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The SWIPT (simultaneous wireless information and power transfer) DF (decoding and forwarding) relay system could achieve the
purpose of both increasing revenue and reducing expenditure. By analysing the system model and transmission characteristics of
full-duplex relay, this paper optimizes the retransmission slot structure to enhance the system performance. Firstly, the state
transition model is established based on the analysis of the retransmission slot structure. Secondly, the state probability of each
state and the transition probability between states are calculated to obtain the total data passing rate, energy transmission
efficiency, and total transmission time. Thirdly, in order to compare the performance of various HARQ (hybrid automatic
repeat request) schemes more effectively, JNTP (joint normalized throughput of information transmission and energy
transmission) is constructed. Monte Carlo simulations finally confirm that the proposed tradeoff-HARQ scheme outperforms
the regular-HARQ scheme in terms of JNTP: the performance of the tradeoff-HARQ scheme is 0.03883 higher than that of the
regular-HARQ scheme when the total power limit is 20 dB and 0.00651 higher than that of the regular-HARQ scheme when
the total power limit is 30 dB.

1. Introduction

The SWIPT (simultaneous wireless information and power
transfer) relay system could promote both increasing revenue
and reducing expenditure of energy [1]. It is an important
technology of green communication [2–4]. Xiaomi Corpora-
tion recently officially released its self-developed space isola-
tion SWIPT technology, realizing the practical application of
indoor SWIPT technology. The SWIPT relay system is
regarded as the ultimate solution for mobile devices by col-
lecting the energy in radiofrequency signals to charge the
equipment and prolong the service life of the equipment
[5–7]. Meanwhile, the relay can be easily deployed in the near
range of equipment, which can improve the efficiency of
information transmission and energy transmission at the
same time [8]. In reference [9], the two-hop cooperative
transmission of SWIPT relay was studied. Multiple antennas
at the relay are divided into two disjoint groups for informa-
tion decoding and energy acquisition, respectively. Reference
[10] studied the feasibility of using relay-assisted large-
capacity MIMO (multiple input multiple output) to improve
the performance of wireless SWIPT. The key idea is to use the

redundant degrees of freedom provided by a large number of
base station antenna arrays to transmit power and informa-
tion to the direct/relay users at the same time.

In order to ensure the reliable transmission of high-
speed data, the system includes effective error detection
and retransmission technology. The HARQ (hybrid auto-
matic repeat request) strategy consists of two parts: (1) error
detection, the receiving port will receive the data error detec-
tion, if the data is wrong, start retransmission and (2)
retransmission, using the reverse link to request the source
side to send again [11, 12]. In reference [13], the influence
of low-power transmission strategy and incomplete channel
state information on outage probability of HARQ-assisted
nonorthogonal multiple access systems was obtained by
using integral domain partition method and extended to
the scenarios with any number of users. Reference [14]
revealed the retransmission scheme of hybrid automatic
repeat request for uplink transmission in large-scale cellular
networks and deeply understands the influence of network
parameters (such as power control parameters) on the
uplink coverage performance. A new HARQ scheme for
the internet of things relay was proposed: if the
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acknowledgement signal is negative, the relay will select an
appropriate high-order modulation constellation to transmit
the source signal in one transmission slot or several time
slots; if there is no error, the source will continue to transmit
[15]. In reference [16], a generalized two-dimensional dis-
crete time Markov chain model was established, and the
state transition probability is analysed. By calculating the
steady-state distribution of Markov chain, the closed expres-
sions of throughput and energy efficiency of future vehicular
mobile networks are derived.

Although the research on HARQ technology of SWIPT
system has broad research potential, the current research is
not sufficient. In reference [17], HARQ was introduced into
the SWIPT direct link, and an optimal strategy aiming at the
minimum expected retransmission times is proposed. The
strategy only uses the received RF signal to obtain energy
or accumulate mutual information. Based on the deliberate
thoughts on the slot structure of the full-duplex SWIPT
DF (decoding and forwarding) relay, this paper proposes a
tradeoff-HARQ scheme and analyses its performance con-
sidering information transmission and energy acquisition
at the same time. The main contributions in this paper are
summarized as follows: (a) This paper analyses the retrans-
mission slot structure according to the system model of the
full-duplex SWIPT DF relay. (b) The state transition model
is established, the transition probability between states is cal-
culated, and then, the state transition matrix is constructed.
(c) According to the initial state and state transition matrix,
the state probability is calculated to obtain the total data
passing rate, energy collection efficiency, and transmission
time. (d) In order to compare the performance of various
HARQ schemes more effectively, joint normalized through-
put of information transmission and energy transmission is
constructed after the parameters are normalized.

2. System Model of the Full-Duplex SWIPT
DF Relay

As shown in Figure 1, the full-duplex DF relay system con-
sists of base station B, relay R, and destination user D. Both
the base station and the user are in a single-antenna half-
duplex mode. The relay is equipped with two antennas in
full-duplex mode; that is, it can receive the signal sent by
the base station and relay the signal to the destination user
at the same time. The channel fading of BR and RD is repre-
sented by hSR and hRD, respectively, which is a complex
Gaussian distribution with a mean value of zero and vari-
ance of σ2SR and σ2

RD, respectively. The equivalent noise niði
∈ fR,DgÞ at the receiver i is a complex Gaussian distribu-
tion with a mean value of 0 and a variance of N0. Some neg-
ative factors, such as the error of the nonlinearity of the
amplifier and self-interference estimation and reconstruc-
tion, may lead to the self-interference SIR caused by full
duplex. Due to the recent development of self-interference
cancellation technology, the full-duplex transceiver can
simultaneously transmit and receive signals in the same fre-
quency band, and the performance gap caused by self-
interference is far less than other interference signals [18,

19]. hii represent the channel fading of the self-interference
channel, which is the Gaussian distribution of mean zero
and variance σ2RR.

A buffer is set at relay R to store the received data xt tem-
porarily. Without losing generality, it is assumed that the
feedback signal can be received without error and delay
and the number of retransmissions of HARQ is limited (it
is assumed that the number is M − 1). The transmission sig-
nal of S is the complex Gaussian distribution with a mean
value of 0 and variance of 1, and the error correcting code
can reach the channel capacity. The receiver of each link
performs CRC (cyclic redundancy check) verification, and
the verification result is fed back to the transmitter through
the feedback link:

(a) The identifier θt1 reflects whether the relay has suc-
cessfully received the feedback signal of the tth frame
data, θt1 = 0 indicates the state that the relay has suc-
cessfully received the tth frame data, and θt1 = 1 indi-
cates the unsuccessful state

(b) The identifier θt2 reflects whether the t‐1 frame data
in the R-D link is successfully received, θt2 = 0 indi-
cates the state that the relay has successfully received
the previous frame data, and θt2 = 1 indicates the
unsuccessful state

3. Slot Structure and State Transition Model

To take into account both information transmission and
energy acquisition, each transmission frame (assuming that
the frame length is FL, and the time required to transmit a
frame is FT, which remains unchanged in the system) is
divided into two time slots: information transmission slot
and energy transmission slot. The occupied time of informa-
tion transmission slot is αFT, and the energy transmission
slot is ð1‐αÞFT (0 ≤ α ≤ 1 is the proportion of information
transmission slot).

According to the state of the two links, the system is
divided into four states (τ is used to mark the actual number
of transmitted data frames; τ ≤ t is used to mark the actual
number of transmitted data frames):

(a) Double normal data frames, denoted as G0,0, i.e., θ
t
1

= 0 and θt2 = 0. Both links BR and RD continues to
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Figure 1: The system model graph of the full-duplex SWIPT DF
relay.
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transmit new data frames. The expression of the
received signals of link RD and link BR is as follows:

ytRD = htRD
ffiffiffiffiffi
ER

p
xτ‐1 + ntRD,

ytBR = htBR
ffiffiffiffiffi
EB

p
xτ + htRR

ffiffiffiffiffi
ER

p
xr−1 + ntBR

ð1Þ

(b) Double retransmit frame, denoted as G1,1, i.e. θ
t
1 = 1

and θt2 = 1. Links BR and RD goes on retransmit
the data of the previous frame. The expression of
the received signals of link RD and link BR is as
follows:

ytRD = htRD
ffiffiffiffiffi
ER

p
xτ‐1 + ntRD,

ytBR = htBR
ffiffiffiffiffi
EB

p
xτ + htRR

ffiffiffiffiffi
ER

p
xτ‐1 + ntBR

ð2Þ

(c) Relay energy collection-relay retransmits frame,
denoted as G0,1, i.e., θ

t
1 = 0 and θt2 = 1. In this case,

the receiving antenna of the relay is used to collect
energy, and the transmitting antenna is used to
retransmit the data of the previous frame. The
expression of the received signal of the link RD is
as follows:

ytRD = htRD
ffiffiffiffiffi
ER

p
xτ‐1 + ntRD ð3Þ

(d) Destination user energy collection-base station
retransmits frame, which is recorded as G1,0, that
is, θt1 = 1 and θt2 = 0. In this case, the user’s receiving
antenna is used to collect energy, and the base sta-
tion retransmits the data of the previous frame.
The expression of the received signal of link BR is
as follows:

ytBR = htBR
ffiffiffiffiffi
EB

p
xτ + htRR

ffiffiffiffiffi
ER

p
xτ‐1 + ntBR ð4Þ

Without losing generality, it is assumed that all channels
obey quasistatic Rayleigh fading, that is, the transmission
quality of the channel does not change in the retransmission
frame. According to the received signal expression of each
frame, the average SNR of links BR and RD are illustrated
in equations (5) and (6), respectively.

�μBR =
E EB hBRj j2� �

E ER hRRj j2� �
+N0

� � = EBσ
2
BR

ERσ
2
RR +N0

, ð5Þ

�μRD =
E ER hRDj j2� �

N0
=
ERσ

2
RD

N0
: ð6Þ

The data rate threshold required by the system is
recorded as T . According to the definition of channel capac-
ity and outage probability, the outage probability PRDðRÞ on
link RD is 1 − exp ð−ð2T − 1Þ/�μRDÞ. Therefore, after trans-
mitting the same data m times in the RD channel and com-
bining the received signals with the maximum ratio, the

outage probability PðmÞ
RD ðTÞ is approximately equal to

ð2T − 1Þm/m!∗ð�μRDÞm.
Figure 2 shows the system state transition diagram.

According to whether R and D receive the data packet
successfully or not, it can be divided into five types of
states:

(a) F0,0 indicates the normal transmission state and
links BR and RD transmit new data

(b) Fm,0 represents the relay retransmission state; that is,
after the relay transmits m times, the relay success-
fully receives the τ frame data, but D still does not
receive the τ‐1 frame data successfully

(c) F0,m indicates the retransmission status of the base
station; that is, D successfully receives the τ‐1 frame
data after m times of transmission, but the relay still
fails to receive the τ frame data

(d) Fm,m indicates the retransmission status of the base
station and relay; that is, the R transmits m times,
and B transmits m times, but D fails to receive the
τ‐1 frame data and R fails to receive the τ frame
data

(e) Sm,m indicates R and D successfully receive the data
after m times of transmission

The state transition probability is calculated according to
the independent event formula and conditional probability
formula:

P Fm‐1,m‐1 ⟶ Fm,mð Þ = P mð Þ
BR Tð Þ

P m‐1ð Þ
BR Tð Þ

P mð Þ
RD Tð Þ

P m‐1ð Þ
RD Tð Þ

,

P Fm‐1,m‐1 ⟶ Fm,0ð Þ = P mð Þ
BR Tð Þ

P m‐1ð Þ
BR Tð Þ

1‐P mð Þ
RD Tð Þ

� �
P m‐1ð Þ
RD Tð Þ

,

P Fm‐1,m‐1 ⟶ F0,mð Þ =
1‐P mð Þ

BR Tð Þ
� �
P m‐1ð Þ
BR Tð Þ

P mð Þ
RD Tð Þ

P m‐1ð Þ
RD Tð Þ

,

P Fm‐1,m‐1 ⟶ Sm,mð Þ =
1‐P mð Þ

BR Tð Þ
� �
P m‐1ð Þ
BR Tð Þ

1‐P mð Þ
RD Tð Þ

� �
P m‐1ð Þ
RD Tð Þ

:

ð7Þ
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Therefore, the state transfer equation is as follows:

P Sm,mð Þ
P Fm,0ð Þ
P F0,mð Þ
P Fm,mð Þ

2
666664

3
777775 =Hm‐1 ∗

P Sm‐1,m‐1ð Þ
P Fm‐1,0ð Þ
P F0,m‐1ð Þ
P Fm‐1,m‐1ð Þ

2
666664

3
777775, ð8Þ

where the state transition matrix is

Hm‐1 =

0 1‐ P mð Þ
BR Tð Þ

P m‐1ð Þ
BR Tð Þ

 !
1‐ P mð Þ

RD Tð Þ
P m‐1ð Þ
RD Tð Þ

 !
1‐ P mð Þ

BR Tð Þ
P m‐1ð Þ
BR Tð Þ

 !
∗ 1‐ P mð Þ

RD Tð Þ
P m‐1ð Þ
RD Tð Þ

 !

0
P mð Þ
BR Tð Þ

P m‐1ð Þ
BR Tð Þ

0
P mð Þ
BR Tð Þ

P m‐1ð Þ
BR Tð Þ

∗ 1‐ P mð Þ
RD Tð Þ

P m‐1ð Þ
RD Tð Þ

 !

0 0
P mð Þ
RD Tð Þ

P m‐1ð Þ
RD Tð Þ

1‐ P mð Þ
BR Tð Þ

P m‐1ð Þ
BR Tð Þ

 !
∗

P mð Þ
RD Tð Þ

P m‐1ð Þ
RD Tð Þ

0 0 0
P mð Þ
BR Tð Þ

P m‐1ð Þ
BR Tð Þ

∗
P mð Þ
RD Tð Þ

P m‐1ð Þ
RD Tð Þ

2
6666666666666666664

3
7777777777777777775

:

ð9Þ

F0,0 is the initial state, and its state probability is Pð
F0,0Þ = 1 .

The probability of each state is calculated by the state
transition equation:

P Fm,mð Þ = P mð Þ
BR Tð ÞP mð Þ

RD Tð Þ,
P Fm,0ð Þ = P mð Þ

BR Tð Þ 1‐P mð Þ
RD Tð Þ

� �
,

P F0,mð Þ = 1‐P mð Þ
BR Tð Þ

� �
P mð Þ
RD Tð Þ,

P Sm,mð Þ = P m‐1ð Þ
BR Tð Þ‐P mð Þ

BR Tð Þ
� �

1‐P m‐1ð Þ
RD Tð Þ

� �
+ P m‐1ð Þ

RD Tð Þ‐P mð Þ
RD Tð Þ

� �
1‐P m‐1ð Þ

BR Tð Þ
� �

+ P m‐1ð Þ
BR Tð Þ‐P mð Þ

BR Tð Þ
� �

P m‐1ð Þ
RD Tð Þ‐P mð Þ

RD Tð Þ
� �

:

ð10Þ

4. Joint Normalized Throughput of
Information Transmission and
Energy Transmission

No matter whether the link BR or RD fails to decode the data
after reaching the limit of transmission times, the transmis-
sion data will be discarded. Thus, after M‐1 retransmissions
(i.e., M transmissions), the states that the system still fails
including FM,0, F0,M , and FM,M . The outage probability is
the sum of the above state probabilities. Substituting the
probabilities of each state, the outage probability of the sys-

tem is obtained as follows:

Pout = P FM,0ð Þ + P F0,Mð Þ + P FM,Mð Þ
= 1‐P Mð Þ

BR Tð Þ
� �

P Mð Þ
RD Tð Þ + P Mð Þ

BR Tð Þ 1‐P Mð Þ
RD Tð Þ

� �
+ P Mð Þ

BR Tð ÞP Mð Þ
RD Tð Þ

= P Mð Þ
RD Tð Þ + P Mð Þ

BR Tð Þ‐P Mð Þ
BR Tð ÞPM

RD Tð Þ:
ð11Þ

The states of the system successfully receiving the data
from the base station include all Sm,m, that is, S1,1, S2,2,⋯,
Sm,m,⋯, SM,M . Then, the total data pass rate of the system is

Ppass = 〠
M

m=1
Sm,m

= 〠
M

m=1

P m‐1ð Þ
BR Tð Þ‐P mð Þ

BR Tð Þ
� �

1‐P m‐1ð Þ
RD Tð Þ

� �
+ P m‐1ð Þ

RD Tð Þ‐P mð Þ
RD Tð Þ

� �
1‐P m‐1ð Þ

BR Tð Þ
� �

+ P m‐1ð Þ
BR Tð Þ‐P mð Þ

BR Tð Þ
� �

P m‐1ð Þ
RD Tð Þ‐P mð Þ

RD Tð Þ
� �

0
BBBBB@

1
CCCCCA

= 1‐P Mð Þ
BR Tð Þ‐P Mð Þ

RD Tð Þ + P Mð Þ
BR Tð ÞP Mð Þ

RD Tð Þ
� �

:

ð12Þ

The transmission times of state Fm,0, F0,m, Fm,m, and
Sm,m are all m times. When the system stops retransmission,
the possible states are FM,0, F0,M , FM,M , and all Sm,m states.
Therefore, the total transmission time of each frame is

ST = FT ∗ M ∗ P FM,0ð Þ +M ∗ P F0,Mð Þ +M ∗ P FM,Mð Þ + 〠
M

m=1
m ∗ P Sm,mð Þð Þ

 !

= FT ∗

M ∗ P Mð Þ
RD Tð Þ + P Mð Þ

BR Tð Þ‐P Mð Þ
BR Tð ÞPM

RD Tð Þ
� �

+ 〠
M

m=1
m ∗

P m‐1ð Þ
BR Tð Þ‐P mð Þ

BR Tð Þ + P m‐1ð Þ
RD Tð Þ‐P mð Þ

RD Tð Þ
‐P m‐1ð Þ

RD Tð ÞP m‐1ð Þ
BR Tð Þ + P mð Þ

BR Tð ÞP mð Þ
RD Tð Þ

0
@

1
A

0
@

1
A

0
BBBB@

1
CCCCA:

ð13Þ

When the system is in this state Fm,0ðm <MÞ, the relay
will be in the state of energy collection in the next frame.
In addition, the first a part of each frame of the system is also
used for energy collection, and the energy collected at this
time is FT ∗ ησ2

BRER. Therefore, the total power of relay
energy collection is

EHR = αð ÞFT ∗ ησ2
BREB 〠

M−1

m=1
P Fm,0ð Þ + 1 − αð ÞFT ∗ ησ2

BREB,

ð14Þ

where η represents the received energy conversion efficiency.
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Similarly, the total power of D energy collection in each
frame is

EHD = αð ÞFT ∗ ησ2
RDER 〠

M‐1

m=1
P F0,mð Þ + 1 − αð ÞFT ∗ ησ2

RDER:

ð15Þ

In order to better study the relationship between energy
transmission and information transmission, the energy
transmission power is normalized:

EHnorm
R =

EHR

EHmax
R

= 1‐αð Þ + α 〠
M‐1

m=1
P Fm,0ð Þ,

EHnorm
D =

EHD

EHmax
D

= 1‐αð Þ + α 〠
M‐1

m=1
P F0,mð Þ,

ð16Þ

where EHmax
R = FT ∗ ησ2

BREB and EHmax
D = FT ∗ ησ2

RDER.
Without losing generality, the JNTP (joint normalized

throughput of information transmission and energy trans-
mission) is defined as

TP =
EHnorm

R + EHnorm
D + αPpass

� �
ST

: ð17Þ

In the multi-SWIPT relay scenario, relay selection is a
very important problem, which can effectively improve the
information transmission rate and energy transmission rate
of the system [20]. The channel fading of radio wave is
related to the transmission distance of information. We
assume that the distance between B and R is dBR, the dis-
tance between R and D is dRD, and the path loss exponent
γL. According to the large-scale fading multislope model,
the relationship between the variance of channel fading
and the terminal distance is as follows: σ2BR ∼ ðdBRÞ−γL and
σ2RD ∼ ðdRDÞ−γL . Therefore, the problem of relay selection
can be solved by finding the best relay location (d∗BR, d

∗
RD):

d∗BR, d
∗
RD = arg max TP dBR, dRDð Þ: ð18Þ

5. Monte Carlo Simulations

In this section, Monte Carlo simulation is used to verify the
theoretical value. The simulation software is MATLAB, and
the general simulation parameters are as follows: the number
of transmission is limited to M = 3 (in other words, the
number of retransmission is limited to 2), and data rate
threshold T = 1, σ2BR = 1, σ2RD = 1, and σ2RR = 0:01.

F0, 1 F0, mF0, 3F0, 2

S1, 1 Sm, mS3, 3S2, 2

F1, 1 Fm, mF3, 3F2, 2

F1, 0 Fm, 0F3, 0F2, 0

F0, 0 ...

F0, M

SM, M

FM, M

FM, 0

...

Figure 2: The state transition model diagram.
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Figure 3: The JNTP of the proposed tradeoff-HARQ scheme and
the regular-HARQ scheme against EB.
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Figure 4: The JNTP with ER under different schemes.
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The JNTP of the proposed tradeoff-HARQ scheme and
the regular-HARQ scheme against EB is given in Figure 3.
The simulation condition is ER = 15dB, α = 0:5. The “+”
and “○” in this figure are the simulation curve and theoret-
ical curve of the JNTP under the tradeoff-HARQ scheme.
The unmarked curve is the regular-HARQ scheme. Compar-
ing the theoretical value with the simulation value, it can be
seen that there is a small amount of error at low SNR (less
than 10 dB), but the error can be ignored at other SNR, so
it can be considered that the theoretical value can approxi-
mate the simulation value of the JNTP. This figure shows
that the JNTP performance of the tradeoff-HARQ scheme

is better than that of the regular-HARQ scheme. At low
SNR, such as EB = 5dB, the JNTP of the tradeoff-HARQ
scheme is 0.22 higher than that of the regular-HARQ
scheme. At high SNR, such as EB > 20dB, the tradeoff-
HARQ scheme is still better than the regular-HARQ
scheme, and its advantage is reduced to 0.02.

Figure 4 describes the joint normalized throughput
under different schemes with ER. The simulation condition
is EB = 15dB, α = 0:5, and the mark is the same as
Figure 3. As shown in this figure, when ER is close to
20 dB, the JNTP of the proposed tradeoff-HARQ scheme
reaches the maximum. The self-interference signal of the
relay increase with the relay transmission power, and the
received signal to interference noise ratio of the relay
decrease with the increase of ER.

For better insights, the JNTP curved surface of different
schemes is illustrated in Figure 5. The dotted line is the
regular-HARQ scheme. As shown in this figure, the pro-
posed tradeoff-HARQ scheme is superior to the regular-
HARQ scheme in most cases of EB and ER. The advantage
is obvious in low SNR.

Figure 6 elaborates the change trend of JNTP and dis-
tance parameters of different schemes under different total
power limits. The simulation condition is that the total
power is limited to 20 dB and 30dB, and the curve mark is
shown in this figure. In order to investigate the relationship
between relay location and performance, we assume that the
distance between B and D is 1, and the distance between B
and R is normalized to the distance parameter DBR. For con-
venience of description, the simulation in Figure 6 assumes
that the R is located on the connection between B and D.
When the total power is limited to 20dB and the distance
parameter is 0.54, the JNTP of the tradeoff-HARQ scheme
and the regular-HARQ reaches the maximum of 0.95937
and 0.92054, and the performance of the tradeoff-HARQ
scheme is 0.03883 higher than that of the regular-HARQ.
When the total power is limited to 30 dB, the maximum
values are 0.99345 and 0.98694, respectively (when the dis-
tance parameter is about 0.63). The performance of the
tradeoff-HARQ scheme is 0.00651 higher than that of the
regular-HARQ scheme.
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Figure 5: The JNTP curved surface of different schemes.
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Figure 6: The trend chart of JNTP and distance parameters under
different total power limits.
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6. Conclusions

In order to develop the potential of SWIPT DF relay, this
paper proposes the tradeoff-HARQ scheme of full-duplex
SWIPT DF relay. First of all, the system model and retrans-
mission slot structure are optimized by using the character-
istics of full-duplex relay. Then, the state transition model is
established by analysing the slot structure. Furthermore, the
state probability and transition probability of each state are
calculated to obtain the total passing rate, energy collection
efficiency, and the total transmission time. Ultimately, in
order to compare the performance of various HARQ
schemes more effectively, the joint normalized throughput
is constructed. Simulation results show that the joint nor-
malized throughput of the proposed tradeoff-HARQ scheme
is better than that of the regular-HARQ scheme. When the
total power is limited to 20 dB, the performance of the
tradeoff-HARQ scheme is 0.03883 higher than that of the
regular-HARQ scheme.
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