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Abstract: The simultaneous wireless information and power transfer (SWIPT) relay system is one of the emerging technologies. Xiaomi Corporation and Motorola Inc. recently launched indoor wireless power transfer equipment is one of the most promising applications. To tap the potential of the system, hybrid automatic repeat request (HARQ) is introduced into the SWIPT relay system. Firstly, the time slot structure of HARQ scheme based on full duplex two-way amplify and forward (AF) SWIPT relay is given, and its retransmission status is analyzed. Secondly, the equivalent signal-to-noise ratio and outage probability of various states are calculated by approximate simplification. Thirdly, the energy harvesting power in each state is calculated. Finally, the energy harvested-throughput sum function is constructed to characterize the performance of energy harvesting and data transmission. Simulation results show that the proposed HARQ scheme has better energy harvested-throughput sum function than the traditional HARQ scheme. When P2 = 22 dB, the maximum sum function is 54.86% (the proposed HARQ scheme) and 52.307% (the traditional HARQ scheme), respectively.
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1  Introduction

With the realization of wireless power transfer technology of cellular network [1–3] and sensor networks [4,5], new researches upsurge appear. Because it is not limited to the battery capacity, the simultaneous wireless information and power transfer (SWITP) technology makes the battery's super long endurance becomes a reality [6]. Xiaomi Corporation and Motorola Inc. recently launched indoor wireless power transfer equipment is one of the most promising applications. By amplifying and forwarding the received signal, the relay can not only help the information transmission, but also promote the wireless power transfer [7,8]. Two-way full-duplex relay can further improve the information transmission efficiency of the SWIPT relay system, with providing more flexible transmission strategy [9,10].

The hybrid automatic repeat request (HARQ) technology improve the reliability of data transmission through error detection and data retransmission [11]. Furthermore, HARQ improve the effectiveness of the system by the maximum ratio combining of the data received [12,13]. In [14], the HARQ technology was applied in two-way communication. The research show that the transmission capacity obtained by full duplex transmission and packet retransmission through HARQ protocol exceeds the loss caused by bidirectional use and HARQ. In order to improve the throughput of the system, full duplex relay was used in [15], and a reverse link assisted network coding HARQ with indirect information was used at the relay port. Reference [16] studied the performance of full duplex cooperative networks under HARQ from two aspects of data link layer packet error rate (per) and master-slave throughput. The cooperative relay scheme without initialization phase is proposed to realize HARQ retransmission assisted by complex relay [17].

How to combine HARQ technology with SWIPT technology to improve the efficiency of data and energy transmission is a fascinating novel subject. Reference [18] propose the optimal strategy aiming at the minimum expected retransmission times and accumulate mutual information. Unfortunately, for SWIPT systems, accumulate mutual information are not comprehensive. This paper mainly studies the application of energy carrying relay and HARQ in full duplex two-way amplify and forward (AF) relay system. According to the characteristics of full-duplex two-way AF relay and energy carrying relay, a HARQ scheme based on full-duplex two-way AF relay is proposed, and its performance is analyzed. Based on this, the following work is done: a) The slot structure of HARQ scheme based on full duplex bidirectional AF energy carrying relay is given, and its retransmission status is analyzed. b) The equivalent signal-to-noise ratio and outage probability of various states are calculated by approximate simplification. c) The power of energy harvesting in each state is calculated. d) The sum function of throughput-energy harvesting is constructed, and the performance of data transmission and energy harvesting is characterized.

2  System Model of the Full-Duplex Two-Way SWIPT Relay System

Fig. 1 is the system diagram of full-duplex two-way SWIPT relay system, which is composed of two terminals T1, T2 and relay node R. The system consists of four communication links including direct link between T1 and T2 and two swift links, in which energy is transmitted from relay node to two terminals. In this system, the relay node R adopts the AF mode, and also takes into account the role of energy transmission. Terminal nodes T1 and T2 adopt full duplex mode, that is, nodes can also send data at the same time when receiving data, so as to obtain transmission rate more efficiently, but also cause self-interference problem. The access mode of the system is time division multiple access (TDMA).
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Figure 1: System model of the full-duplex two-way SWIPT relay system

hab(a∈{1,R,2},b∈{1,R,2}) is used to represent the channel gain of each channel, which follows the complex Gaussian distribution with mean value of 0 and variance of σab2(a∈{1,R,2},b∈{1,R,2}) (where h11 and h22 are the channel gain of self-interference channel); nabc(a∈{1,R,2},b∈{1,R,2}) is used to represent the circuit noise caused by energy harvesting, which is subject to complex Gaussian distribution with mean value of 0 and variance of Nabc(a∈{1,R,2},b∈{1,R,2}); nabe(a∈{1,R,2},b∈{1,R,2}) is used to represent the equivalent noise caused by signal demodulation, which obeys the complex Gaussian distribution with mean value of 0 and variance of Nabe(a∈{1,R,2},b∈{1,R,2}). The total transmission power of the system is PT, and the power allocated to two terminals T1, T2 and relay R is P1, P2 and PR, i.e., P1+P2+PR=PT. Assuming that the uplink channel and downlink channel are symmetric channels, then hab=hba(∀a∈{1,R,2},b∈{1,R,2}).

3  System Slot Structure of the Full-Duplex Two-Way SWIPT Relay System

As shown in Tab. 1, the system is divided into two time slots. In the first time slot, data are transmitted and received by two terminals T1 and T2 at the same time, and the relay node receives the mixed signal of the two terminals. Terminal T1 and T2 detect the received signal cyclic redundancy check (CRC) to determine whether the system needs retransmission. The second time slot is the SWIPT time slot, and the relay node sends the retransmission data and energy simultaneously. The second time slot is divided into four states: when two terminals in one time slot receive data successfully, the relay node only transmits energy; when both terminals in the first slot fail to receive data successfully, the relay node mainly transmits data, supplemented by energy transmission; when only one terminal in the first slot receives data successfully, the terminal receiving data successfully mainly transmits energy and another terminal is mainly for data transmission.
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with x1 and x2 are the data to be transmitted by terminals T1 and T2 respectively.

In the first time slot, two terminals T1 and T2 transmit and receive data at the same time. The relay node receives the mixed signal of the two terminals, so the received signals of the three nodes are as follows:


y12=P1∗(h12∗x1)+P2∗h22∗x2+n12e,(1)


y21=P2∗(h21∗x2)+P1∗h11∗x1+n21e,(2)


yR=P1∗(h1R∗x1)+P2∗(h2R∗x2)+nR,(3)

where nR represents the noise signal received by the first time slot relay node, which obeys the complex Gaussian distribution with mean value of 0 and variance of NR. P1∗(h12∗x1) and P2∗(h21∗x2) are the effective signals received by two terminals T1 and T2 respectively. P2∗h22∗x2 and P2∗(h11∗x2) are self-interference signals. Therefore, the received signal-to-noise ratio (SNR) of two terminals T1 and T2 in the first time slot is SNR21=P2|h21|2P1|h11|2+N21e and SNR12=P1|h12|2P2|h22|2+N12e respectively.

The outage probability of T1 and T2 signals in the first slot is as follows:


Pout12=Pr{SNR12<22R−1}=1−exp⁡(−1σ12222R−1θ1,1),(4)


Pout21=Pr{SNR21<22R−1}=1−exp⁡(−1σ21222R−1θ2,1),(5)

where θ1,1=P2P1σ112+N21e, θ2,1=P1P2σ222+N12e.

In the second time slot, the relay node sends retransmission data and energy at the same time. At this moment, the received signals of the two terminals T1 and T2 can be expressed as follows:


yR1=G∗(hR1∗yR)+nR1e,(6)


yR2=G∗(hR2∗yR)+nR2e,(7)

where the amplification factor is G=PRP1|h1R|2+P2|h2R|2+nR.

If the two terminals are in the state of SWIPT in the second slot, the received information data are as follows:


yR1c=τ(GhR1h2RP2x2+GhR1nR+nR1e)+nR1c,(8)


yR2c=τ(GhR2h1RP1x1+GhR2nR+nR2e)+nR2c,(9)

with τ is the proportion of energy allocated to information reception, and the rest 1−τ is used for energy harvesting.

At this time, the received signal-to-noise ratio of terminal T1 is:


SNRR1c=τPRP2|hR1|2|h2R|2τPR|hR1|2NR+(τNR2e+NR2c)(P1|h1R|2+P2|h2R|2+NR)=θ1,5|hR1|2|h2R|2θ1,2|hR1|2+θ1,3|h2R|2+θ1,4=θ1,2θ1,3θ1,42|hR1|2|h2R|2θ1,2θ1,4|hR1|2+θ1,3θ1,4|h2R|2+1θ1,5θ1,4θ1,2θ1,3,(10)

where θ1,2=(τPRNR+(τNR2e+NR2c)P1), θ1,3=P2(τNR2e+NR2c), θ1,4=NR(τNR2e+NR2c), θ1,5=τPRP2.

Similarly, the receiving signal-to-noise ratio (SNR) of terminal T2 is as follows:


SNRR2c=θ2,2θ2,3θ2,42|hR2|2|h1R|2θ2,2θ2,4|hR2|2+θ2,3θ2,4|h1R|2+1θ2,5θ2,4θ2,2θ2,3,(11)

where θ2,2=(τPRNR+(τNR1e+NR1c)P2), θ2,3=P1(τNR1e+NR1c), θ2,4=NR(τNR1e+NR1c), θ2,5=τPRP1.

4  System Throughput and Sum Function of the Full-Duplex Two-Way SWIPT Relay System

In order to briefly describe the receiving process, the following scenario of T2 transmission and T1 reception is taken as an example:

When the CRC detection of the first slot is successful, the power divider allocates all the energy to the energy harvesting, that is τ=0, the terminal is in WPT state at the moment. The power of energy harvesting is as follows:


E1P=ησR12PR,(12)

with η is the conversion efficiency of energy harvesting.

If the CRC detection of the first time slot fails, the terminal is in the SWIPT state. T1 combines the signals about x2 received by the two time slots with the maximum ratio, and the combined equivalent signal-to-noise ratio is the sum of twice received SNRs:


SNRARQ,1=SNR21+SNRR1c=|h21|2θ1,1+θ1,2θ1,3θ1,42|hR1|2|h2R|2θ1,2θ1,4|hR1|2+θ1,3θ1,4|h2R|2+1θ1,5θ1,4θ1,2θ1,3=(|h21|2θ1,1θ1,2θ1,3θ1,4θ1,5+θ1,2θ1,3θ1,42|hR1|2|h2R|2θ1,2θ1,4|hR1|2+θ1,3θ1,4|h2R|2+1)θ1,5θ1,4θ1,2θ1,3.(13)

Outage probability PoutARQ,1 is:


Pr{SNRARQ,1<22R−1}=Pr{(|h21|2θ1,1θ1,2θ1,3θ1,4θ1,5+θ1,2θ1,3θ1,42|hR1|2|h2R|2θ1,2θ1,4|hR1|2+θ1,3θ1,4|h2R|2+1)<(22R−1)θ1,2θ1,3θ1,4θ1,5}≈12σ212θ1,1θ1,2θ1,3θ1,4θ1,5∗(θ1,2θ1,4σR12+θ1,3θ1,4σR22θ1,2θ1,4σR12∗θ1,3θ1,4σR22)((22R−1)θ1,2θ1,3θ1,4θ1,5)2=12σ212θ1,1θ1,5∗(θ1,2σR12+θ1,3σR22σR12∗σR22)((22R−1))2.(14)

After combining the received signals of two time slots, the outage probability of terminal T1 is as follows:


Poutt,1=1−(1−Pout21+Pout21∗Pr((SNRARQ,1≥22R−1)|(SNR21<22R−1)))=1−(1−Pout21+Pout21∗Pr(SNR21<22R−1)−Pr(SNRARQ,1<22R−1,SNR21<22R−1)Pr(SNR21<22R−1))=1−(1−Pout21+Pout21∗(1−PoutARQ,1Pout21))=PoutARQ,1.(15)

The outage probability of T1 received signal is the same as that the traditional HARQ scheme. Similarly, we may get the outage probability Poutt,2 of T2 signal (The expression is omitted).

The unification throughput of terminals T1 and T2 is TP1=1−Poutt,1, TP2=1−Poutt,2. The total unification throughput of the system is:


TPT=TP1+TP22.(16)

The second slot, if T1 is in SWIPT state, the energy that can be harvested is as follows:


E1S=(1−τ)ησR12PR.(17)

Therefore, the total energy harvested by T1 is


E1T=Pout21E1S+(1−Pout21)E1P.(18)

By introducing Pout21=1σ21222R−1θ1,1 into the above formula, the following conclusions can be obtained:


E1T=1σ21222R−1θ1,1E1S+(1−1σ21222R−1θ1,1)E1P=ησR12PR+1σ21222R−1θ1,1((1−τ)ησR12PR−ησR12PR)=ησR12PR(1−1σ21222R−1θ1,1τ).(19)

Similarly, the power of the energy harvested by terminal T2 is easy to be obtained (The expression is omitted).

To sum up, the total average power of energy harvested by the system is:


ET=E1T+E2T2.(20)

In order to describe the performance of the proposed HARQ scheme more comprehensively, the sum function ℜ of system throughput and energy acquisition power is constructed:


ℜ=TPT+ET=PoutARQ,1+PoutARQ,22+ησR12PR(1−1σ21222R−1θ1,1τ)+ησR22PR(1−1σ12222R−1θ2,1τ)2.(21)

5  Simulation Analysis

In this section, the correctness of the above analysis is verified by computer simulation. Suppose the variance N21e, N12e, NR1e and NR2e of signal demodulation noise is 1, the variance of circuit noise is NR1c=0.1, NR2c=0.1, energy collection efficiency η is 0.8, the energy ratio of information receiving τ is 0.5, and the information rate threshold R is 1 (i.e., the signal-to-noise ratio satisfies SNR12<22∗1−1).

The outage probability of full duplex direct link versus power P2 is presented in Fig. 2. In Fig. 2, the abscissa is the transmitting power P2 of terminal T2 in the first time slot, and the ordinate is the outage probability of the signal transmitted by terminal T2 in the first slot. The parameters are set as follows: the total power of the system is PT = 20 dBW, P1 = 0.1 P, PR = PT − P1 − P2, the gain of transmission channel is σ122=1, σr12=1 and σr22=1, the variance of self-interference is σ222=0.1. “∆” is the Outage probability curve calculated theoretically and “+” is the simulation curve. It is obvious that the theoretical curve coincides with the simulation curve.
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Figure 2: The outage probability of full duplex direct link vs. power P2

For better insights, the throughput of terminal T2 against power P2 is given in Fig. 3. In Fig. 3, the abscissa is the transmitting power P2 of terminal T2 in the first time slot, the ordinate is the total throughput of terminal T2 in the two time slots. “∆” is the throughput curve calculated theoretically. The parameters are the same as those in Fig. 2. When P2 is small, the throughput of terminal T2 increases with the increase of P2. This is because the transmission power of the first slot determines the outage probability of the direct link as shown in Fig. 2. However, when P2 increases to a certain extent, the transmission power of the relay is severely limited due to the limitation of the total power, which leads to a decrease in the total throughput. Therefore, reasonable power allocation may improve the performance of total throughput.
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Figure 3: The throughput of terminal T2 against power P2

As shown in Fig. 4, the abscissa is the transmission power P1, and the ordinate is the total throughput of terminal T2 in two time slots. The total system power is PT = 30 dBW, P2 = 0.1 P, PR = PT − P1 − P2. Other parameters are the same as those set in Fig. 2. With the increase of P1, the power used to transmit data of T2 decreases, especially the forwarding power at the relay. Obviously, the total throughput of terminal T2 gradually decreases with the increase of P1.
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Figure 4: The throughput of terminal T2 against power P1

The relationship between the total throughput of the system and power of the terminal T2 under the symmetrical channel is indicated in Fig. 5. The parameters in Fig. 5 are the same as those set in Fig. 4, except for PT = 30 dBW, PR = 0.1 P and P1 = PT − PR − P2. Because the total throughput of the system is the sum of the throughput of two terminals, little transmission power of terminal T1 and terminal T2 may affect the total throughput. As shown in Fig. 5, the total throughput of the system is a symmetric curve. The channel between the two terminals and the relay in Fig. 5 is symmetrical channel, so the total system throughput reaches the maximum when the two terminals power equals to each other.
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Figure 5: The relationship between the total throughput of the system and power of the terminal T2 under the symmetrical channel

The total system throughput against P2 is illustrated in Fig. 6 under asymmetric channel. The parameter is σr12=4 in Fig. 6. In this case, the channel quality from R to terminal T1 is better than that from R to terminal T2. In order to achieve the same throughput of two terminals, it is necessary to allocate more power to terminal T2. As shown in Fig. 6, when the total throughput of the system reaches maximum, the power allocated to terminal T2 (400 W) is close to and less than the average allocation (450 W).
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Figure 6: The total system throughput against P2 under the asymmetric channel

Fig. 7 compares the energy harvested-throughput sum function of the two schemes in asymmetric channels (the proposed HARQ scheme and the traditional HARQ scheme). Except for PT = 25 dBW, other parameters are the same as those in Fig. 6. It is obvious that the sum function of the proposed HARQ scheme is better than that of the traditional HARQ scheme. When P2 = 22 dB, the maximum sum function is 54.86% (the proposed HARQ scheme) and 52.307% (the traditional HARQ scheme), respectively.
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Figure 7: The energy harvested-throughput sum function of the two schemes in asymmetric channels

6  Conclusions

In order to further explore the potential of the SWIPT relay system, the full duplex two-way SWIPT relay HARQ scheme is proposed in this paper. Firstly, the received signal-to-noise ratio (SNR) is calculated by analyzing the system model and time slot structure. Then the outage probability and throughput are obtained by approximate simplification. Then, the energy harvested power in various states is obtained. Finally, the energy harvested-throughput sum function are constructed. Simulation results show that the proposed HARQ scheme has better energy harvested-throughput sum function than the traditional HARQ scheme.
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