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Abstract

Energy consumption is an important point which is crucial for green communications
in 6G era, especially for those networks with limited life span or affected by danger-
ous environments where batteries are inconvenient to be changed. Therefore, energy
harvesting (EH) has become a very attractive research field in recent years. In this paper,
a new type of two-way EH relay beamforming system with two transceivers and many
single-antenna relays is designed. All the transmit power of relay nodes is not restricted
by the total quota or the personal quota and can be obtained entirely by energy har-
vesting. We use power splitting (PS) method for EH. We first establish a two-way system
model for the amplify-and-forward and decode-and-forward relaying and then analyze
the sum rate, and the gradient descent algorithm is used to solve the nonlinear joint PS
factor optimization problem. Finally, the results of our analysis are verified by simula-
tion, and they show that our method can not only optimize the PS factor efficiently,
but also the model can improve the performance of the system.

Keywords: Beamforming, Power splitting, AF and DF mode, Energy harvesting

1 Introduction

As 5G has been commercially deployed and the intelligent devices are widely used,
more and more devices are connected to wireless networks. It is applied to Internet of
vehicles, smart home, intelligent reflecting surface (IRS) [1], vehicle-to-vehicle (V2V)
[2, 3] and other scenarios. The upcoming 6G wireless communication networks [4]
will be designed to provide global coverage like massive Internet of things (IoT),
smart cities, unmanned aerial vehicles and other applications. It can enhance energy
efficiency, intelligence level and security. In the era of 6G, driven by the exponentially
increasing network infrastructures and the number of connected terminals, green
communication researches face new challenges such as the statistical properties, data
transmission efficiency, mobility, channel modeling and power consumption. [5, 6]
study channel modeling and analyze characteristics for next-generation communica-
tion systems. In particular, power consumption has become critical in many emerg-
ing wireless devices and has prompted researchers to reconsider the design of green
networks based on energy efficiency. Therefore, green communication has become
the hot research topics [7—10]. [8] provides the survey on base stations energy saving
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and discusses the energy problem on heterogeneous system and gives a research
vision on cognitive radio and cooperative relaying system. The EH-based heteroge-
neous network (HetNet) in 5G is studied in [9], it gives a survey on resource alloca-
tion algorithms for different networks, and the EH technology can be used in HetNets
considering energy efficiency. Two new resource allocation algorithms are provided
for 6G communications. [10] gives the survey on Al-based green communications
in 6G, using Al technique to manage networks and improve energy efficiency. Using
wireless multi-hop relay architecture can extend the range of wireless communication
[11], but the power consumption is an important problem if sufficient power supply is
not available [12]. Traditional energy-harvesting media are greatly affected by nature.
Now wireless networks are spreading from ground to air, and it is extremely difficult
to use traditional medium to harvest energy for these wireless networks.

Considering that wireless signal can carry and transmit energy and information at
the same time, energy harvesting can prolong the service life of relay devices. [13]
first introduces the concept of simultaneous wireless information and power transfer
(SWIPT). [14] introduces two methods for energy harvesting, PS and time switching
(TS). Particularly in TS method, the receiver node separates time to process infor-
mation and harvest energy, and the TS factor is the ratio; in PS method, the receiver
node splits the received signal partly for information processing and partly for the
energy harvesting, and the PS factor is the ratio. Many traditional wireless tech-
nologies have been applied to EH relay networks such as multi-input multi-output
(MIMO) relaying. In [15], EH in AF, DF and hybrid relaying networks with PS and TS
methods over fading channel is studied, through maximizing throughput to derive the
optimal ratios. Now, EH is also used for IRS wireless network [16], an IRS NOMA IoT
network is studied which combines reflected energy with reflected information, and
the sum throughput maximization is formulated considering phase shifts and time
allocation.

Beamforming in EH relay networks can effectively increase capacity and improve
the system performance. It has attracted the attention of researchers (See a survey in
[17]). However, most researches focus on a relay with multi-antenna network, and the
research on a relay with single antenna is relatively small. Considering the limitations of
devices, it is inconvenient to work with multiple antennas on a single relay. [18] proposes
beamforming networks with and without directly connection from source to destina-
tion with the perfect channel state information (CSI), and the power control problem is
solved with beamforming weight optimization. In [19], multi-group multicasting SWIPT
relay networks are proposed. [20] analyzes the distributed antennas SWIPT system, and
beamforming and PS factors are obtained under the max—min SINR constraint, using
iterative algorithm by reformulating the non-convex problem into two convex problems.
The robust beamforming SWIPT problem is studied using the worst-case deterministic
model in [21]. [22] studies the application of distributed beamforming technology for
a dual-hop cooperative MIMO DF relay network, which minimizes the probability of
pairing errors and keeps the SNR above the threshold of a given relay node. The robust
beamforming design in [23] is proposed in an reconfigurable intelligent surfaces-aided
HetNet system; using iterative method to maximize energy efficiency, the beamforming
vectors and phase shifts are jointly optimized.
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A two-way wireless network can improve spectrum efficiency and reduce half-duplex
loss and loop interference loss in full duplex [24—32]. Two-way communication is also
used in backscatter communication [24]. In [25], optimal beamforming vectors are
attained in two-way beamforming relay network with reciprocal channels and non-recip-
rocal channels. [26] designs a MIMO two-way EH AF relay network; in order to mini-
mize total mean-square-error, the optimal problem is divided into sub-problems and
the iterative algorithm is used, and the results demonstrate the system performance. In
[27], a joint two-way beamforming and EH relay selection network is proposed, chang-
ing the relay selection problem with convex algorithm. [28] considers a SWIPT two-way
relaying network with DF protocol by PS and TS method, and the PS and TS ratios are
investigated through minimizing the outage probability. [29] develops beamforming
SWIPT scheme in the two-way relay channel and obtains the optimal transceiver design
considering maximal achievable sum rate. [30] designs the SWIPT beamforming sys-
tem in the two-way relaying channel; considering AF and DF relaying protocol, the non-
convex problem is formulated, decoupling the problem into two sub-problems to solve
the problem. A novel harvest-use-store PS relaying strategy is proposed for multi-relay
cooperative networks considering energy accumulation problem in [31]. [32] proposes
the physical-layer network coding (PNC) based on two-way DF protocol. Compared
with the digital coding arithmetic, PNC scheme can improve throughput.

In ambient backscatter communication, the system capacity can be improved by using
the joint beamforming weight vector design in MIMO system with multiple anten-
nas. But in many application scenarios, it is not easy to install multiple antennas on
the device because of the work environment, volume, and the cost of frequent battery
update or maintenance. Many single-antenna relays form a distributed beamforming
network, which can improve the spectrum efficiency. Since the joint optimization of
beamforming and PS ratio of relays is a non-convex quadratic constrained optimization
problem, most researches decouple it into two sub-problems and optimize the beam-
forming vector and PS ratio, respectively. However, considering the complexity of the
problem in real world, these methods are not suitable using multiple single-antenna EH
relays in two-way beamforming system, which is still a problem that needs to be studied.

In this paper, an EH relay beamforming in AF and DF two-way mode with single-
antenna relays is studied. Different from the one-way EH relaying network, the power of
relays is obtained entirely by energy harvesting, and the transmit power is not limited by
the total quota or the personal quota. The contributions of this paper are summarized as

follows:

+ We propose a two-way beamforming system with EH relays. It has two transceiver
nodes and many relay nodes. The transceivers are not direct linked. All the relays are
single antenna. The EH relays use PS method to harvest energy and process informa-
tion.

+ Using PS-based EH relays, we derive the formula of sum rate. It is controlled by PS
factor, and optimization PS factor becomes an important issue.

+ A joint optimization problem is established under the sum rate maximization. The
problem is non-convex and complex. In order to get the optimal value, the gradient
descent algorithm is used in AF mode, and the minimal PS factor is used under the



Sun et al. J Wireless Com Network ~ (2022) 2022:73 Page 4 of 20

SNR outage threshold constraint in DF mode. Based on our previous work [33] which
researches on EH two-way relay network in AF mode, we further in this paper analyze
the convergence results of the gradient descent algorithm, and the EH relay beamform-
ing in DF mode is also studied.

+ We analyze performance by the simulation examples, and two-way beamforming
scheme is better than one-way scheme both in AF and DF mode.

The remainder of the paper is organized as follows: In Sect. 2, the system is described in
detail. In Sect. 3, the joint optimization PS factor is built. In Sect. 5, the simulation examples
and the discussion are presented, and Sect. 6 is the conclusion.

2 System model

The two-way beamforming system is considered including two transceiver nodes and mul-
tiple relay nodes. All transceiver nodes and relay nodes are equipped with a single antenna,
as shown in Fig. 1, and two transceiver nodes are not directly connected. The relay works
under the AF or DF protocol with half duplex over fading channels. We assume that there
are no links between relays. There are also no external interference links to relays. We
assume that channel coeflicients of all nodes are known, and the channel between the trans-
ceiver and the relay nodes is reciprocal. The channel gain is constant over one send-receive
block with independent and identically distributed. The mutual interference between relays
can be suppressed by interference suppression which increases the system complexity.
Thus, we ignore the mutual interference and assume that each relay only receives signal
from two transceiver nodes. Let f; and /; be the channel gain between transceiver nodes to
relay i. f; and /; is known to the transceiver and relay nodes. All the relays have no their own
power supply. Their power is totally coming from energy harvesting. g; denotes the received
signal at relay i from two transceivers, and y; is the signal sent to transceivers. Ry, is the out-
age threshold. The signal received at relay i from two transceivers can be written as

gi = V/Pofis1 + / Pohisa + vi, (1)

where Py and s; are the fixed transmit power and the transmit signal from two transceiv-
ers, respectively. We assume that E[|s1]?] = 1, E[|s2]?] = 1, v; ~ CN(0, aﬁ) is the addi-
tive noise introduced by relay i. o; is the PS factor which splits the received signal in two

Beamforming Relays
1

tranceiver <~ T hoe tranceiver
— £ 3 —
S1 ~N P - S2
e . by
~ _

N, R,

Fig. 1 The EH relaying beamforming system. It is our system structure diagram
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parts, information processing part is ¢;, and energy harvesting is 1 — «;, ; € (0,1). The

signal d;, is for information processing.
din = Jaigi + Vip, (2)

where v, ~ CN (0, O'I%) is the information processing additive noise, and the signal for
energy harvesting is

ei=/1—ag: ®)

2.1 AFrelaying

In AF relaying mode, the relay receives signal from two transceivers; after informa-
tion processing and energy harvesting, it amplifies and forwards the signal. The relay
i amplifies the signal with factor §;, and then sends it to two transceivers as shown in
Fig. 2. The relay i sends the signal amplified by the factor g; to two transceivers with
phase adjusted by 6;

vi = B’ dip. (4)
The average transmit power is
Elly;"1 = B} @Polfil” + iPollil® + @i} + a3), (5)

and according to the PS method, the average power harvesting is
2 2 2, 92
Elle;|"] = A — a)Po(|fil” + [h:il” + Fo)' (6)

Because the relay i has no its own power supply, the harvested energy for relay at least is
equal to its transmit power

Ellyi*] = €E[le;|*], 7)

where £ is the energy conversion efficiency. Therefore,

Destination

Fig. 2 Relay working in AF mode. It is our proposed PS-based energy-harvesting relaying scheme in AF
mode
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5 [T = @0 @oliP + PP + o
"N w@olfil? + Pollil? + 02) + o2

We assume that ;Po|f;|> + a;Po|hi|* + a;02 > 03, s0 f; be written as

1 —o
fim (|, 9)
o

The signal received at transceivers s1 and s2 from multiple relays by maximal ratio com-
bination (MRC) is:

M

spF = Zfiyi + wi, (10)
i=1
M

55 =" hyi +wa, (11)
i=1

where w1 ~ CN (0, G,%l) and wy ~ CN (O, JL%Z) are the additive noise introduced by the
antenna at transceivers sl and s2. M is the number of relay nodes. Considering the self-
interference constraint (SIC), by eliminating the self-interference component, slAF and

soF are further transformed as

spE=fTe+wy

M
= %'P()(Z \/l—a'ih,-e’vi>52
i=1

(12)
M ' v,
+ \/gg V= age ( + ¢§—> +w,
sé\F = th + wy
M
= \/EP, <Z V1-— aiﬂhiejei)sl 3
i=1 13

M
+VEY V1 aihid” (Vi + ;%) + wa,
i=1 :

Therefore, the SNR in AF mode at transceivers s1 and s2 is given by

M 0.
AF _ Pol Yoity V1 — ayfihie)?

i =

)

2 2
A —a) (03 + ?) Ifil2 + % (14)

Page 6 of 20
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VAF_ P0|Z?i1\/1_aifihiej0i|2

2 2 2’
M e <o~i - UP) i + 222 (1)
o

Obviously, when 6; = —argf; — arg 4;, the maximal SNR is obtained. By substituting 6;
in (14) and (15), we have

AF _ Py VT = alfihil)?

yl - 2 0-2 ] (16
SM A —a|o2+ 22 )+ oL )
o &
Y AF Po(M ) VT = ailfih)?
2 2 =
SY A —a) (0/% + ?) |2 + % (17)

Then, the achievable rate from s1 to s2 and from s2 to s1 is given, respectively.

1
RYE = 3 log,(1 + ¥{*F), (18)

AF
R2

1
3 log,(1 + y3'F). (19)

The sum rate for AF relaying protocol is defined as

RAF = RIF 4 R3F, (20)
The outage probability at node s1 and s2 is

PoutF = Pr{RM < Ry),i=1,2 (21)

Both links from s1 to relays to s2 and from s2 to relays to s1 should keep communication
by the relayed path. To keep the two-way communication well, the outage probability is
the sum of outage probability at s1 and s2.

1 1
Pf;ft = Pr{2 log, (1 + ylAF) < Rth} +Pr{2 log, (1 + yZAF) < Rth}. (22)

2.2 DF relaying

When the relay i works in DF mode, as shown in Fig. 3, after information processing
and energy harvesting, the relay forwards information to transceivers. The relay node i
receives signal from two transceivers with physical-layer network coding (PNC) scheme
[34]. We have

SBF = \/Pinsl + V1, (23)

Page 7 of 20
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Destination
Source
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Fig. 3 The DF relaying mode. It is our proposed PS-based energy-harvesting relaying scheme in DF mode

Slz)iF = /Poh;sy + vy, (24)
SBF =/ Pyofis1 + v/ Pohisa + vi, (25)

vii ~ CN(0,Np) and vy; ~ CN(0,Np) is the additive noise introduced by the relay i
antenna. v; ~ CN (0, Np) is the additive noise introduced by the relay i antenna. Using
the power splitting technique, the energy that the relay i harvests from sl and s2 is given
as

Epf = (1= aPo(lfil® + 1), (26)

The relay i uses its power E,],?F to send information. Here, we assume the relay i can suc-
cessfully decode and encode signal without error. In this way, the SNR at the relay node

ifrom sl is
Poa;i([fil*)
DE oXi\|Ji
Vg = TN (27)
the SNR at the relay node i from s2 is
Poai(|hil*)
DF __ 10 i
=N 28)
the SNR at the relay node i from s1 and s2 is
Poo;([fi|* + ||
o _ Poclfi + Vi) -

i No

because we assume the relay i can successfully decode and encode signal without error,
so the signal-to-noise ratio is greater than outage threshold of node s1 and s2. Then,

voF > rn, (30)
Yt = Tihy (31)

where ry, is the SNR outage threshold, and we can get that
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rthNo
o > . 32
ARS (32)
rthNo
L > .
= 2P, 33
Obviously,
rthNo
o > -0 34
CZ P+ PP (34)
Since «; is known to be smaller than 1, we have
realNo  7tnNo }
ax s <a;< 1. 35
{ iPPo PPy | S (35)
Therefore, the signal sent by relay i is given by
yPF = \/PPE(sy), (36)

where PE, Fis the transmit power of relay node i. To let the relay work in normal state, the
power harvested should be equal to its transmit power, i.e.,

PP =¢EDF. (37)
Therefore,
PR" = (1 — apPo([fil* + ). (38)

Then, the relays forward information to destinations using harvested energy. Again, con-
sidering SIC, after eliminating the self-interference component, the received signal at
destination s; and destination s is given by

M

DF DF

zy = E Jyi +wa
i=1

M (39)
= Z VEPo/1 — i/ 1> + 1| *fisa + w1,
i=1
M
B =S P 4w
i=1
(40)

M
=Y VEPOT — o/ Ifil? + [hi2hisy + wza.
i=1

where w;; ~ CN (0, Np) and w,5 ~ CN(0, Np) are the additive noise introduced by the
transceiver antenna. Therefore, the SNR at destination node is
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ok _ POty VI = e /IAP £ 1P Ifil)”

s1 No (41)

§

D _ P M ST=ai /1A% + hil2lhil)

2.7 Np (42)

§

the achievable rate of node sl is

R = logy 1+ 759), (43)
the achievable rate of node s2 is

R = élogzu + 750, (44)

and the sum rate at destination nodes is

DF DF DF
R;" =Rg + Ry

= %(logz(l +70 Ve 7 Ve ) o)
The outage probability at node s1 and s2 is given by
Poutt = Pr{RPYF < Ry},i=1,2 (46)
The sum outage probability is
PPY = PoutDF + PoutDF, (47)

From (45), we can observe that maximizing RdDF under constraint (35) can be achieved
by simply optimizing the variable «;.

3 Joint PS factor optimization
In this paper, we consider the sum-rate maximization for the PS factor optimization
problem.

3.1 AFrelaying
By substituting R‘l\F and RSF in (18) and (19), we have
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Po( ) VT = ailfih)?
M 2 ‘71% ‘71%1
Zizl(l_ai) O‘A‘f’; [fi|2+7

1
RAF — E(1og2(1 + ))

i §
(48)
U oo 11 Po(3oity VT = ailfiuil)?
toflos |t o2 o2
St (- ) (o,% + ”> hif? + =22
6%} %'
Our objective is to maximize RAF given by
maximize RAF
o
subjectto 0 < a; < 1, (49)

i=12,---,M,

However, we cannot derive the closed form of RAF. Because log,() is the monotonic
increasing function, the gradient descent algorithm can be used to solve the optimiza-
tion problem. We need to change the maximal problem to the minimal problem and
change the constrained problem to an unconstrained problem. Our objective can be
reformulated as

minimize Rﬁn
o
subjectto 0 < a; <1, (50)
i=1,2,---,M,
where Rﬁn is the minus of RAE,
1 Po(M /T = ai|fihi])?
Riin = =5 (loga(1 + b2 R )

; £
Py M VT = ailfihil)?

M o 2 ‘71% ‘7[2)2
Yici(L—ap)lh?| of + o + P
1

M o 2 01% ‘71%1
Yo (L —aplfil 0A+; + =

1
— 5(log2(1 + ).

where «; € (0,1). As well known, gradient descent method is one of the efficient meth-
ods to solve unconstrained optimization problem, and we can transform the constrained
problem into an unconstrained problem. «; is the only constrained condition. In order
to solve the optimization problem easily, we use the following variable substitution to

transform constrained problem about «; into an unconstrained problem.

evi

Tlqen

6%} (52)
where x € [—00, 00]. Gradient descent method is one of the efficient methods to solve
unconstrained optimization problem, which always converges to a local minimum point.

By multiple random initialization, an optimal value from several local minimum point
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can be chosen and can be considered as global minimum point. Since it is difficult to get
RAF

the gradient of R... (%), the secant method is used as the approximate of gradient.

RAL (x+8)) — RAE (x)

< VR (3),5 >= ~mnt T~ Tmin (53
. . _8 ARAL (x)
where § is a vector with a very small norm. We can choose § = 10™°¢; to get —3in=,

where e; is a vector whose i-th element is 1 and the others are all 0. For the required step
size of each iteration, the initial step size is set as A = 100, which will be adjusted in each
iteration.

Algorithm 1 GD optimize PS factor for two-way AF relaying network

Given random initial point x, step size A\, ¢, k =0

repeat
Calculate gradient VR;?]{;(.Q?)C) according to equation (51)
Tpy1 = T — AVREE (1)

if Réﬁu(xk—&-l) — RAT (z1,) > 0 then

min
A=0.1%X
Tl = Tp — )\VR;?]{;(xk)
end if
k=k+1
until |VRAE (z1)]| < e
T = Tk+1

a; < e®if(1+e%),i=1,2,--- , M
RAF « —RAL

min

3.2 DF relaying

Different from the AF relaying protocol, transmit signal under the DF relaying proto-
col will not suffer from the problem of noise propagation. For the DF mode, the sum
rate of destination nodes can be evaluated and defined as

RF = Ry", (54)
By substituting RF in (45), RPF can be rewritten as
Po(Siy VI= ailfilv/IAP + ThiPY?
No
3
Po(ity VT = aillil/ I + ?
Ny ’

§

1
RPF = 5 log, (1 +

(55)

1
+ 5 logy (1+

Our goal is to find the PS factor to maximize the sum rate, which is obviously equivalent
to maximizing RPF. We find that the log, () is a monotonic increasing function, the term
on the right-hand of (55) is quasi-convex, and when the value of ¢; is small, we can get

the maximum RPF. Based on (35), the optimal PS ratios and the sum rate can be deter-
VthNO 1 1

max< ——-=, ——= (-
Py Ifil?" |7

mined when «; =
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Fig. 4 Sum-rate curves in two-way AF mode. It is the sum-rate curve with different number of relays, and the
transmit SNR is from 5 to 25 db in AF mode
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Fig. 5 Convergence curves in AF mode. It is the sum-rate convergence curves curve when the relay nodes
are 8 and the transmit SNR is 25 db in AF mode

4 Results and discussion

We present numerical simulations to verify the performance of our proposed two-
way relaying beamforming scheme. The number of relay nodes is 2—8, and the chan-
nel coefficients are assumed to be independent and reciprocal variables. The additive
noise is assumed to be unit variance and power spectral density to be — 174 dbm/Hz.
The bandwidth is assumed as 10 mHz, the energy efficiency is 80%, and the SNR out-
age threshold is 5 db.
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norm of sum-rate gradient in AF mode
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Fig.6 Norm of sum-rate gradient in AF mode. It is the sum-rate norm curves curve when the relay nodes are
8 and the transmit SNR is 25 db in AF mode
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Fig. 7 Sum-rate curves in DF relaying. It is the sum-rate curve with different number of relays, and the
transmit SNR is from 5 to 25 db in DF mode

4.1 Sum-rate maximization

The results are presented in Fig. 4. We first consider the AF relaying network with 2, 4,
6, 8 relay nodes and compare the sum rate, and the transmit SNR is 5-25 db. It is obvi-
ous that the sum rate is higher when more relays are used. As the number of relay nodes
increases, two-way beamforming systems harvest more energy and extend the relay life-

time and improve the performance.
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The convergence results of the gradient descent algorithm for AF mode are depicted
in Figs. 5 and 6. With enough iteration steps, even if the initial points are different,
the sum rate always converges to the same stationary point, and the norm of gradient
always converges to zero. Therefore, the local minimum point obtained by the gradi-
ent descent algorithm can almost surely be regarded as the global minimum point.

Then, we consider the DF relaying network also with 2, 4, 6, 8 relay nodes and com-
pare the sum rate at destinations with our proposed PS factor optimization method.
The results are shown in Fig. 7. As can be observed, with more transmit power and
relay nodes, the sum rate will increase.

Then, we compare the sum rate of different cooperative schemes with varying SNR
at sources, while the number of relay nodes is set 6. As shown in Fig. 8, it includes
greedy general relay selection (SW-GRS) [33], one-way AF relaying (SW-AF) [33],
one-way DF relaying (SW-DF) and our proposed two-way AF relaying (TWB-AF) and
two-way DF relaying (TWB-DF). It is seen that our proposed two-way relaying net-
work scheme is better than one-way scheme both in AF and DF mode. Working in
two-way DF mode can get higher rate than working in AF mode.

We also compare the sum rate of different cooperative schemes with varying num-
ber of relays with the same source transmit SNR 25 db. The results are shown in
Fig. 9. With the same transmit SNR, the performance between TWB-AF and TWB-
DF is different. The sum rate of TWB-DF scheme is higher than that of TWB-AF
scheme. As we assume that the relays can decode the received signal without error in
DF mode, we only need to harvest more energy in DF mode, and the sum rate at des-

tinations is just considered.
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Fig. 8 Sum-rate curves among schemes. It is the sum-rate curve with 6 relays, and the transmit SNR is
5-25 db, including SW-GRS, SW-AF, SW-DF, TWB-AF and TWB-DF
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Fig. 9 Sum-rate curves with transmit power 25 db. [t compares the sum rate of different cooperative
schemes with different number of relays, and source transmit SNR is 25 db
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Fig. 10 Sum outage probability curve in AF relaying. It depicts the sum outage probability curve among
different transmit SNRs and relays in two-way AF mode

4.2 Outage probability performance
The sum outage probability performance among different transmit SNRs and relays
in TWB-AF scheme is presented in Fig. 10. It is obtained by Monte Carlo simulation.
We can see that the outage probability is lower when the number of relays is more
and transmit power is higher, and it is consistent with the sum-rate curve.

In Fig. 11, the sum outage probability performance among different SNRs with dif-
ferent relays is presented for TWB-DF scheme by Monte Carlo simulation. When the
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Fig. 11 Sum outage probability curve in DF relaying. It depicts the sum outage probability curve among
different transmit SNRs and relays in two-way DF mode

Table 1 The optimal PS factor in AF mode with 8 relays

SNR5db SNR10db SNR15db SNR20db SNR25db
0.68142 0.68657 0.68084 0.67293 0.67531
0.68448 0.68435 068112 0.68223 0.67504
0.68327 0.68573 0.68168 0.68135 0.68331
0.68107 0.68906 068113 0.68055 0.68206
0.68121 0.67908 0.68290 0.67848 0.68111
0.68447 0.68398 0.68212 0.68231 0.68478
0.68433 0.67638 0.67721 0.68618 068193
0.68207 0.68594 0.68561 0.68307 0.68126

Table 2 The optimal PS factor in DF mode with 4 relays

SNR5db SNR10db SNR15db SNR20db SNR25db

0.530785 0.266819 0.0878226 0.0267266 0.00815021
0.530885 0.267582 0.0883866 0.0268650 0.00805838
0.530123 0.265679 0.0875148 0.0265191 0.00818052
0.531438 0.267347 0.0878251 0.0269887 0.00808450

number of relay nodes is more than 6, and SNR is more than 15 db, it is close to 0. We
can see that the outage probability is lower when the number of relays and transmit
power increase, and it is in accordance with the sum-rate curve of TWB-DF.
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4.3 Optimal PS factor

According to the results as shown in Table 1, we find that in AF mode the optimal
PS factor is about 0.68. It means more of the received signal at relay nodes is used
to information processing. In DF mode as shown in Table 2, the optimal PS factor is
small. It means that the received signal at relay side is mainly used for energy harvest-
ing. That is because we assume that the relay nodes can decode and encode signal
without error and can only maximize the sum rate at destinations.

5 Conclusions

In this paper, we investigate the AF and DF two-way network beamforming EH relay-
ing networks. For effective network beamforming by the EH relays, we propose to use
the gradient descent algorithm in AF mode and use the smallest PS factor at relays
under the SNR threshold for DF mode to enable an efficient solution. It is seen that
the performance gain is significant with more relays and higher transmit SNR.

6 Methods

Our system includes two transceiver nodes and multiple relay nodes. All nodes are
equipped with a single antenna. Two transceiver nodes are not directly connected. It works
under the AF or DF protocol with half duplex over fading channels. The power of all the
relays is totally coming from energy harvesting. Two to eight relay nodes are analyzed,
and the channel coefficients are independent and reciprocal variables. The bandwidth is
assumed as 10 mHz, the energy efficiency is 80%, and the SNR outage threshold is 5 db. The
performance analysis is shown in the form of sum-rate maximization and outage probabil-
ity performance.

6.1 Sum-rate maximization

The sum-rate maximization is used for joint PS factor optimization problem. Because we
cannot derive the closed form of the sum rate, we use the gradient descent algorithm to
solve the problem in AF mode and obtain the optimal PS factor when the PS factor is the
smallest at relays under the SNR threshold in DF mode.

6.2 Outage probability performance
The sum outage probability performance among different SNRs with different relays is pre-

sented for TWB-AF and TWB-DF scheme by Monte Carlo simulation.

Abbreviations

EH Energy harvesting

PS Power splitting

TS Time switching

AF Amplify-and-forward

DF Decode-and-forward

IRS Intelligent reflecting surface
HetNet Heterogeneous network

V2v Vehicle-to-vehicle

loT Internet of things

SWIPT Simultaneous wireless information and power transfer
MIMO Multiple-input multiple-output
Csl Channel state information

PNC Physical-layer network coding
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