m—1) X2(m)

Rto 515 xP(2) e xP(m—1) xIP(m)
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Yim) = NJap [P hilyiom — 1) + [P (om)

+ VaBhihy(m — D (m — 1)+ \/P:t],’l;(m)xi(m) )
+ JVaphin, + Bhing+n;.

3.1.2 Relay amplification factor

We have stated in the last subsubsection that the 8 is determined to maintain a constant
average transmit power P at node R. With the relay amplification factor B, we can get
the following two propositions.

Proposition 1 For the FD-TWR-SWIPT-DL transmission strategy with average trans-
mit power P! at node R, the fixed relay amplification factor B is:

Pt
B= . : 8
¢a(2§=1pf|hi|2 + PiQ, +02) + 0} ®
Proof The amplification factor can be calculated using the following equation set:
%P (m) = B(Jay,(m —1) + ng), (92)
%2 (m+ 1) = B(Jay,(m) + na), (9b)
E{lx” (m)*} = E{lx;” m + D *} = P, (90)
2
Ely:(m)*} =Y PHmil* + E{|x° (m)*} + 0,2 (9d)

i=1

The (9a) and (9b) describe the relay amplification at frame m and m + 1; The (9¢) shows
the total transmit power constraint of node R with Pf; The (9d) comes directly from (4).
After solving the (9a), (9b), (9¢), and (9d), we can obtain the (8). The proof is completed.

O

The Proposition 1 implies that for the amplification factor given in (8), once the
average transmit power is P! at the initial frame, it will remain unchanged. In the fol-
lowing proposition, we show that even if the average transmit power at the initial
frame is not equal to P, it will converge to P: finally.

Proposition 2 For the FD-TWR-SWIPT-DL transmission strategy with the relay
amplification factor given in (8) and E{|y,(1)|?} = ZiZ:l Pflhil2 +02 =c, B2 # P, the
average transmit power at the relay node E{ |x£D (m)|?} has the following property:

lim E{Jx,”(m)|*) = P;. (10)
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Proof Based on the (9a) and (9d), the average received power of two consecutive frames
has the following relation:

2
Elly,(m)I*} = > Pflhil*+9, B2 @B{ly, (m—1) P} +0) +0,. (11)
i=1

As E{]y,(1)|?} = ¢, it can be shown that

2
E{ly, (m)*} =Y P{Ihil* + PLQ + o}
i=1
(c=32, PHl®—PiQ,—02) (@PiQ,)" !
(@(X2, Pl + PLQ, + 02) + o)L

As a7 PRl + PEQy + 02) + 02 = aPiQ, + (a Yr PHR* + ao? +02), and
aPlQ,

(37 PElni 2+ PLQ +02)+03

then the following equation can be further obtained

< 1 can be found,

(@7 PHRi|? + a0 +02) > 0, thus 0 <

2
limE{ly, (m)|*) = ;Pf | + PLQ, + o 2. (13)
=

Thus, we have
lim E{lx°m)*} = p*(a lim E{ly,(m — D|*} +02)
m— 00 m— 00
= L.

The proof is completed. 0

3.1.3 Transmission strategy analysis
With (7), the instantaneous received signal to interference plus noise ratio (SINR) of
the FD-TWR-SWIPT-DL transmission strategy at node S; is

P} |hil?|hj|> + Pf|h|?
 af2Ph| 22+ P+ a2 ki 202+ B2 |20 2 o

Vi (15)
With (1), (15), and Shannon capacity formula, the specific total capacity of the FD-TWR-
SWIPT-DL transmission strategy is

2
CG=C+C=)Y T'Wlog,1+ ), (16)
i=1
where W is bandwidth.
With (2), the specific total energy consumption of the FD-TWR-SWIPT-DL transmis-
sion strategy is
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E; = T (e(P} + PL) + P9, (17)

where the total transmit power of the FD-TWR-SWIPT-DL transmission strategy is
P! = P! + PL. The total circuit power of the FD-TWR-SWIPT-DL transmission strategy
is P¢ =7 (P 4 P + P{* + P%). The P%, P¥", P, and P{° respectively represent
transmit, receive, SIC and SIT circuit powers of node S;. This paper considers the linear
circuit power consumption model and we can consider the nonlinear one in our future
work.

From (17), we can know that the E; does not contain the power consumption of relay
node. Because the relay node forwards signal with SWIPT-PS technique, which means it
can harvest energy from the received signal.

With (4), the harvested energy of the FD-TWR-SWIPT-DL transmission strategy at
node R is

2
E,=T¢(1—a) (ZPflhi|2+Per+cr,2>, (18)

i=1

where ¢ is a constant for the harvesting efficiency.
For node R is considered battery limited, the following inequality also should always
be met

Ey = T'(P! + PY), (19)

where P¢ = PC + P + PSS 4 P;* is the total circuit power of node R. The P, P, P,
and P/° respectively represent transmit, receive, SIC and SIT circuit powers of node R. All
the circuit powers are static powers with a constant value and the circuit powers are from
0 to serval hundreds of mw [25], i.e., {Pft,Pl.",Pfs,Pfg,Pft,Pf’,Pﬁs,Pfg} € (0,800) mw.
In such case, Py and P¢ are also constants can be further obtained.

From (19), we can know that the relay node can get its energy consumption with
SWIPT-PS technique. This also gives the reason of the networks’ lifetime extended.
Without the SWIPT-PS technique and (19), the networks outages for the energy-con-
strained relay node.

With (16)—(17) and the definition of EE, the EE of the FD-TWR-SWIPT-DL transmis-
sion strategy can be written as

_ i T'Wlogy(1+y) _ 3oty Wlogy(+w)

= . 2
THE(PL + P+ P9 e(PL+ P+ P (20

3.1.4 HD two-way AF relaying

To show the effectiveness of the FD-TWR-SWIPT-DL transmission strategy, we also
give the EE of the traditional HD two-way AF relaying [6]. In the traditional HD two-way
AF relaying, two source nodes complete a bidirectional communication process with
physical layer encoding [28]. In such case, we set Q21 = Q9 = Q, = 0, ¢ = 1, and we also
don’t consider DL, then y; turns into the SNR of the HD two-way AF relaying y; at two
source nodes
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PLPE 1y 2 |1y

!/

Yi = . 21
Y PHRi0} + Pilhi?o] +Pilhi 2o} o0 @D
Then the total capacity of the HD two-way AF relaying is
1 2
Ci=T'W ) logy(1+7)). (22)

i=1

The total capacity is halved, because the signal transmission is completed in two time
slots with HD transmission.
The total energy consumption of the HD two-way AF relaying is

1 ,
E| = ETf(e(P{JAJ;Jr P+ P°), (23)

where P = Y27 | (P + P + PS) + P& + P is the total circuit power of the HD two-
way AF relaying. The P¢ contains the Pt and P¢". At the same time, different from the
FD-TWR-SWIPT-DL transmission strategy, the total energy consumption of the HD
two-way AF relaying also contains P! without SWIPT.

Finally, with (22)—(23) and the definition of EE, the EE of the HD two-way AF relaying
can be further given as

o = %TtWZiZ:I 10g2(1+7/i/) _ WZ?=1 10g2(1+1/[)
LT (e(Pi+PL+ P+ Py e(P+ P+ P+ P

3.2 EE maximization problems and analyses
In this subsection, we give the EE maximization problems and analyses of the designed
transmission strategy with EPA and OPA.

3.2.1 Equal power allocation
Firstly, we discuss the EE maximization problem with EPA. With EPA, it means
P! = Pb = P! = P, then we can obtain the following proposition.

Proposition 3 With EPA, ie, P! =P, =P! =P, when the transmit power P
approaches infinity, C; has no relation with PS factor o and C; has an upper bound:

2 217,12 2 2 2
A * 11 1=+ V1= (g | =+ Ty =+ 2)
lim C, =Y T'Wlog, | 1+ . : : 25
Jim C=2 gz( P+ (P + P+ 2) =
Proof It’s straightforward that

2
li =) T'Wlog,y(1+ li ).
Jim C, > T'W logy( + lim ;) (26)

i=1

Then we can obtain the (25).
The proof is completed. O
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From (25), we can find that the C; has no relation with «. At the same time, the
Proposition 3 implies that RSI restricts the performance of the FD two-way AF relay-
ing. This is quite different from the HD two-way AF relaying. For the HD two-way AF
relaying with (21) and (22), we can know that if the transmit power goes to infinity,
the capacity also goes to infinity. However, with the FD technique, there exists the
limit of capacity due to RSL

With (16)—(17) and the definition of EE, the EE of the FD-TWR-SWIPT-DL trans-
mission strategy with EPA is

2 aB?P ki || *+P k[
i=1 T*Wlog, <1 + 2P 2 +PQitap?|hi 2o+ |hi 2o +o (27)
le= T*(2¢P + P°) ’
ey J— aBPlh; || 2+ P | _ Tt c
where C, = 2= T*Wlog, (1 + aB2PIhi>Q+PQitap? ki 2o+ 2 hi 2o +of ) Eie = T° (2P + P%),
and B2 = ——; P

a (X7 Pl |2 4+PQr+o2) o3
With EPA, we aim to maximize EE by jointly optimizing the transmit power P and the
PS ratio o under individual capacity requirements, the maximum transmit power con-
straints, and the EH constraints. Finally, with (27), the EE maximization problem is

max 7,

P (28a)
s.t. C; = Cimins

0 < {P} < P™, (28b)

Epe > TH(P + PY), (28¢)

and 0 < o < 1, (28d)

where Ej, = T e (1 — @) 2P|1|*> + PQ, + 0,2), Cimin is the minimum required trans-
mission task of node S;, and P"** is the maximum allowed transmit power at nodes.

Observing the objective function of (28), we can find that it is non-convex in terms
of (&, P). Since the numerator of the objective function is concave with C;,(P) <0
and the denominator is linear, then the 7, is pseudo-concave with respect to P. At the
same time, the numerator of the objective function is concave with C;,(«) < 0, then
1e is concave with respect to «. Thus, the related optimization problem has a closed-
form solution with respect to a.

With the maximization problem of 7, is determined over two variables & and P, and
thus it is quite difficult to solve this problem efficiently. However, for any optimization
problem, we can optimize some of the variables first, and then for the remaining ones
[29]. Thus, we can divide the maximization problem of 7, into two sub-optimal prob-

lems, namely, to optimize the two variables « and P, respectively.
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Firstly, we find the optimal value for o while fixing P. With the given P, the resulting
problem of 7, is monotonically increasing and hence we can get the optimal value of the

« as

a%? =1-— P+ P .
¢ (Pl + Plha|* + PQy + 07)

(29)

Substituting the " into (27), the objective function of (28) is only determined by the
variable P. Then we apply a convex optimization method to optimize the pseudo-con-
cave function with respect to P. In order to tackle this problem, we can further employ
the Dinkelbach’s algorithm to get the solution of concave—convex fractional program-

ming [30]. Then we can express the objective function of (28) with respect to P as f®

where f(x) is concave and g(x) is linear.

Define the function F(v) as F(y) = maxyes{f (x) — ¥ g(x)} with continuous and posi-
tive f, g, and compact S. Then F () is convex with respect to v, F() is strictly decreas-
ing and it has a unique root ¥*. At the same time, the problem of finding F (i) can be
solved with convex optimization approaches, and it is shown that the problem of maxi-
mizing % is equivalent to finding ¥* [30]. For each x, we can make a summary of the
Dinkelbach’s algorithm as Algorithm 1, where the superscript (1) denotes the number of
iteration. With the Algorithm 1, it leads to the optimal values of a pseudo-concave
function.

Based on the above analysis, we can divide the original EE maximization problem of
(28) into two sub-optimal problems. At the same time, we can find that the optimal value
of « has a closed-form solution with (29) and we can obtain each optimal value of P with
the Algorithm 1. In such a case, we can solve the EE maximization problem of (28) in an
alternating mode. In this regard, firstly, with ", we adopt the fractional programming
to find P"+1), Secondly, with known P"D, we updates o "1 with (29). Consequently,
we can get the alternating optimal algorithm with EPA to optimize o and P. Algorithm 2
with EPA presents the alternating optimal procedure which updates the optimization

parameters until convergence.

Algorithm 1 Dinkelbach Algorithm

1: Set tolerance €, n = 0, and (") = 0.
2: Repeat
3 2t = argmaxges{f(x) — $(Mg(2)}.
4 F@™) = f@l) = v ™g(aln)).
5. gt = g
9=
6: n<+<n+1.
7: Until F(y(™) <e.
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Algorithm 2 Alternating Optimal Algorithm

1: Set initial points a(®), PH® pl®  pt® ang p — .

2: EPA

3: Repeat

4:  Given a(™, apply the Dinkelbach’s algorithm to calculate P(?+1)

5:  Compute a(®1) in (29).

6: n<+n+1l.

7: Until Convergence.

8: OPA

9: Repeat

10:  Given a(, P!™ and P;“L), apply the Dinkelbach’s algorithm to calculate Plt("“).
11: Given a("), P,,f("), and Pf(n'H), apply the Dinkelbach’s algorithm to calculate P;UH'I).
12 Compute a("t1) in (32).

13:  Compute pHD i (33).

14: n<+n+1.

15: Until Convergence.

Next, we give the computational complexity of Algorithm 2 with EPA. To analyze
the computational complexity of Algorithm 2 with EPA, we can find that the Algo-

rithm 2 employs Algorithm 1. But the convergence rate of Algorithm 1 is independent
()
o;t
in Algorithm 2 are convex, their complexity can be modeled in polyno-

of the complexity of finding x
(m)
opt
mial form in terms of the number of variables and constraints. With these properties,

for its super linear convergence. As the problems of
finding x,

we can give the complexity of Algorithm 2. The complexities with step 4 to step 5 are
respectively O(1) and O(11). Then, with EPA, the total complexity of Algorithm 2 for
one iteration is O(Z,, + 11), where Z;, is the required number of iteration with step 4.

3.2.2 Optimal power allocation
Secondly, we discuss the EE maximization problem with OPA. With the OPA, the
similar proposition like Proposition 3 can also be obtained when the transmit powers

topt - topt topt . .
Plolt7 ,P;p ,and P.*¥ approaches infinity.

Proposition 4 With OPA, when the transmit powers Piup t, Pg)p t, and Pf‘)p ‘ approaches

infinity, C; has no relation with PS factor « and C; has an upper bound:

2 217,12 2 2 2
hil?\ 1=+ A= (|2 + =+ Q
lim G =3 T'Wlog, 1+|t| |2;| |h1=(] 12| |;2| r) . (30)
PVt pIoPt plovt o Pt 7282 + 2 (| |* + |71+ 27)
Proof The proof is omitted for it’s the same like Proposition 3.
The proof is completed.

The reason of the Proposition 4 is the same as the Proposition 3. That is there exists
the limit of capacity due to the RSI for the FD two-way AF relaying.

With the OPA, we aim to maximize EE by jointly optimizing the transmit power
P{,Pé,Pﬁ, and the PS ratio « under constraints. Then with (20), the EE maximization

problem is
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max
t pt pt
a,P!,P,pL (31a)
s.t. C; > Cimin,
0 < {P}, P}, Pt} < P, (31b)
E, = T (P! + PY), (31¢)
and 0 < o < 1. (31d)

The objective function of (31) is non-convex in terms of («, P%, P, P). Since the
numerator of the objective function is respectively concave with C;'(P!) <0 and
C/(PS) <0, and the denominator is linear, then the 7 is respectively pseudo-concave
with respect to P! and P%. At the same time, the numerator of the objective function
is respectively concave with C}(P!) < 0 and C; («) < 0, then the 7 is respectively con-
cave with respect to P! and «. Similar to EPA, the related optimization problem has a
closed-form solution with respect to P! and «. We can also divide the original prob-
lem into four sub-optimal problems, namely, to optimize the four variables «, P{, Pé,
and P!, respectively.

Firstly, we find the optimal value for o while fixing other variables with the objective
function of (31). In such a case, considering that all the variables except « are given,
then the resulting EE problem is monotonically increasing and hence we can get the
optimal value of the « as

P!+ P¢

% =1~ : 32
¢(PLIM|? + PLIhal® + PLQ, + 02) (32)

With the fixed &, we can further obtain the optimal P with the following formula

¢ (1 — %) (P |k > + Pylha|* + o}) — Pt

Ptopt —
r 1—¢(1—a%h)Q,

(33)

At the same time, we can get the other optimal variables P! and P} with Dinkelbach’s
algorithm like EPA.

In this regard, firstly, with o, P! and Pé("), we adopt the fractional programming
to find Pi("H). Secondly, with known o, P! and Pi(nﬂ), we can find Pé(nﬂ). Thirdly,

with known Pi(”H) , Pé(”ﬂ) and Pﬁ(”)

Pi("H), Pé(nﬂ) and "1, we can update PLTD with (33). Consequently, we can get the
alternating optimal algorithm with OPA to optimize o, P, P4, and P!. Algorithm 2 with

, we can update oD with (32). Lastly, with known

OPA presents the alternating optimal procedure which updates the optimization param-
eters until convergence.

Finally, like EPA, we give the computational complexity of Algorithm 2 with OPA. The
complexities from step 10 to step 11 are all O(1), and the complexities from step 12 to
step 13 are respectively O(11) and O(12). Then, with OPA, the total complexity of Algo-
rithm 2 for one iteration is O(Zy, + Iz, + 11 + 12), where 7, and I, are respectively
the required number of iterations from step 10 to step 11.
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4 Results and discussion

In this section, we give the simulations to evaluate the SE and EE of the FD-TWR-
SWIPT-DL transmission strategy. Table 3 specifies the simulation parameters. In the
figures of the simulation, we express the FD-TWR-SWIPT-DL transmission strategy as
FD-1TS-EH and the traditional HD two-way AF relaying as HD-2TS [6]. For a better
comparison, we also give the EE of the FD-TWR-SWIPT-DL transmission strategy with-
out EH requirements (namely FD-1TS in the figures). In the simulations, the powers are
optimal allocated. At the same time, we set the parameters based on the existing work
[23] and [25]. Thus, v =4, « = 0.8, P{ = P = 50 mW, P& = 80 mW, chg =30 mW,
and Q; = Q, = Q will be considered without special explanation.

In this section, we first give the outage probabilities with EPA and OPA. We give the
outage probabilities rather than transmission rates, for the similar characteristics of
transmission rates and outage probabilities, and the higher transmission rates usually
means the lower outage probabilities. At the same time, the outage probabilities can
show the differences of EPA and OPA from a different perspectives.

Figure 3 shows the outage probabilities with EPA and OPA. From Fig. 3, we can get
the following results: (i)The outage probabilities of OPA are lower than that of EPA in
three transmission schemes, which shows the effectiveness of OPA. (ii) No matter with
OPA or EPA, the outage probability of FD-1TS is the best and the outage probability of
HD-2TS is the worst. This is for the FD-1TS has the advantages of FD technique, DLs,
and it also has no energy constrained node. These three characteristics make the highest
transmission rate of FD-1TS, which finally result in the best outage probability. The HD-
2TS has the worst outage probability, for it works in HD technique, and it also has no
DL. (iii) When the SNR is high, no matter with EPA or OPA, the outage probabilities of
FD-1TS-EH and FD-1TS are the same. Because when the SNR is high, the transmission
rates of this two schemes are the same. This phenomenon can also be seen in the follow-

ing figures.

Table 3 Simulation parameters

Symbol Definition Values

o2 Noise power —94 dBm

Tt Frame duration 5ms

w System bandwidth 10 MHz
Cimin QoS requirements (0,0.25] Mbits
v Path-loss exponent [2—4]

Pfgl s SIT circuit power [0,800) mW
P&, PS SIC circuit power [0,800) mW
pet, pct Transmit circuit power [0,800) mW
P, P Receive circuit power [0,800) mW
o Information decoding factor 0—1

14 Harvesting efficiency 0.8

1/e Power amplifier efficiency 1/0.38

Qi Q2 Average power gains of RSI channels 0-10

pnex Maximum transmit power 70 dBm




Cai et al. J Wireless Com Network

(2024) 2024:17

Qutage Probability

Transmission Rates (bps/Hz)

—& —FD-1TS-EH-EPA
FD-1TS-EPA
—*—HD-2TS-EPA
—+—FD-1TS-EH-OPA [{
FD-1TS-OPA
—e— HD-2TS—0PA

SHR (dB)

3 ............................................. —+—FD-1TS—EH H
: FD-1TS I
: —* ~FD-1TS-EH-HDL
1( ........................... .................. FD—-1TS-WDL H
ol : i . |—e—HD-2Ts
0 5 10 15 20 25 30

Fig. 4 Transmission rates with and without DLs

Figure 4 shows the transmission rates with and without DLs (WDL). In Fig. 4, the
transmission rates of FD-1TS-EH and FD-1TS are respectively higher than that of
FD-1TS-EH-WDL and FD-1TS-WDL. The FD-1TS-EH-WDL is our designed trans-
mission strategy without the consideration of DLs. This phenomenon shows the SE
gain of our proposed transmission strategy with the consideration of DLs. At the
same time, the transmission rate of FD-1TS is a little higher than our FD-1TS-EH.
Because the FD-1TS has no energy-constrained node and it can use more power for
signal transmission to get the higher transmission rate. Except for this two phenom-
ena, when the SNR is high, we can also get the other two results: (i) No matter with
or without DLs, the transmission rates of FD-1TS-EH and FD-1TS are the same.
Because when the SNR is high, the influence of the energy-constrained node is very
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small, which results in the same transmission rates of FD-1TS and FD-1TS-EH. (ii)
For the FD system with RSI, the transmission rates of FD-1TS-EH and FD-1TS will
saturate for large SNR. This phenomenon is corresponding to the Proposition 4.

Figure 5 shows the transmission rates with different Q2. From Fig. 5, we can get two
results: (i) As the Q2 increases, the transmission rates of our FD-1TS-EH decrease; (ii)
When the Q exceeds a certain level, the HD-2TS’s transmission rate even outperforms
the FD system. The reason of this two results is for the RSI decreases the transmission
rates of the FD system. This phenomenon is also corresponding to the Proposition 4.
With the technological progress in SIC techniques, we consider the 2 = 0.1 [19] in the
other figures.

Figure 6 shows the transmission rates with different transmission schemes. In Fig. 6,
we give the transmission rates of FD-TWR-2TS and FD-TWR-1TS transmission strate-
gies in [12] (namely FD-2TS-[12] and FD-1TS-[12] in the figures). This two transmission
strategies also can respectively complete the bidirectional communication in only two
time slots and one time slot with FD technique. The transmission rates of FD-2TS-[12],
FD-1TS-[12], and HD-2TS in Fig. 6 are given as a benchmark to show the SE gain of our
proposed transmission strategy. At the same time, to give a comparison with the simula-
tion results, we also give the numerical result of our FD-1TS-EH (namely FD-1TS-EH-N
in the figures).

From Fig. 6, we can get the following results: (i) The transmission rates of FD-2TS-[12]
and FD-1TS-[12] are lower than our FD-1TS-EH. Because our proposed transmission
strategy can complete the bidirectional communication in only one time slot with the
consideration of the DLs. (ii) The transmission rates of FD-1TS-EH-N is close to our
FD-1TS-EH. This phenomenon shows the effectiveness of the theoretical analysis.

Based on the above transmission rates, we next give the comparisons of EEs.

Figure 7 shows the EEs with zero circuit powers (ZCP) and non-zero circuit powers
(NCP) situations. In ZCP situation, all the circuit powers are zero, thus P{ = P¢ = 0.
In NCP situation, {P{,P<,PS", P, PSS, P, Pi*, P, } € (0,800) mW. From Fig. 7,

WA . A .............. —B—Fﬁ—lTS—EH, a=0.1 |l
....................... | "o FD-1TS-EH, 01

| —*—FD-1TS-EH, Q=10

Transmission Rate (bps/Hz)
T -

' S i e FD-1TS, Q=0. 1
: : | —>—HD-2TS
1 1
0 5 10 15 20 25 30
SHR (dB)

Fig. 5 Transmission rates with different

Page 18 of 25



Cai et al. J Wireless Com Network ~ (2024) 2024:17 Page 19 of 25

B A ISR

g ERUURTS e FD-1TS a
¢ —*—FD-1TS-[12]

—&—FD-2TS-[12] |1

........................................... L....| ¥ HD-2TS i

: ; : FD-1TS-EH-N

0 5 10 15 20 25 30

SNR (dB)

Fig. 6 Transmission rates with different transmission schemes
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Fig. 7 EEs with ZCP and NCP

we can get two results: (i) No matter in ZCP or NCP situation, the EE of our FD-1TS-
EH is the highest and the EE of HD-2TS is the lowest, which shows the EE gain of our
FD-1TS-EH. Although the transmission rate of FD-1TS in Fig. 6 is the highest, but for
our FD-1TS-EH doesn't need to consider the PL and P¢, thus its EE is the highest. (ii)
When the transmission rate is low, the EEs of ZCP situation are higher than that of NCP
situation in three transmission schemes. This is for circuit powers make a greater influ-
ence on EE with low transmission rate when comparing with transmit power. But when
the transmission rates are high, the transmit powers are much bigger than that of circuit
power. Thus, the EEs of ZCP and NCP situations are the same.
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Figure 8 shows the EEs with different «. From Fig. 8, we can find that the bigger the o,
the higher the EEs for our FD-1TS-EH. This is corresponding to the concave characteris-
tics of n(c). Thus, the EE of our FD-1TS-EH increases with the increasing of c.

Figure 9 shows the EEs of our FD-1TS-EH with different transmission rates. From
Fig. 9, we can find that the increases of our FD-1TS-EH’s EE is not significant with the
bigger «. Although our FD-1TS-EH must meet the EH requirements, this phenome-
non shows that the EH requirements will not make a great influence on the EE of our
FD-1TS-EH when the « is big. At the same time, the total energy consumption of our
FD-1TS-EH does not need to contain the P! and P¢. Both of this two reasons explain
why our FD-1TS-EH has the highest EE in the other figures.

Figure 10 shows the EEs with EPA and OPA. From Fig. 10, we can find that the EE
of our FD-1TS-EH with OPA is the highest and the EE of HD-2TS with EPA is the
lowest. Because our FD-1TS-EH has FD advantage, DLs advantage, and it can harvest
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Fig. 11 EEs with and without DLs

energy with SWIPT-PS without the consideration of P. and P¢. At the same time,
we can find that the EEs of OPA are higher than that of EPA in three transmission

schemes. This phenomenon also shows the significance of OPA.

Figure 11 shows the EEs with and without DLs. In Fig. 11, the EEs of FD-1TS-EH
and FD-1TS are respectively higher than that of FD-1TS-EH-WDL and FD-1TS-

WDL. This phenomenon shows the EE gain of our proposed transmission strategy

with the consideration of DLs.

Figure 12 shows the EEs with different Q. From Fig. 12, we can find that the bigger
the €2, the lower the EEs of our FD-1TS-EH. At the same time, when Q = 10, the EE
of our FD-1TS-EH is even worse than that of HD-2TS. Both of this two phenomena

show the importance of SIC with FD technique.
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Figure 13 shows the EEs with different transmission schemes. In Fig. 13, the EEs of
FD-2TS-[12], FD-1TS-[12], and HD-2TS are given as a benchmark to show the EE
gain of our proposed transmission strategy. From Fig. 13, firstly, the EE of FD-1TS-
EH-N is close to our FD-1TS-EH. This phenomenon also shows the effectiveness of
the theoretical analysis. Secondly, the EEs of FD-2TS-[12] and FD-1TS-[12] are lower
than that of FD-1TS and our FD-1TS-EH. Because the FD-2TS-[12] and FD-1TS-[12]
did not consider the DLs with the same power consumption. At the same time, to
simplify analysis, the [12] assumed all the signals forwarded by relay as unit signals.
Both of this two reasons reduce the transmission rates and EEs of them.

Figure 14 shows the convergence behavior of our proposed algorithm and its
required number of iterations for 6 different initial points. This figure confirms that
different initial points converge to one fixed point with almost 4 times of iterations,

which shows the effectiveness of the proposed algorithm.
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Fig. 14 Convergence behavior of the FD-1TS-EH with different initial points

5 Conclusion

In this paper, we have designed a FD-TWR-SWIPT-DL transmission strategy to improve
networks’ SE, to extend networks’ lifetime, and to maximize networks’ EE. With the FD-
TWR-SWIPT-DL transmission strategy, a bidirectional communication with the con-
sideration of DLs has been completed in only one time slot to achieve the higher SE
transmission. At the same time, the networks’ lifetime has been extended with the relay
node transmits signal with SWIPT. In addition, the networks” EE has been maximized
by our proposed alternating optimal algorithm. The simulations have shown the SE
and EE advantages of our FD-TWR-SWIPT-DL transmission strategy, which indicates
the effectiveness of our FD-TWR-SWIPT-DL transmission strategy. At last, multiple-
antenna technique can be more effectively to improve networks’ SE and EE. Thus, the EE
maximization problem of energy-constrained FD relay networks with multiple-antenna
transmission can be discussed in the future work.

Abbreviations

EH Energy harvesting

SWIPT  Simultaneous wireless information and power transfer
TS Time-switching

PS Power-splitting

D Information decoding

EE Energy efficiency

SE Spectral efficiency

TWR Two-way relaying
HD Half-duplex

FD Full-duplex

SIC Self-interference cancellation
DL Direct link

Csl Channel state information
OPA Optimal power allocation
EPA Equal power allocation

AF Amplify-and-forward

RSI Residual self-interference

MRC Maximum ratio combining
SINR Signal to interference plus noise ratios
SIT Self-interference terms
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QoS Quality of service
ZCP Zero circuit powers
NCP Non-zero circuit powers
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