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Abstract— We propose a novel two-timeslot two-way1

full-duplex (FD) relaying scheme, in which the access link and2

the backhaul link are divided in the time domain, and we3

study the average end-to-end rate and the outage performance.4

According to the user equipment capability and services,5

we investigate two scenarios: three-node I- and four-node6

Y -relaying channels. Among various relaying protocols, the well-7

known amplify-and-forward and decode-and-forward are8

considered. Closed-form expressions for the average end-to-end9

rate and the outage probability, under the effect of residual10

self-interference and inter-user interference, are presented. The11

results show that the proposed two-timeslot two-way FD relaying12

scheme can achieve higher rate and better outage performance13

than the half-duplex one, when residual self-interference is14

below a certain level. Therefore, this relaying scheme presents15

a reasonable tradeoff between performance and complexity, and16

so, it could be efficiently used in the fifth-generation wireless17

networks.18

Index Terms— Full-duplex, two-way relaying, time division19

multiplexing, residual self-interference, Y -relaying channel.20

I. INTRODUCTION21

RELAYING, which enables wireless networks to work

AQ:1

AQ:2

AQ:3

22

in a cooperative manner, is an efficient way to improve23

spectrum efficiency and extend coverage. Half-duplex (HD)24

Manuscript received June 15, 2015; revised November 21, 2015,
February 24, 2016, and April 19, 2016; accepted May 14, 2016. This
work was supported by the National Basic Research Program of China
under Grant 2012CB316100, the National Natural Science Foundation of
China under Grant 61571373, the National High-Tech R&D Program of
China under Grant 2014AA01A707, the 111 Project under Grant 111-2-14,
the Swedish STINT project “Big data processing in wireless networks,”
and EU Marie Curie Project “QUICK.” The work of Z. Zhang was also
supported by the KTH-CSC Programme. The work of Z. Ding was supported
by H2020-MSCA-RISE-2015 under Grant 690750 and the UK EPSRC under
Grant EP/N005597/1. The associate editor coordinating the review of this
paper and approving it for publication was H. R. Bahrami.

Z. Zhang, Z. Ma, and P. Fan are with the Key Laboratory of Information
Coding and Transmission, Southwest Jiaotong University, Chengdu 610031,
China (e-mail: zhang.zhengquan@hotmail.com; zma@home.swjtu.edu.cn;
pzfan@home.swjtu.edu.cn).

M. Xiao is with the Communication Theory Laboratory, ACCESS Linnaeus
Center, School of Electrical Engineering, Royal Institute of Technology,
Stockholm 10044, Sweden (e-mail: mingx@kth.se).

G. K. Karagiannidis is with the Key Laboratory of Information Coding
and Transmission, Southwest Jiaotong University, Chengdu 610031, China,
and also with the Department of Electrical and Computer Engineering,
Aristotle University of Thessaloniki, Thessaloniki 54 124, Greece (e-mail:
geokarag@auth.gr).

Z. Ding is with the School of Computing and Communications, Lancaster
University, Lancaster LA1 4YW, U.K. (e-mail: z.ding@lancaster.ac.uk).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCOMM.2016.2574845

Fig. 1. Existing relaying schemes. a) 4-timeslot HD; b) 3-timeslot HD;
c) 2-timeslot HD; d) One-way FD (Protocol 1); e) FD (Protocol 2);
f) Two-way FD (Protocol 3).

relaying has already been adopted as one of the key features 25

in long term evolution-advanced (LTE-A) systems [1]. Field 26

tests show that it can improve the coverage in the holes 27

and the data rate in poorly covered areas of a donor 28

eNodeB (DeNB) [2], [3]. In order to satisfy the increasing

AQ:4

29

data rate demands, the research in fifth generation (5G) 30

wireless networks is on-going, both in academia and industry. 31

In the 5G era, wireless networks should offer up to 32

tens of Gbps data rate to support a variety of emerging 33

services [4], [5], which stimulates researchers to constantly 34

explore innovative techniques, with higher spectrum efficiency. 35

Recently, full-duplex (FD) radio was proposed as a promising 36

technique for the 5G networks, because it can double the spec- 37

trum efficiency, by achieving simultaneous transmission and 38

reception on the same carrier frequency [6]–[9]. Furthermore, 39

in order to satisfy the 5G requirements, relaying schemes with 40

high spectrum efficiency, such as two-way, and full-duplex 41

etc., have been recently attracted considerable attention. 42

A. Related Literature 43

Fig. 1 summarizes existing three-node relay transmission 44

schemes, which differ in the number of time slots required to 45

achieve the bidirectional data exchange. 46

• Four-timeslot HD relaying [10], [11]. As shown 47

in Fig. 1(a), this scheme needs four time slots to achieve 48

the bidirectional data transmission between the user 49

equipment (UE) and the donor base station (BS) via the 50

relay. In the first time slot, the UE transmits uplink data 51
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to the relay, while the relay forwards the received data52

to the BS in the second time slot. Similarly, in the third53

time slot, the BS transmits downlink data to the relay,54

while the relay forwards the received data to the UE in55

the fourth time slot. Among all the relay transmission56

schemes, this scheme presents the lowest complexity, but57

its spectrum efficiency is the lowest one.58

• Three-timeslot HD relaying [12], [13]. Fig. 1(b) shows59

that bidirectional data transmission between the UE and60

the BS via the relay, can be achieved in three time slots.61

In the first time slot, the UE transmits uplink data to62

the relay, while the BS transmits downlink data to the63

relay in the second time slot. In the third time slot, the64

relay broadcasts a combination of the received data to65

the UE and the BS. In general, network coding [14], [15]66

is used to combine the received two data flows at67

the relay. Therefore, the destination node receives not68

only the desired data from the source node but also69

its own previous transmitted data. The destination node70

subtracts back-propagating interference (BI)1 [16] prior to71

decoding.72

• Two-timeslot HD relaying [16]–[19]. The two time slots73

bidirectional data transmission, between the UE and the74

BS via the relay, is demonstrated in Fig. 1(c). This75

scheme consists of the multiple access (MAC) and broad-76

cast (BC) stages. At the MAC stage, the UE and the BS77

simultaneously transmit their own data to the relay on78

the same carrier frequency, while the relay broadcasts79

a combination of the received data to the UE and the80

BS at the BC stage. Similarly, both the UE and the81

BS need to suppress the back-propagating interference82

in two-timeslot HD relaying.83

• One-way FD relaying (Protocol 1) [20]–[24]. In this84

scheme, unidirectional data transmission between the UE85

and the BS via the FD relay is achieved in one time slot,86

as shown in Fig. 1(d). In order to exchange the bidirec-87

tional data between the UE and the BS, it still needs88

two time slots. In the first time slot, the UE transmits89

uplink to the BS via the relay, while the BS transmits90

downlink data to the UE via the relay in the second time91

slot. In this scheme, only the relay operates in FD mode,92

and suffers from residual self-interference2 [20]. When93

the amplify-and-forward (AF) protocol is adopted, it is94

also called as full-duplex repeater [25], [26], which has95

widely been used in cellular networks. Unlike the BS96

with whole baseband and radio remote units, a full-duplex97

repeater consists of a radio receiver and a transmitter,98

which can enable the signal to cover longer distances99

without degradation, through retransmitting the received100

weak signal at a higher power.101

• FD relaying (Protocol 2) [27]. As shown in Fig. 1(e),102

two time slots are used to achieve the bidirectional data103

1Back-propagating interference refers to signals previously transmitted by
a node, which they propagate back to the receiver via intermediate nodes.

2Self-interference refers to co-channel signals that are transmitted by a full-
duplex node and looped back to the receiver simultaneously. Due to imperfect
interference cancellation, loop signals still remains in the receiver and are
considered as interference, when decoding the desired data.

exchange between the UE and the BS via the relay. 104

In the first time slot, the UE transmits the uplink data 105

to the relay. In the second time slot, the relay receives 106

the downlink data from the BS, then broadcasts a combi- 107

nation of the received data to the UE and the BS. In this 108

scheme, the relay and the BS operate in FD mode, thus 109

they suffer from residual self-interference generated by 110

the co-channel transmission and imperfect interference 111

cancellation. In addition, both the UE and the BS need 112

to cancel the back-propagating interference as well. 113

• Two-way FD relaying (Protocol 3) [27]–[29]. Fig. 1(f) 114

demonstrates the bidirectional data exchange between the 115

UE and the BS via the relay in one time slot. The 116

relay simultaneously receives two data flows from the 117

UE and the BS on the same carrier frequency, then 118

broadcasts their combination to the UE and the BS. 119

Compared with the above relaying schemes, two-way 120

FD relaying (Protocol 3) can achieve highest spectrum 121

efficiency, but it also presents the maximum processing 122

complexity. This is because the UE, the relay, and the 123

BS need to suppress residual self-interference, created 124

by the co-channel transmission and imperfect interference 125

cancellation, and the back-propagating interference needs 126

to be cancelled at both the UE and the BS. 127

B. Motivation and Contribution 128

Even though there are several available relaying schemes, 129

which are described above, it seems that they are not optimal 130

for the future needs of wireless networks. For one-way FD 131

relaying (Protocol 1), the BS operates in HD mode, and thus, 132

does not fully take the advantages of FD; In FD (Protocol 2), 133

the relay performs signal combining and the UE perfectly 134

cancel the back-propagating interference; the relay needs two 135

sets of FD transceivers to achieve simultaneous bidirectional 136

data exchange between the UE and the BS in two-way 137

FD (Protocol 3) and also performs signal combining. Besides, 138

in this scheme, both UE and BS are required to perfectly 139

cancel the back-propagating interference. In addition, the BS 140

cannot dynamically adjust the time resources to optimize the 141

performance for some scenarios, such as the signal-to-noise 142

ratio (SNR) imbalance between the access and the backhaul 143

links [30]. 144

Motivated by the above, in this paper, we propose and 145

investigate a novel two-timeslot two-way FD relaying scheme, 146

based on time division multiplexing, where the access and the 147

backhaul links are divided in time domain, while FD operation 148

is introduced in each hop. The available time slots for each 149

hop depend on the configuration from the higher layers. In the 150

available time slots for the access link, bidirectional data are 151

exchanged between the UE and the relay, while the BS can 152

also use these slots to serve users in the BS macro cell. 153

Furthermore, bidirectional data transmission between the relay 154

and the BS is achieved in the available time slots for the 155

backhaul link. Compared with FD (Protocol 2) and two-way 156

FD (Protocol 3), there is no back-propagating interference in 157

two-timeslot two-way FD relaying scheme. 158

According to the UE capability and services, two 159

scenarios are considered: a) I -relaying channel (IRC); 160
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and b) Y -relaying channel (YRC) [31]–[33]. In I -relaying161

channel, the UE, the relay, and the base station support FD162

operation and the UE has concurrent uplink and downlink163

data, while in Y -relaying channel, the BS and the relay, both164

equipped with FD transceiver, serve the UE1 with uplink165

data and the UE2 with downlink data. Among various relay-166

ing protocols, we consider the well-known AF and decode-167

and-forward (DF)3 [16]. In contrast to [34], we assume168

that there is no direct link between the UE and the BS,169

due to transmit power limitation or the severe shadowing170

effect [18], [20]. Furthermore, we consider the effect of171

residual self-interference and inter-user interference [35].172

The contribution of this paper can be summarized as173

follows:174

• A novel two-timeslot two-way FD relaying scheme,175

which divides the access and the backhaul links in time176

domain, is proposed, and the scenarios of three-node177

I - and four-node Y -relaying channels are studied;178

• Closed-form expressions for the average end-to-end179

rate and the outage probability of the AF and DF180

based two-timeslot two-way FD relaying schemes, are181

derived;182

• Detailed analysis and performance comparisons between183

the proposed scheme and the HD relaying, are also184

presented.185

C. Paper Outline186

The rest of the paper is organized as follows. Section II187

describes the system model and explains the main con-188

cept of the two-timeslot two-way FD relaying scheme.189

A detailed derivation of the average end-to-end rate and the190

outage probability of this relaying scheme for the I - and191

Y -relaying channels, are presented in Section III. Analytical192

results, Monte Carlo simulations and discussion are presented193

in Section IV, followed by the conclusions in Section V.194

II. SYSTEM MODEL195

A two-timeslot two-way FD relaying model is considered,196

as in Fig. 2, with (a) I -relaying channel and (b) Y -relaying197

channel. The hop between the UE and the relay is referred198

to as the access link, while the backhaul link refers to the199

hop between the relay and donor BS. Furthermore, no direct200

link between source and destination nodes is assumed, due201

to the transmit power limitation or the severe shadowing202

effect [18], [20]. Also, we consider a simple 1:1 access/203

backhaul link time slot configuration, where the odd time204

slots are configured to the access link, while the backhaul205

link uses the even time slots. To this end, in the odd time206

slots, the simultaneous uplink and downlink data transmissions207

between the UE and the relay on the same carrier frequency,208

are achieved, while the data exchange between the relay and209

the BS is implemented in the even time slots.210

3The compute-and-forward (CF) protocol enables relays to decode linear
equations of the transmitted messages using the noisy linear combinations
provided by the channel, which relies on codes with a linear structure, as the
nested lattice codes [15], [18]. Thus, CF protocol is based on a different
concept than AF and DF protocols. In this paper, we focus on DF and AF
here for their practical simplicity.

Fig. 2. System model of two-timeslot two-way FD relaying.

In scenario (a) of Fig. 2, all the nodes operate in FD mode, 211

thus they suffer from residual self-interference (SI), due to 212

the co-channel transmission and imperfect interference can- 213

cellation. In scenario (b), the relay and the BS operate in FD 214

mode, while the UE1 with uplink data and the UE2 with down- 215

link data work in HD mode, thereby inter-user interference 216

between two UEs replaces self-interference generated at the 217

UE in scenario (a). In this scenario, UE1 as source, UE1 as 218

destination, the relay, the donor BS as source, and the donor 219

BS as destination are denoted as S1, D1, R, S2, and D2, 220

respectively. In scenario (b), UE1, UE2, the relay, the donor 221

BS as source, and the donor BS as destination are represented 222

by S1, D1, R, S2, and D2, respectively. 223

Although the detrimental effect of self-interference can 224

be mitigated by using multiple-stage interference cancel- 225

lation [36], there is still residual self-interference due to 226

the imperfections of the radio frequency chains. According 227

to [7], [20], and [37], the variance of residual self-interference 228

is approximately proportional to the λ-th power of the aver- 229

age transmitted power, where, λ ∈ [0, 1], depends on the 230

effect of the adopted self-interference cancellation techniques. 231

In practice, the accurate relation between the transmitted 232

power and residual self-interference is still unknown [37]. 233

Usually, it is set to empirical values, which are obtained from 234

field measurements and can be found in [7]. 235

The involved channels are S1→R, R→D2, S2→R, 236

R→D1, S1→D1, R→R, and S2→D2, whose channel coef- 237

ficients are denoted as hS1R, h R D2, hS2R , h R D1, hS1D1, h R R , 238

and hS2D2, respectively. Note, that in scenario (a), S1→D1 239

and S2→D2 are the residual self-interference channels, while 240

S1→D1 is the inter-user interference channel and S2→D2 241

is the residual self-interference channel in scenario (b). 242

We consider that hS1R and hS2R are independent and the 243

channels are reciprocal, thus it holds that hS1R = h R D1 244

and hS2R = h R D2 for the I -relaying channel, while 245

hS2R = h R D2 holds for the Y -relaying channel. Similarly 246

to [20] and [38], the residual self-interference channels are 247

assumed to be free of fading, while the channels S1→R, 248

R→D2, S2→R, R→D1, and the inter-user interference (IUI) 249
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channel S1→D1 are subjected to Rayleigh fading. Thus,250

the instantaneous SNR, γ , is an exponential random vari-251

able (RV), with probability density function (PDF) given252

by [20]253

fγ̄ (γ ) = 1

γ̄
e−γ /γ̄ , (1)254

where γ̄ is the average SNR. The instantaneous channel SNR255

is, γ = |h|2 P/σ 2, where h is the channel coefficient and256

σ 2 is the noise power, while the average channel SNR is,257

γ̄ = ε{|h|2}P/σ 2, with ε{·} to denote expectation [20]. The258

normalized transmitted powers of the source UE, the relay, and259

the donor BS are, P1 = 1, PR = 1, and P2 = 1, respectively.260

Also, the instantaneous SNRs of the involved channels are261

denoted as γS1R, γR D2, γS2R, γR D1, γS1D1, γR R , and γS2D2,262

while their corresponding average SNRs are represented by263

γ̄S1R, γ̄R D2, γ̄S2R, γ̄R D1, γ̄S1D1, γ̄R R , and γ̄S2D2.264

III. PERFORMANCE ANALYSIS265

A. I-Relaying Channel266

In the odd time slots, k = 2n −1, n = 1, 2, 3, ..., simultane-267

ous bidirectional data transmission and reception is achieved268

between the UE1 and the relay. In addition, since both the269

UE1 and the relay operate in FD mode, they suffer from270

residual self-interference, because of imperfect interference271

cancellation. Therefore, the signals received at the relay and272

UE1 can be respectively expressed as273

yR[k] = hS1RxS1[k] + vR [k] + nR[k], (2)274

and275

yD1[k] = h R D1tR[k] + vD1[k] + nD1[k], (3)276

where xSi ∼ C N(0, Pi ) is the transmit symbol of the277

source node i = 1, 2, vR ∼ C N(0, |h R R |2 PR) residual self-278

interference at the relay, nR ∼ C N(0, σ 2
R) the additive white279

Gaussian noise (AWGN) at the relay, tR the relay’s transmit280

signal, vDi ∼ C N(0, |hSi Di |2 Pi ) residual self-interference at281

the destination node i = 1, 2, and nDi ∼ C N(0, σ 2
Di

) the282

AWGN at the destination node. Note, that tR depends on the283

relaying scheme, and is given explicitly in the following pages.284

Similarly, in the even time slots, k = 2n, n = 1, 2, 3, ...,285

simultaneous bidirectional data exchange is achieved between286

the relay and the donor BS. Both the relay and the donor287

BS suffer from residual self-interference, because of FD288

operation and imperfect interference cancellation. So, the sig-289

nals received at the relay and donor BS can be respectively290

written as291

y ′
R[k] = hS2RxS2[k] + vR[k] + nR[k], (4)292

and293

yD2[k] = h R D2tR[k] + vD2[k] + nD2[k]. (5)294

1) Amplify-and-Forward: In the odd time slots, the relay295

receives and buffers uplink data from the UE1, and forwards296

the buffered downlink data to the UE1 by amplifying the297

signals, based on the channel gains. Similarly, in the even298

time slots, the relay receives and buffers downlink data from299

the donor BS, and forwards the buffered uplink data to the300

donor BS, with the same processing as with the downlink 301

data forwarding. 302

In the odd time slots, k = 2n − 1, n = 1, 2, 3, ..., the relay 303

amplifies the input signal received in the even time slots 304

by an amplification factor β > 0, which induces a delay 305

of τ assumed to be one without loss of generality. Thus, 306

the transmit signal of the relay can be expressed as [20] 307

tR[k] = βyR[k − τ ] 308

= β(hS2RxS2[k − τ ] + vR [k − τ ] + nR[k − τ ]). (6) 309

Considering the average transmit power of the relay, 310

ε{|tR[k]|2} = PR = 1 [29], the amplification factor β can 311

be written as [20], [21] 312

β = (|hS2R|2 + |h R R |2 + σ 2
R)−1/2. (7) 313

By substituting (6) into (3), yD1[k] can be expressed as 314

yD1[k] = h R D1(β yR[k − τ ]) + vD1[k] + nD1[k] 315

= βh R D1(hS2RxS2[k − τ ] + vR[k − τ ] 316

+ nR[k − τ ]) + vD1[k] + nD1[k]. (8) 317

Therefore, the instantaneous SNR of the signal received at 318

the UE1, can be expressed as 319

γ AF
I RC,D1 = β2|h R D1|2|hS2R|2

β2|h R D1|2(|h R R |2 + σ 2
R) + |hS1D1|2 + σ 2

D1

. (9) 320

Finally, by substituting (7) into (9) 321

γ AF
I RC,D1 322

= γR D1γS2R

γR D1(γ̄R R + 1) + (γ̄S1D1 + 1)(γS2R + γ̄R R + 1)
. (10) 323

Similarly, in the even time slots, k = 2n, n = 1, 2, 3, . . ., 324

the instantaneous SNR of the signal received at the donor 325

BS is 326

γ AF
I RC,D2 327

= γR D2γS1R

γR D2(γ̄R R + 1) + (γ̄S2D2 + 1)(γS1R + γ̄R R + 1)
. (11) 328

Compared with HD relaying, the denominator of (10) 329

contains the terms of γ̄S1D1 and γ̄R R , while the denominator 330

of (11) contains the terms of γ̄S2D2 and γ̄R R . This means 331

that the two-timeslot two-way FD relaying deteriorates the 332

instantaneous SNRs of the end-to-end link, due to residual 333

self-interference at all nodes. 334

In the AF based two-timeslot two-way FD I -relaying, 335

the average end-to-end rate is defined as 336

R̄ AF
I RC = ε{log2(1 + γ AF

I RC,D1) + log2(1 + γ AF
I RC,D2)}

2
337

= ε{log2(1 + γ AF
I RC,D1)} + ε{log2(1 + γ AF

I RC,D2)}
2

. 338

(12) 339

Due to no spectral loss in FD operation, the pre-log factor is 340

equal to one, which is different from the average end-to-end 341

rate for HD relaying. Considering channel reciprocity and 342

identical self-interference assumption, R̄ AF
I RC can be further 343

written as 344

R̄ AF
I RC = ε{log2(1 + γ AF

I RC,D1)} = ε{log2(1 + γ AF
I RC,D2)}. 345

(13) 346
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Theorem 1: The average end-to-end rate for the AF based347

two-timeslot two-way FD I -relaying over Rayleigh fading348

channels, can be expressed as349

R̄ AF
I RC =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

ln 2

(
γ̄S1R + γ̄R R + 1

γ̄S1R
e

γ̄RR +1
γ̄S1R E1

(
γ̄R R + 1

γ̄S1R

)

−1

)

,

γ̄S1R

γ̄R R + 1
= γ̄R D2

γ̄S2D2 + 1
1

(ln 2)(c1 − c2)

(

c1e
γ̄S2D2+1

γ̄RD2 E1

(
γ̄S2D2 + 1

γ̄R D2

)

−c2e
γ̄RR +1
γ̄S1R E1

(
γ̄R R + 1

γ̄S1R

))

,

γ̄S1R

γ̄R R + 1
�= γ̄R D2

γ̄S2D2 + 1
,

350

(14)351

where E1(x) = ∫ ∞
1

e−xt

t dt [20], [40], [44], c1 =352

γ̄S1R(γ̄S2D2 + 1), and c2 = γ̄R D2(γ̄R R + 1).353

Proof: See Appendix A. �354

If each hop of the two-timeslot two-way FD relaying is355

allocated two orthogonal channels, e.g., using two time slots356

to transmit data, then it is degraded to HD relaying. Thus,357

the average rate can be determined from (14) by setting358

γ̄R R = 0 and γ̄S2D2 = 0 and pre-log factor 1
2 . Therefore,359

the average end-to-end rate for the AF based HD relaying360

can be written as [39], [40]361

R̄ AF
H D =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

2 ln 2

[(

1 + 1

γ̄S1R

)

e
1

γ̄RD2 E1

(
1

γ̄R D2

)

− 1

]

,

γ̄S1R = γ̄R D2

γ̄S1Re
1

γ̄RD2 E1

(
1

γ̄RD2

)
− γ̄R D2e

1
γ̄S1R E1

(
1

γ̄S1R

)

(2 ln 2)(γ̄S1R − γ̄R D2)
,

γ̄S1R �= γ̄R D2.

362

(15)363

Note, that compared with (15), the denominator of (14) in364

Theorem 1 does not contain the constant 2, which indicates365

that the two-timeslot two-way FD relaying can achieve an366

extra rate gain due to time multiplexing. However, it also367

suffers from a certain loss in the rate resulting from residual368

self-interference, because (14) contains the self-interference369

terms of γ̄R R and γ̄S2D2. Therefore, if the rate gain from time370

multiplexing can compensate the rate loss caused by residual371

self-interference, the two-timeslot two-way FD relaying can372

achieve better performance than that in the HD case.373

An outage occurs when the transmission rate is below the374

target rate, Rth . Thus, the outage probability of the AF based375

two-timeslot two-way FD I -relaying can be expressed as376

P AF
out,I RC377

= Pr(log2(1+γ AF
I RC,D1)<Rth)+ Pr(log2(1+γ AF

I RC,D2)<Rth)

2
378

= Pr(γ AF
I RC,D1 < γth) + Pr(γ AF

I RC,D2 < γth)

2
, (16)379

where γth is the SNR threshold for the outage, and we380

have γth = 2Rth − 1. The outage probability for the AF381

based HD relaying can be obtained from (16) by replac-382

ing γth by 22Rth − 1. Considering channel reciprocity and383

identical self-interference assumption, P AF
out,I RC can be further 384

written as 385

P AF
out,I RC = Pr(γ AF

I RC,D1 < γth) = Pr(γ AF
I RC,D2 < γth). (17) 386

Theorem 2: For a given target rate, Rth, the outage prob- 387

ability of the AF based two-timeslot two-way FD I -relaying 388

can be expressed as 389

P AF
out,I RC = 1 − 2

(
γth(γth + 1)(γ̄S2D2 + 1)(γ̄R R + 1)

γ̄S1Rγ̄R D2

) 1
2

390

×e
− γth (γ̄RD2(γ̄RR +1)+γ̄S1R(γ̄S2D2+1))

γ̄S1R γ̄RD2 391

×K1

(

2

(
γth(γth +1)(γ̄S2D2+1)(γ̄R R + 1)

γ̄S1Rγ̄R D2

)1
2
)

, 392

(18) 393

where Kv (.) is the modified Bessel function of the second 394

kind [38], and γth = 2Rth − 1. 395

Proof: See Appendix B. � 396

Following similar procedure, the outage probability of 397

the AF based half-duplex relaying can also be determined 398

from (18) by setting γ̄R R = 0 and γ̄S2D2 = 0. Therefore, 399

the outage probability can be expressed as [41] 400

P AF
out,H D = 1 − 2

(
γth(γth + 1)

γ̄S1Rγ̄R D2

) 1
2

e
− γth (γ̄RD2+γ̄S1R)

γ̄S1R γ̄RD2 401

×K1

(

2

(
γth(γth + 1)

γ̄S1Rγ̄R D2

) 1
2
)

. (19) 402

Note, that for HD and FD relaying, the SNR thresholds for 403

the outage are different. For HD relaying, the SNR threshold 404

for the outage is, γth = 22Rth − 1, while γth = 2Rth − 1 is 405

used for FD relaying. 406

2) Decode-and-Forward: In the odd time slots, the relay 407

decodes and buffers the received uplink data from the UE1, 408

then forwards the buffered downlink data from the donor BS 409

to the UE1, while the relay decodes and buffers the received 410

downlink data from the donor BS, then forwards the buffered 411

uplink data from the UE1 to the donor BS in the even time 412

slots. 413

In the odd time slots, k = 2n − 1, n = 1, 2, 3, ..., the signal 414

transmitted by the relay, tR[k], is 415

tR[k] = xS2[k − τ ]. (20) 416

The instantaneous SNR of the signal received at the relay can 417

be expressed as 418

γS1→R = ε{|hS1R|2|xS1[k]|2}
ε{|h R R |2|tR[k]|2} + ε{|nR[k]|2} 419

= |hS1R|2
|h R R |2 + σ 2

R

= γS1R

γ̄R R + 1
. (21) 420

By substituting (20) into (3), 421

yD1[k] = h R D1(xS2[k − τ ]) + hS1D1tS1[k] + nD1[k]. (22) 422
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The instantaneous SNR of the signal received at the UE1 can423

be expressed as424

γ DF
I RC,D1 = ε{|h R D1|2|xS2[k − τ ]|2}

ε{|hS1D1|2|tS1[k]|2} + ε{|nD1[k]|2}425

= |h R D1|2
|hS1D1|2 + σ 2

D1

= γR D1

γ̄S1D1 + 1
. (23)426

Similarly, in the even time slots, the instantaneous SNRs of the427

signals received at the relay and the UE2 can be respectively428

expressed as429

γS2→R = ε{|hS2R|2|xS2[k]|2}
ε{|h R R|2|tR[k]|2} + ε{|nR[k]|2}430

= |hS2R|2
|h R R|2 + σ 2

R

= γS2R

γ̄R R + 1
, (24)431

and432

γ DF
I RC,D2 = ε{|h R D2|2|xS1[k − τ ]|2}

ε{|hS2D2|2|tS2[k]|2} + ε{|nD2[k]|2}433

= |h R D2|2
|hS2D2|2 + σ 2

D2

= γR D2

γ̄S2D2 + 1
. (25)434

The average end-to-end rate for the DF based two-timeslot435

two-way FD I -relaying is defined as4
436

R̄DF
I RC = 1

2
(ε{log2(1 + min(γS2→R, γ DF

I RC,D1))}437

+ ε{log2(1 + min(γS1→R, γ DF
I RC,D2))}). (26)438

Assuming channel reciprocity and identical self-interference,439

the average rate for the DF based two-timeslot two-way FD440

I -relaying can be further written as441

R̄DF
I RC = ε{log2(1 + min(γS2→R, γ DF

I RC,D1))}442

= ε{log2(1 + min(γS1→R, γ DF
I RC,D2))}. (27)443

Theorem 3: The average end-to-end rate for the DF based444

two-timeslot two-way FD I -relaying over Rayleigh fading445

channels can be expressed as446

R̄DF
I RC = 1

ln 2
e

γ̄S1R(γ̄S2D2+1)+γ̄RD2(γ̄RR +1)
γ̄S1R γ̄RD2447

× E1

(
γ̄S1R(γ̄S2D2 + 1) + γ̄R D2(γ̄R R + 1)

γ̄S1Rγ̄R D2

)

. (28)448

Proof: See Appendix C. �449

In the same way, the average end-to-end rate for the DF450

based HD relaying over Rayleigh fading channels, can be451

determined from (28) by setting γ̄R R = 0 and γ̄S2D2 = 0452

and pre-log factor 1
2 . Therefore,453

R̄DF
H D = 1

2 ln 2
e

γ̄S1R+γ̄RD2
γ̄S1R γ̄RD2 E1

(
γ̄S1R + γ̄R D2

γ̄S1Rγ̄R D2

)

. (29)454

Note, that a similar conclusion on the rate performance of455

the DF protocol can be observed as the AF one. However,456

the effect of residual self-interference on DF protocol is less457

than that of the AF, because DF protocol suppresses residual458

4Note, that in order to achieve the average rate, min(ε{RR}, ε{RD}) [11],
an idealistic setup is required, with an infinite buffer at the relay. This can
avoid overflows and underflows but suffer from large end-to-end delay.

self-interference propagation, while the last one not. This is 459

evident through the comparison of the instantaneous SNRs 460

in (11) and (25). 461

The outage probability of the DF based two-timeslot 462

two-way FD I -relaying, is defined as 463

P DF
out,I RC = 1

2
(Pr(min(γS2→R, γ DF

I RC,D1) < γth) 464

+Pr(min(γS1→R, γ DF
I RC,D2) < γth)). (30) 465

Considering channel reciprocity and identical self-interference 466

assumption, P DF
out,I RC can be further expressed as 467

P DF
out,I RC = 1 − (1 − Pr(γS2→R < γth)) 468

×(1 − Pr(γ DF
I RC,D1 < γth)) 469

= 1 − (1 − Pr(γS1→R < γth)) 470

×(1 − Pr(γ DF
I RC,D2 < γth)). (31) 471

Theorem 4: For a given target rate, Rth, the outage prob- 472

ability of the DF based two-timeslot two-way FD I -relaying 473

is given by 474

P DF
out,I RC = 1 − e

−γth (γ̄S1R(γ̄S2D2+1)+γ̄RD2(γ̄RR+1))
γ̄S1R γ̄RD2 , (32) 475

where γth = 2Rth − 1. 476

Proof: See Appendix D. � 477

For the same reason, the outage probability of the DF based 478

HD relaying can be determined from (32) by setting γ̄R R = 0 479

and γ̄S2D2 = 0. Thus, the outage probability can be written 480

as [41] 481

P DF
out,H D = 1 − e

−γth (γ̄S1R+γ̄RD2)
γ̄S1R γ̄RD2 . (33) 482

Note, that for HD and FD relaying, the SNR thresholds for 483

the outage are different. For HD relaying, the SNR threshold 484

for the outage is, γth = 22Rth − 1, while γth = 2Rth − 1 is 485

used for FD relaying. 486

B. Y-Relaying Channel 487

For Y -relaying channel, in the odd time slots, the relay 488

receives the uplink data from the UE1 and forwards the 489

buffered downlink data to the UE2 on the same carrier 490

frequency, simultaneously. Note, that the relay suffers from 491

residual self-interference due to the co-channel transmitted 492

signal and imperfect interference cancellation, while the UE2 493

suffers from inter-user interference because the UE1 transmits 494

signal on the same carrier frequency. In the even time slots, 495

simultaneous bidirectional data exchange is achieved between 496

the relay and the donor BS. 497

1) Amplify-and-Forward: In the odd time slots, the relay 498

receives and buffers uplink data from the UE1, then forwards 499

the buffered downlink data to the UE2 by amplifying the 500

signal, based on the channel gains, while the UE2 receives 501

downlink data forwarded by the relay and inter-user interfer- 502

ence from the UE1. In the even time slots, the relay receives 503

and buffers downlink data from the donor BS, then forwards 504

the buffered uplink data to the donor BS by amplifying the 505

signal, based on the relaying channel gains. 506
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R̄ AF
Y RC,D1 ≤

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

ln 2

{
γ̄R R + 1

γ̄S2R
F1

(
γ̄S1D1 + 1

γ̄R D1

)

− 1

γ̄S1D1
F1

(
1

γ̄S1D1

)}

, C1

1

ln 2

{

1 − 1

γ̄S1D1
F1

(
1

γ̄S1D1

)

− c3

c3 − c4

(

F1

(
γ̄S1D1 + 1

γ̄R D1

)

− F1

(
γ̄R R + 1

γ̄S2R

))}

, C2

1

ln 2

{

c5

(

F1

(
1

γ̄R D1

)

− F1

(
1

γ̄S1D1

))

+ γ̄R R + 1

γ̄S2R
F1(

γ̄S1D1 + 1

γ̄R D1
) − 1

}

, C3

1

ln 2

{

c5

(

F1

(
1

γ̄R D1

)

− F1

(
1

γ̄S1D1

))

− c3

c3 − c4

(

F1

(
γ̄S1D1 + 1

γ̄R D1

)

− F1

(
γ̄R R + 1

γ̄S2R

))}

, C4.

(35)

Compared with the I -relaying channel, in the Y -relaying507

channel, the destination UE suffers from inter-user interfer-508

ence, which is due to other UEs’ co-channel uplink data509

transmission, instead of residual self-interference. Thus, the510

instantaneous SNRs at the destination node UE2, can be511

expressed as512

γ AF
Y RC,D1513

= γR D1γS2R

γR D1(γ̄R R + 1) + (γS1D1 + 1)(γS2R + γ̄R R + 1)
, (34)514

while the instantaneous SNRs at the destination donor BS is515

written as in (11). Note, that comparing (34) with (10), γS1D1516

is the main difference between the Y and the I cases, where517

instead of γS1D1 we have γ̄S1D1.518

Theorem 5: For the S1→R→D2 link, the average519

end-to-end rate for the AF based two-timeslot two-way FD520

Y -relaying over Rayleigh fading channels, is expressed as521

in (14). For the S2→R→D1 link, the average end-to-end522

rate can be upper bounded as in (35), shown at the top of523

this page, where F1(x) = ex E1(x), c3 = γ̄R D1(γ̄R R + 1),524

c4 = γ̄S2R(γ̄S1D1 + 1), c5 = γ̄RD1
γ̄RD1−γ̄S1D1

, C1 :525

{γ̄R D1 = γ̄S1D1 and γ̄S2R
γ̄RR+1 = γ̄RD1

γ̄S1D1+1 }, C2 : {γ̄R D1 =526

γ̄S1D1 and γ̄S2R
γ̄RR+1 �= γ̄RD1

γ̄S1D1+1 }, C3 : {γ̄R D1 �= γ̄S1D1527

and γ̄S2R
γ̄RR+1 = γ̄RD1

γ̄S1D1+1 }, and C4 : {γ̄R D1 �= γ̄S1D1528

and γ̄S2R
γ̄RR+1 �= γ̄RD1

γ̄S1D1+1 }.529

Proof: See Appendix E. �530

Note, that if there is no inter-user interference, according531

to (14), by substituting γ̄S2R and γ̄R D1 for γ̄S1R and γ̄R D2,532

respectively, and removing γ̄S2D2, the average end-to-end rate533

for the S2→R→D1 link is534

R̄ AF
Y RC,D1535

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

ln 2

(
γ̄S2R + γ̄R R + 1

γ̄S2R
e

γ̄RR +1
γ̄S2R E1

(
γ̄R R + 1

γ̄S2R

)

− 1

)

,

γ̄S2R

γ̄R R + 1
= γ̄R D1

γ̄S2Re
1

γ̄RD1 E1

(
1

γ̄R D1

)

− c3e
γ̄RR +1
γ̄S2R E1

(
γ̄R R + 1

γ̄S2R

)

(ln 2)(γ̄S2R − c3)
,

γ̄S2R

γ̄R R + 1
�= γ̄R D1.

536

(36)537

Theorem 6: For a given target rate, Rth, the outage prob- 538

ability of the S1→R→D2 link in the AF based two-timeslot 539

two-way FD Y -relaying can be formulated as in (18), while 540

the outage probability of the S2→R→D1 link can be upper 541

bounded as 542

PY RC,AF
out,D1 543

≤ 1 − 2

(
γth(γth + 1)(γ̄R R + 1)(γ̄S1D1 + 1)

γ̄S2Rγ̄R D1

) 1
2

544

×e
− γth (γ̄RD1(γ̄RR +1)+γ̄S2R(γ̄S1D1+1))

γ̄S2R γ̄RD1 545

×K1

(

2

(
γth(γth + 1)(γ̄R R + 1)(γ̄S1D1 + 1)

γ̄S2Rγ̄R D1

) 1
2
)

, (37) 546

where γth = 2Rth − 1. 547

Proof: See Appendix F. � 548

Note, that if there is no inter-user interference between two 549

UEs, PY RC,AF
out,D1 can be further simplified as 550

PY RC,AF
out,D1 = 1 − 2

(
γth(γth + 1)(γ̄R R + 1)

γ̄S2Rγ̄R D1

) 1
2

551

×e
− γth (γ̄RD1(γ̄RR +1)+γ̄S2R)

γ̄S2R γ̄RD1 552

×K1

(

2

(
γth(γth + 1)(γ̄R R + 1)

γ̄S2Rγ̄R D1

) 1
2
)

. (38) 553

2) Decode-and-Forward: In the odd time slots, the relay 554

decodes and buffers the received uplink data from the UE1, 555

and forwards the buffered downlink data to the UE2, while 556

the UE2 receives downlink data forwarded by the relay and 557

inter-user interference from the UE1. In the even time slots, 558

the relay decodes and buffers the received downlink data from 559

the donor BS, and forwards the buffered uplink data to the 560

donor BS. 561

Considering γS1D1 as inter-user interference, the instan- 562

taneous SNRs of the DF based two-timeslot two-way FD 563

Y -relaying at two destination nodes, can be obtained from the 564

corresponding I -relaying one. The instantaneous SNR at the 565

destination UE2 is expressed as 566

γ DF
Y RC,D1 = γR D1

γS1D1 + 1
. (39) 567

The instantaneous SNR at the destination donor BS can be 568

written as in (25). 569

Theorem 7: For the S1→R→D2 link, the average 570

end-to-end rate for the DF based two-timeslot two-way FD 571
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Y -relaying over Rayleigh fading channels, can be expressed572

as in (28), while for the S2→R→D1 link, the average573

end-to-end rate is lower bounded as574

R̄DF
Y RC,D1 ≥ 1

ln 2
e

γ̄S2R(γ̄S1D1+1)+γ̄RD1(γ̄RR+1)
γ̄S2R γ̄RD1575

× E1

(
γ̄S2R(γ̄S1D1 + 1) + γ̄R D1(γ̄R R + 1)

γ̄S2Rγ̄R D1

)

.576

(40)577

Proof: See Appendix G. �578

Theorem 8: For a given target rate, Rth, the outage prob-579

ability of the S1→R→D2 link in the DF based two-timeslot580

two-way FD Y -relaying is expressed as in (32), while581

the outage probability of the S2→R→D1 link can be582

formulated as583

PY RC,DF
out,D1 = 1 − γ̄R D1

γth γ̄S1D1 + γ̄R D1
e
− γth (γ̄S2R+γ̄RD1(γ̄RR +1))

γ̄S2R γ̄RD1 ,584

(41)585

where γth = 2Rth − 1.586

Proof: See Appendix H. �587

IV. NUMERICAL RESULTS, SIMULATIONS588

AND DISCUSSION589

In this section, numerical results for the average590

end-to-end rate and the outage probability of the two-timeslot591

two-way FD relaying scheme are presented, together with592

Monte Carlo simulations. We consider that the average SNR593

of the access link is the same with that of the backhaul link,594

and also for both inter-user interference and residual self-595

interference. In simulations, we first fix each node’s transmit596

power, then adjust the distance and location between two597

nodes, so that we can change the average SNRs of their598

end-to-end link.599

Fig. 3(a) and Fig. 3(b) compare the average end-to-end600

rate for the AF and DF based two-timeslot two-way FD601

I - and HD relaying over Rayleigh fading channels,602

respectively. The results clearly show that the two-timeslot603

two-way FD I -relaying can achieve higher average rate than604

HD relaying, but double rate cannot be obtained. In addition,605

there is a cross point between the two curves, and this point606

shifts to the right with the increase in residual self-interference.607

This is because FD operation can achieve an extra rate gain608

by time multiplexing, but it also suffers from residual self-609

interference, which results in a loss in the rate performance.610

With the increase of residual self-interference, the rate gain611

from time multiplexing cannot compensate for the rate loss,612

caused by the residual self-interference. It is also shown that613

DF protocol can achieve higher average rate than the AF614

one, because AF relaying propagates residual self-interference,615

while the DF one can suppress this propagation.616

Fig. 4(a) and Fig. 4(b) depict the outage probabil-617

ity of the AF and DF based two-timeslot two-way FD618

I - and HD relaying with Rth = 1 b/s/Hz, respectively. The619

results show that the outage performance of the two-timeslot620

two-way FD I -relaying is better than that in HD relay-621

ing, when residual self-interference is below a certain622

Fig. 3. Average rate for two-timeslot two-way FD I - and HD relaying:
a) AF protocol; b) DF protocol.

Fig. 4. Outage probability of the two-timeslot two-way FD I - and
HD relaying: a) AF protocol; b) DF protocol.

level (e.g. < 3dB). DF protocol can achieve better outage 623

performance than the AF one in two-timeslot two-way FD 624

I -relaying. 625
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Fig. 5. Average rate for the AF two-timeslot two-way FD Y - and
HD relaying: a) 2-ts YRC D1 and D2; b) 2-ts YRC vs. HD relaying.

Fig. 5(a) shows the average rate for the unidirectional626

links in the AF based two-timeslot two-way FD Y -relaying.627

Fig. 5(b) compares the average rate for the AF based628

two-timeslot two-way FD Y - and HD relaying. The results are629

similar as those in corresponding I -relaying shown in Fig. 3,630

but the average rate for the downlink (i.e., S2→R→D1 link)631

is slightly better than that in uplink, when self-interference is632

very severe. This is because inter-user interference is assumed633

to be Rayleigh fading, while residual self-interference is free634

of fading. Thus, the effect of inter-user interference on the rate635

is less than that of residual self-interference, under the same636

average SNRs.637

Fig. 6(a) depicts the outage probability of the unidirectional638

links in the AF based two-timeslot two-way FD Y -relaying.639

Fig. 6(b) depicts the outage probability of the AF two-timeslot640

two-way FD Y - and HD relaying with Rth = 1 b/s/Hz.641

Similar results can be obtained as those in I -relaying shown642

in Fig. 4, but the outage probability of the downlink is slightly643

better than that in uplink, when self-interference is very644

severe.645

Fig. 7(a) illustrates the average end-to-end rate for the646

unidirectional links in the DF based two-timeslot two-way647

FD Y -relaying. Fig. 7(b) compares the average end-to-end648

rate for the DF two-timeslot two-way FD Y -relaying and HD649

relaying. The results are similar as those in the AF one shown650

in Fig. 5.651

Fig. 8(a) depicts the outage probability of the unidirectional652

links in the DF based two-timeslot two-way FD Y -relaying.653

Fig. 8(b) depicts the outage probability of the DF based654

two-timeslot two-way FD Y - and HD relaying with655

Fig. 6. Outage probability of the AF two-timeslot two-way FD Y - and
HD relaying: a) 2-ts YRC D1 and D2; b) 2-ts YRC vs. HD relaying.

Fig. 7. Average rate for the DF two-timeslot two-way FD Y - and
HD relaying: a) 2-ts YRC D1 and D2; b) 2-ts YRC vs. HD relaying.

Rth = 1 b/s/Hz. Similar results can be obtained as those in 656

the AF one shown in Fig. 6. 657

Fig. 9 compares the average end-to-end rate for the 658

AF and DF based two-timeslot two-way FD I -, Y -, 659
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Fig. 8. Outage probability of the DF based two-timeslot two-way
FD Y - and HD relaying: a) 2-ts YRC D1 and D2; b) 2-ts YRC vs.
HD relaying.

Fig. 9. Average rate for the AF and DF based two-timeslot two-way
FD I -, Y -, and HD relaying.

Fig. 10. Outage probability of the AF and DF based two-timeslot two-way
FD I -, Y -, and HD relaying.

and HD relaying. The results demonstrate that two rate curves660

of two-timeslot two-way FD I - and Y -relaying are basically661

overlapped, when the average SNRs of inter-user interference662

is same as self-interference. Compared with two-timeslot 663

two-way FD I -relaying, Y -relaying can achieve a slight 664

rate gain, only when the average SNRs of inter- 665

user interference and self-interference are at very high 666

region. 667

Fig. 10 depicts the outage probability of the AF and DF 668

based the two-timeslot two-way FD I -, Y -, and HD relaying 669

with Rth = 1 b/s/Hz. Similar results can be obtained as the 670

rate performance shown in Fig. 9. 671

V. CONCLUSIONS 672

A two-timeslot two-way FD relaying scheme, which was 673

based on dividing the access link and the backhaul link in time 674

domain, was proposed and investigated. Closed-form expres- 675

sions for the average end-to-end rate and the outage probabil- 676

ity, were derived. According to UE capability and services, two 677

scenarios of I - and Y -relaying channels, were considered. The 678

results clearly showed that the proposed scheme could achieve 679

higher rate and better outage performance than HD relaying, 680

when residual self-interference was below a certain level. 681

It was also shown that DF protocol could achieve higher rate 682

than that in the AF one in the proposed relaying scheme. 683

In addition, the effect of inter-user interference on the average 684

rate and the outage probability was slight weaker than self- 685

interference, when considering that inter-user interference is 686

Rayleigh fading and self-interference is non-fading. Further- 687

more, there were tradeoffs between FD and HD modes, I - and 688

Y -relaying schemes. If residual self-interference was not very 689

severe, FD mode should be adopted, while Y -relaying scheme 690

with weak inter-user interference was superior to I -relaying 691

scheme, if UE could not suppress residual self-interference 692

very well. In summary, the two-timeslot two-way FD relaying 693

scheme can achieve reasonable tradeoff of performance and 694

complexity, thus it will be a potentially efficient solution for 695

5G systems. In a future work, the effect of the access/backhaul 696

link time slot configuration on the proposed scheme, will be 697

investigated. 698

APPENDIX A 699

PROOF OF THEOREM 1 700

Combining (11) and (13), the average rate for the AF based 701

two-timeslot two-way FD I -relaying over Rayleigh fading 702

channels is written as in (42), shown at the top of the next 703

page. 704

By using [40, eq. (12)], the average rate can be expressed 705

as in (43), shown at the top of the next page. After some 706

simplifications, R̄ AF
I RC can be obtained as in (14) and the proof 707

is completed. 708

APPENDIX B 709

PROOF OF THEOREM 2 710

For the AF based two-timeslot two-way FD I -relaying, 711

the instantaneous SNR of the signal received at the donor BS 712

can be rewritten as 713

γ AF
I RC =

γS1R
γ̄RR+1

γRD2
γ̄S2D2+1

γS1R
γ̄RR+1 + γRD2

γ̄S2D2+1 + 1
. (43) 714
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R̄ AF
I RC = ε

{

log2

(

1 + γR D2γS1R

γR D2(γ̄R R + 1) + (γ̄S2D2 + 1)(γS1R + γ̄R R + 1)

)}

= ε

{

log2

(

1 + γS1R

γ̄R R + 1

)

+ log2

(

1 + γR D2

γ̄S2D2 + 1

)

− log2

(

1 + γS1R

γ̄R R + 1
+ γR D2

γ̄S2D2 + 1

)}

(42)

R̄ AF
I RC =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

1

ln 2

[(

1 + γ̄R R + 1

γ̄S1R

)

e
γ̄RR +1
γ̄S1R E1

(
γ̄R R + 1

γ̄S1R

)

− 1

]

,
γ̄S1R

γ̄R R + 1
= γ̄R D2

γ̄S2D2 + 1
γ̄S1R

γ̄RR+1 e
γ̄S2D2+1

γ̄RD2 E1

(
γ̄S2D2+1

γ̄RD2

)
− γ̄RD2

γ̄S2D2+1 e
γ̄RR +1
γ̄S1R E1

(
γ̄RR+1
γ̄S1R

)

ln 2
(

γ̄S1R
γ̄RR+1 − γ̄RD2

γ̄S2D2+1

) ,
γ̄S1R

γ̄R R + 1
�= γ̄R D2

γ̄S2D2 + 1

(43)

After combining (17) and (43), and by using [41, eq. (20)],715

the outage probability can be expressed as716

P I RC,AF
out = 1 − 2

(
γth(γth + 1)
γ̄S1R

γ̄RR+1
γ̄RD2

γ̄S2D2+1

) 1
2

e
−γth

(
γ̄RR +1
γ̄S1R

+ γ̄S2D2+1
γ̄RD2

)

717

×K1

⎛

⎝2

(
γth(γth + 1)
γ̄S1R

γ̄RR+1
γ̄RD2

γ̄S2D2+1

) 1
2
⎞

⎠, (45)718

which can be simplified as in (18) and the proof is719

completed.720

APPENDIX C721

PROOF OF THEOREM 3722

We first consider the random variable, w, with PDF723

f (w) =
(

γ̄R R + 1

γ̄S1R
+ γ̄S2D2 + 1

γ̄R D2

)

e
−

(
γ̄RR +1
γ̄S1R

+ γ̄S2D2+1
γ̄RD2

)
w
.724

(46)725

According to (21), (25), and (27), the average rate for726

the DF based two-timeslot two-way FD I -relaying can be727

rewritten as728

R̄DF
I RC =

∫ ∞

0
log2(1 + w) f (w)dw729

=
∫ ∞

0
log2(1 + w)

(
γ̄R R + 1

γ̄S1R
+ γ̄S2D2 + 1

γ̄R D2

)

730

×e
−

(
γ̄RR +1
γ̄S1R

+ γ̄S2D2+1
γ̄RD2

)
w

dw731

=
∫ ∞

0

1

ln 2
ln(1 + w)

(
γ̄R R + 1

γ̄S1R
+ γ̄S2D2 + 1

γ̄R D2

)

732

×e
−

(
γ̄RR +1
γ̄S1R

+ γ̄S2D2+1
γ̄RD2

)
w

dw. (47)733

Finally, by using [42, eq. (19b)], the average rate can be 734

written as in (28) and the proof is completed. 735

APPENDIX D 736

PROOF OF THEOREM 4 737

Combining (21), (25), and (31), the outage probability of 738

the DF based two-timeslot two-way FD I -relaying can be 739

expressed as 740

P DF
out,I RC = 1 −

(

1 −
∫ γth (γ̄RR+1)

0

1

γ̄S1R
e
− x

γ̄S1R dx

)

741

×
(

1 −
∫ γth (γ̄S2D2+1)

0

1

γ̄R D2
e
− y

γ̄RD2 dy

)

742

= 1 −
(∫ ∞

γth (γ̄RR+1)

1

γ̄S1R
e
− x

γ̄S1R dx

)

743

×
(∫ ∞

γth (γ̄S2D2+1)

1

γ̄R D2
e
− y

γ̄RD2 dy

)

. (48) 744

By using [41, eq. (21)], the outage probability can be written 745

as in (32) and the proof is completed. 746

APPENDIX E 747

PROOF OF THEOREM 5 748

For the S1→R→D2 link, the average rate for the AF 749

two-timeslot two-way FD Y -relaying over Rayleigh fading 750

channels is written as in (14), while for the S2→R→D1 751

link, since the average rate, R̄ AF
Y RC,D1, has the similar form 752

as in (13), replacing γ AF
I RC,D1 in (13) by γ AF

Y RC,D1 in (34), 753

the average rate is expressed as in (49), shown at the bottom 754

of this page. Function g(x, y, z) in (49) is defined as 755

g(x, y, z) = e−x/γ̄RD1

γ̄R D1

e−y/γ̄S2R

γ̄S2R

e−z/γ̄S1D1

γ̄S1D1
. (50) 756

R̄ AF
Y RC,D1 = ε{log2(1 + γ AF

Y RC,D1)}
=

∫ ∞

0

∫ ∞

0

∫ ∞

0
log2

(

1 + xy

x(γ̄R R + 1) + (z + 1)(y + γ̄R R + 1)

)

g(x, y, z)dxdydz

= 1

ln 2

{∫ ∞

0

∫ ∞

0

∫ ∞

0
ln(xy + x(γ̄R R + 1) + (z + 1)(y + γ̄R R + 1))g(x, y, z)dxdydz

︸ ︷︷ ︸
I5,1

−
∫ ∞

0

∫ ∞

0

∫ ∞

0
ln(x(γ̄R R + 1) + (z + 1)(y + γ̄R R + 1))g(x, y, z)dxdydz

︸ ︷︷ ︸
I5,2

}

(49)
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After merging the same terms and integrating, the triple757

integral, I5,1, can be rewritten as758

I5,1 =
∫ ∞

0
ln(y + γ̄R R + 1)

e−y/γ̄S2R

γ̄S2R
dy

︸ ︷︷ ︸
I5,1−1

759

+
∫ ∞

0

∫ ∞

0
ln(x + z + 1)

e−x/γ̄RD1

γ̄R D1

e−z/γ̄S1D1

γ̄S1D1
dxdz

︸ ︷︷ ︸
I5,1−2

.760

(51)761

The integrals I5,1−1 and I5,1−2 can be respectively solved as762

follows: By using [43, eq. (2.6.23.5)], the integral, I5,1−1, can763

be solved in closed-form as764

I5,1−1 = ln(γ̄R R + 1) + e
γ̄RR +1
γ̄S2R E1

(
γ̄R R + 1

γ̄S2R

)

. (52)765

Regarding the integral I5,1−2, after integration by parts for x ,766

it can be written as767

I5,1−2 =
∫ ∞

0
ln(z + 1)

e−z/γ̄S1D1

γ̄S1D1
dz

︸ ︷︷ ︸
I5,1−2−1

768

+
∫ ∞

0

∫ ∞

0

1

x + z + 1
e−x/γ̄RD1

e−z/γ̄S1D1

γ̄S1D1
dxdz

︸ ︷︷ ︸
I5,1−2−2

.769

(53)770

Following similar procedure, according to [43, eq. (2.6.23.5)],771

I5,1−2−1 can be expressed as772

I5,1−2−1 = e
1

γ̄S1D1 E1

(
1

γ̄S1D1

)

, (54)773

while the integral I5,1−2−2 can be evaluated as follows. When774

γ̄R D1 �= γ̄S1D1, I5,1−2−2 can be written as775

I5,1−2−2
t= x+z+1

z+1






 1

γ̄S1D1

∫ ∞

0

∫ ∞

1

1

t
e
− (z+1)(t−1)

γ̄RD1 e
− z

γ̄S1D1 dtdz776

= 1

γ̄S1D1
e

1
γ̄RD1

∫ ∞

0
e
−( 1

γ̄S1D1
− 1

γ̄RD1
)z

E1

(
z + 1

γ̄R D1

)

dz,777

(55)778

or779

I5,1−2−2 = γ̄R D1

(γ̄R D1 − γ̄S1D1)

(

e
1

γ̄RD1 E1

(
1

γ̄R D1

)

780

− e
1

γ̄S1D1 E1

(
1

γ̄S1D1

))

. (56)781

When γ̄R D1 = γ̄S1D1, I5,1−2−2 can be written as 782

I5,1−2−2 = 1

γ̄S1D1
e

1
γ̄S1D1

∫ ∞

0
E1

(
x + 1

γ̄S1D1

)

dx . (57) 783

By using [44, eq. (4.1.9)], I5,1−2−2 can be expressed as 784

I5,1−2−2 = 1

γ̄S1D1

(

γ̄S1D1 − e
1

γ̄S1D1 E1

(
1

γ̄S1D1

))

. (58) 785

Next, we solve the triple integral I5,2. First, through inte- 786

gration by parts for x , it can be rewritten as in (59), shown at 787

the bottom of this page. 788

According to [43, eq. (2.6.23.5)], I5,2−1 in (59) can be 789

evaluated as 790

I5,2−1 = ln(γ̄R R + 1) + e
γ̄RR +1
γ̄S2R E1

(
γ̄R R + 1

γ̄S2R

)

791

+ e
1

γ̄S1D1 E1

(
1

γ̄S1D1

)

. (60) 792

Note, that in order to obtain the bound for the average 793

end-to-end rate, we apply Jensen’s inequality during deriv- 794

ing the integrals. We first discuss the convexity of integral 795

function 796

f (z) 797

= (γ̄R R + 1)

x(γ̄R R + 1) + (z + 1)(y + γ̄R R + 1)
e
− x

γ̄RD1
1

γ̄S2R
e
− y

γ̄S2R . 798

(61) 799

It can be further transformed into such form, 800

f (z) = a(bz + c)−1, where a, b, and c are constants. 801

Its second derivative is, f ′′(z) = 2ab2(bz + c)−2 > 0. 802

Therefore, the integral function f (z) is convex. After 803

applying Jensen’s inequality to eliminate the z-dimension, 804

and perform variable substitution, I5,2−2 can be written as 805

I5,2−2 ≥
∫ ∞

0

∫ ∞

1
e

(γ̄S1D1+1)(y+γ̄RR+1)
γ̄RD1(γ̄RR +1)

1

t
e
− t (γ̄S1D1+1)(y+γ̄RR+1)

γ̄RD1(γ̄RR +1)
806

× 1

γ̄S2R
e
− y

γ̄S2R dtdy 807

=
∫ ∞

0
e

(γ̄S1D1+1)(y+γ̄RR+1)
γ̄RD1(γ̄RR+1) E1

(
γ̄S1D1 + 1

γ̄R D1(γ̄R R + 1)
y 808

+ γ̄S1D1 + 1

γ̄R D1

)
1

γ̄S2R
e
− y

γ̄S2R dy. (62) 809

We further discuss the integral in the following two special 810

cases: 811

I5,2 =
∫ ∞

0

∫ ∞

0
(ln(z + 1) + ln(y + γ̄R R + 1))

e−y/γ̄S2R

γ̄S2R

e−z/γ̄S1D1

γ̄S1D1
dydz

︸ ︷︷ ︸
I5,2−1

+
∫ ∞

0

∫ ∞

0

∫ ∞

0

(γ̄R R + 1)

x(γ̄R R + 1) + (z + 1)(y + γ̄R R + 1)
e−x/γ̄RD1

e−y/γ̄S2R

γ̄S2R

e−z/γ̄S1D1

γ̄S1D1
dxdydz

︸ ︷︷ ︸
I5,2−2

(59)
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Case (1): When γ̄R D1(γ̄R R + 1) �= γ̄S2R(γ̄S1D1 + 1), I5,2−2812

can be written as813

I5,2−2 ≥ 1

γ̄S2R
e

γ̄S1D1+1
γ̄RD1

∫ ∞

0
e
−( 1

γ̄S2R
− γ̄S1D1+1

γ̄RD1(γ̄RR+1) )y
814

× E1

(
γ̄S1D1 + 1

γ̄R D1(γ̄R R + 1)
y + γ̄S1D1 + 1

γ̄R D1

)

dy, (63)815

or816

I5,2−2 ≥ γ̄R D1(γ̄R R + 1)

γ̄R D1(γ̄R R + 1) − γ̄S2R(γ̄S1D1 + 1)
817

×
{

e
γ̄S1D1+1

γ̄RD1 E1

(
γ̄S1D1 + 1

γ̄R D1

)

− e
γ̄RR +1
γ̄S2R E1

(
γ̄R R + 1

γ̄S2R

)}

.818

(64)819

Case (2): When γ̄R D1(γ̄R R + 1) = γ̄S2R(γ̄S1D1 + 1),820

the integral, I5,2−2, can be written as821

I5,2−2 ≥ 1

γ̄S2R
e

γ̄S1D1+1
γ̄RD1822

×
∫ ∞

0
E1

(
γ̄S1D1 + 1

γ̄R D1(γ̄R R + 1)
y + γ̄S1D1 + 1

γ̄R D1

)

dy,823

(65)824

or825

I5,2−2 ≥ γ̄R R + 1

γ̄S2R(γ̄S1D1 + 1)
826

×
{

γ̄R D1 − (γ̄S1D1 + 1)e
γ̄S1D1+1

γ̄RD1 E1

(
γ̄S1D1 + 1

γ̄R D1

) }

.827

(66)828

Finally, by using (52), (54), (56), (58), (60), (64) and (66)829

into (49), R̄ AF
Y RC,D1 can be written as in (35) and the proof is830

completed.831

APPENDIX F832

PROOF OF THEOREM 6833

For the S1→R→D2 link, the outage probability of the AF834

based two-timeslot two-way FD Y -relaying can be expressed835

as in (18). For the S2→R→D1 link, the integral domains836

for its outage probability consist of D1 = {(x, y, z) | 0 <837

x < ∞, 0 < y < γth(γ̄R R + 1), 0 < z < ∞} and838

D2 = {(x, y, z) | 0 < x < γth (z+1)(y+γ̄RR+1)
y−γth(γ̄RR+1) , γth(γ̄R R+1) <839

y < ∞, 0 < z < ∞}. Thus, the outage probability of the840

AF based two-timeslot two-way FD Y -relaying can be written841

as in (67), shown at the bottom of this page.842

Note, that applying Jensen’s inequality during deriving the 843

integral, a bound for the outage probability can be obtained. 844

We first discuss the convexity of integral function 845

f (z) = 1

γ̄S2R
e
− y

γ̄S2R e
− γth (z+1)(y+γ̄RR+1)

γ̄RD1(y−γth (γ̄RR +1)) . (68) 846

It can be transformed into the form, f (z) = ae−(bz+c), 847

where a, b, and c are constants, and its second derivative is, 848

f ′′(z) = ab2e−(bz+c) > 0. So, integral function, f (z), is con- 849

vex. By using Jensen’s inequality and variable substitution, the 850

outage probability can be upper bounded as 851

PY RC,AF
out,D1 (γ AF

Y RC,D1 < γth) 852

≤ 1 −
∫ ∞

γth(γ̄RR+1)

1

γ̄S2R
e
− y

γ̄S2R e
− γth (γ̄S1D1+1)(y+γ̄RR+1)

γ̄RD1(y−γth (γ̄RR +1)) dy 853

= 1 −
∫ ∞

0

1

γ̄S2R
e
−

(
t

γ̄S2R
+ γth (γth+1)(γ̄S1D1+1)(γ̄RR+1)

γ̄RD1 t

)

854

× e
− γth (γ̄RD1(γ̄RR +1)+γ̄S2R(z+1))

γ̄S2R γ̄RD1 dy. (69) 855

After solving the integral, the outage probability can be written 856

as in (37) and the proof is completed. 857

APPENDIX G 858

PROOF OF THEOREM 7 859

For the S1→R→D2 link, the average end-to-end rate 860

for the DF based two-timeslot two-way FD Y -relaying over 861

Rayleigh fading channels, can be expressed as in (28). For the 862

S2→R→D1 link, since the average rate, R̄DF
Y RC,D1, has the 863

similar form as in (27), replacing γS2→R and γ DF
I RC,D1 in (27) 864

by (24) and γ DF
Y RC,D1 in (39), respectively, the average rate can 865

be written as 866

R̄DF
Y RC,D1 = ε

{

log2

(

1 + min

(
γS2R

γ̄R R + 1
,

γR D1

γS1D1 + 1

))}

. 867

(70) 868

Since the integral function, f (γS1D1) = 869

log2

(
1 + min

(
γS2R

γ̄RR+1 , γRD1
γS1D1+1

))
, is convex, by applying 870

Jensen’s inequality, the average rate can be written as 871

R̄DF
Y RC,D1 ≥ ε

{

log2

(

1 + min

(
γS2R

γ̄R R + 1
,

γR D1

γ̄S1D1 + 1

))}

. 872

(71) 873

Similar to Theorem 3 and its proof, R̄DF
Y RC,D1 can be finally 874

expressed as in (40) and the proof is completed. 875

PY RC,AF
out,D1 (γ AF

Y RC,D1 < γth) = Pr

(
γR D1γS2R

γR D1(γ̄R R + 1) + (γS1D1 + 1)(γS2R + γ̄R R + 1)
< γth

)

=
∫ ∞

0

{∫ γth (γ̄RR+1)

0

1

γ̄S2R
e
− y

γ̄S2R

∫ ∞

0

1

γ̄R D1
e
− x

γ̄RD1 dxdy

+
∫ ∞

γth (γ̄RR+1)

1

γ̄S2R
e
− y

γ̄S2R

∫ γth (z+1)(y+γ̄RR+1)
y−γth (γ̄RR+1)

0

1

γ̄R D1
e
− x

γ̄RD1 dxdy

}
1

γ̄S1D1
e
− z

γ̄S1D1 dz

= 1 −
∫ ∞

0

∫ ∞

γth (γ̄RR+1)

1

γ̄S2R
e
− y

γ̄S2R e
− γth (z+1)(y+γ̄RR+1)

γ̄RD1(y−γth (γ̄RR +1))
1

γ̄S1D1
e
− z

γ̄S1D1 dydz (67)



IEE
E P

ro
of

14 IEEE TRANSACTIONS ON COMMUNICATIONS

APPENDIX H876

PROOF OF THEOREM 8877

For the S1→R→D2 link, the outage probability of the DF878

based two-timeslot two-way FD Y -relaying is expressed as879

in (32). For the S2→R→D1 link, similar to (31), the outage880

probability of that can be written as881

PY RC,DF
out,D1 = 1 − (1 − Pr(γS2→R < γth))882

×(1 − Pr(γ DF
Y RC,D1 < γth)), (72)883

where884

Pr(γS2→R < γth) = Pr

(
γS2R

γ̄R R + 1
< γth

)

885

=
∫ γth (γ̄RR+1)

0

1

γ̄S2R
e
− y

γ̄S2R dy886

= 1 − e
− γth (γ̄RR+1)

γ̄S2R , (73)887

and according to (39) and [23, eqs. (2) and (6)],888

Pr(γ DF
Y RC,D1 < γth) can be written as889

Pr(γ DF
Y RC,D1 < γth) = 1 − γ̄R D1

γth γ̄S1D1 + γ̄R D1
e
− γth

γ̄RD1 . (74)890

By substituting (73) and (74) into (72), PY RC,DF
out,D1 can be891

written as in (41) and the proof is completed.892
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Two-Timeslot Two-Way Full-Duplex Relaying
for 5G Wireless Communication Networks

Zhengquan Zhang, Zheng Ma, Member, IEEE, Ming Xiao, Senior Member, IEEE,
George K. Karagiannidis, Fellow, IEEE, Zhiguo Ding, Senior Member, IEEE, and Pingzhi Fan, Fellow, IEEE

Abstract— We propose a novel two-timeslot two-way1

full-duplex (FD) relaying scheme, in which the access link and2

the backhaul link are divided in the time domain, and we3

study the average end-to-end rate and the outage performance.4

According to the user equipment capability and services,5

we investigate two scenarios: three-node I- and four-node6

Y -relaying channels. Among various relaying protocols, the well-7

known amplify-and-forward and decode-and-forward are8

considered. Closed-form expressions for the average end-to-end9

rate and the outage probability, under the effect of residual10

self-interference and inter-user interference, are presented. The11

results show that the proposed two-timeslot two-way FD relaying12

scheme can achieve higher rate and better outage performance13

than the half-duplex one, when residual self-interference is14

below a certain level. Therefore, this relaying scheme presents15

a reasonable tradeoff between performance and complexity, and16

so, it could be efficiently used in the fifth-generation wireless17

networks.18

Index Terms— Full-duplex, two-way relaying, time division19

multiplexing, residual self-interference, Y -relaying channel.20

I. INTRODUCTION21

RELAYING, which enables wireless networks to work

AQ:1

AQ:2

AQ:3

22

in a cooperative manner, is an efficient way to improve23

spectrum efficiency and extend coverage. Half-duplex (HD)24
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Fig. 1. Existing relaying schemes. a) 4-timeslot HD; b) 3-timeslot HD;
c) 2-timeslot HD; d) One-way FD (Protocol 1); e) FD (Protocol 2);
f) Two-way FD (Protocol 3).

relaying has already been adopted as one of the key features 25

in long term evolution-advanced (LTE-A) systems [1]. Field 26

tests show that it can improve the coverage in the holes 27

and the data rate in poorly covered areas of a donor 28

eNodeB (DeNB) [2], [3]. In order to satisfy the increasing

AQ:4

29

data rate demands, the research in fifth generation (5G) 30

wireless networks is on-going, both in academia and industry. 31

In the 5G era, wireless networks should offer up to 32

tens of Gbps data rate to support a variety of emerging 33

services [4], [5], which stimulates researchers to constantly 34

explore innovative techniques, with higher spectrum efficiency. 35

Recently, full-duplex (FD) radio was proposed as a promising 36

technique for the 5G networks, because it can double the spec- 37

trum efficiency, by achieving simultaneous transmission and 38

reception on the same carrier frequency [6]–[9]. Furthermore, 39

in order to satisfy the 5G requirements, relaying schemes with 40

high spectrum efficiency, such as two-way, and full-duplex 41

etc., have been recently attracted considerable attention. 42

A. Related Literature 43

Fig. 1 summarizes existing three-node relay transmission 44

schemes, which differ in the number of time slots required to 45

achieve the bidirectional data exchange. 46

• Four-timeslot HD relaying [10], [11]. As shown 47

in Fig. 1(a), this scheme needs four time slots to achieve 48

the bidirectional data transmission between the user 49

equipment (UE) and the donor base station (BS) via the 50

relay. In the first time slot, the UE transmits uplink data 51

0090-6778 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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to the relay, while the relay forwards the received data52

to the BS in the second time slot. Similarly, in the third53

time slot, the BS transmits downlink data to the relay,54

while the relay forwards the received data to the UE in55

the fourth time slot. Among all the relay transmission56

schemes, this scheme presents the lowest complexity, but57

its spectrum efficiency is the lowest one.58

• Three-timeslot HD relaying [12], [13]. Fig. 1(b) shows59

that bidirectional data transmission between the UE and60

the BS via the relay, can be achieved in three time slots.61

In the first time slot, the UE transmits uplink data to62

the relay, while the BS transmits downlink data to the63

relay in the second time slot. In the third time slot, the64

relay broadcasts a combination of the received data to65

the UE and the BS. In general, network coding [14], [15]66

is used to combine the received two data flows at67

the relay. Therefore, the destination node receives not68

only the desired data from the source node but also69

its own previous transmitted data. The destination node70

subtracts back-propagating interference (BI)1 [16] prior to71

decoding.72

• Two-timeslot HD relaying [16]–[19]. The two time slots73

bidirectional data transmission, between the UE and the74

BS via the relay, is demonstrated in Fig. 1(c). This75

scheme consists of the multiple access (MAC) and broad-76

cast (BC) stages. At the MAC stage, the UE and the BS77

simultaneously transmit their own data to the relay on78

the same carrier frequency, while the relay broadcasts79

a combination of the received data to the UE and the80

BS at the BC stage. Similarly, both the UE and the81

BS need to suppress the back-propagating interference82

in two-timeslot HD relaying.83

• One-way FD relaying (Protocol 1) [20]–[24]. In this84

scheme, unidirectional data transmission between the UE85

and the BS via the FD relay is achieved in one time slot,86

as shown in Fig. 1(d). In order to exchange the bidirec-87

tional data between the UE and the BS, it still needs88

two time slots. In the first time slot, the UE transmits89

uplink to the BS via the relay, while the BS transmits90

downlink data to the UE via the relay in the second time91

slot. In this scheme, only the relay operates in FD mode,92

and suffers from residual self-interference2 [20]. When93

the amplify-and-forward (AF) protocol is adopted, it is94

also called as full-duplex repeater [25], [26], which has95

widely been used in cellular networks. Unlike the BS96

with whole baseband and radio remote units, a full-duplex97

repeater consists of a radio receiver and a transmitter,98

which can enable the signal to cover longer distances99

without degradation, through retransmitting the received100

weak signal at a higher power.101

• FD relaying (Protocol 2) [27]. As shown in Fig. 1(e),102

two time slots are used to achieve the bidirectional data103

1Back-propagating interference refers to signals previously transmitted by
a node, which they propagate back to the receiver via intermediate nodes.

2Self-interference refers to co-channel signals that are transmitted by a full-
duplex node and looped back to the receiver simultaneously. Due to imperfect
interference cancellation, loop signals still remains in the receiver and are
considered as interference, when decoding the desired data.

exchange between the UE and the BS via the relay. 104

In the first time slot, the UE transmits the uplink data 105

to the relay. In the second time slot, the relay receives 106

the downlink data from the BS, then broadcasts a combi- 107

nation of the received data to the UE and the BS. In this 108

scheme, the relay and the BS operate in FD mode, thus 109

they suffer from residual self-interference generated by 110

the co-channel transmission and imperfect interference 111

cancellation. In addition, both the UE and the BS need 112

to cancel the back-propagating interference as well. 113

• Two-way FD relaying (Protocol 3) [27]–[29]. Fig. 1(f) 114

demonstrates the bidirectional data exchange between the 115

UE and the BS via the relay in one time slot. The 116

relay simultaneously receives two data flows from the 117

UE and the BS on the same carrier frequency, then 118

broadcasts their combination to the UE and the BS. 119

Compared with the above relaying schemes, two-way 120

FD relaying (Protocol 3) can achieve highest spectrum 121

efficiency, but it also presents the maximum processing 122

complexity. This is because the UE, the relay, and the 123

BS need to suppress residual self-interference, created 124

by the co-channel transmission and imperfect interference 125

cancellation, and the back-propagating interference needs 126

to be cancelled at both the UE and the BS. 127

B. Motivation and Contribution 128

Even though there are several available relaying schemes, 129

which are described above, it seems that they are not optimal 130

for the future needs of wireless networks. For one-way FD 131

relaying (Protocol 1), the BS operates in HD mode, and thus, 132

does not fully take the advantages of FD; In FD (Protocol 2), 133

the relay performs signal combining and the UE perfectly 134

cancel the back-propagating interference; the relay needs two 135

sets of FD transceivers to achieve simultaneous bidirectional 136

data exchange between the UE and the BS in two-way 137

FD (Protocol 3) and also performs signal combining. Besides, 138

in this scheme, both UE and BS are required to perfectly 139

cancel the back-propagating interference. In addition, the BS 140

cannot dynamically adjust the time resources to optimize the 141

performance for some scenarios, such as the signal-to-noise 142

ratio (SNR) imbalance between the access and the backhaul 143

links [30]. 144

Motivated by the above, in this paper, we propose and 145

investigate a novel two-timeslot two-way FD relaying scheme, 146

based on time division multiplexing, where the access and the 147

backhaul links are divided in time domain, while FD operation 148

is introduced in each hop. The available time slots for each 149

hop depend on the configuration from the higher layers. In the 150

available time slots for the access link, bidirectional data are 151

exchanged between the UE and the relay, while the BS can 152

also use these slots to serve users in the BS macro cell. 153

Furthermore, bidirectional data transmission between the relay 154

and the BS is achieved in the available time slots for the 155

backhaul link. Compared with FD (Protocol 2) and two-way 156

FD (Protocol 3), there is no back-propagating interference in 157

two-timeslot two-way FD relaying scheme. 158

According to the UE capability and services, two 159

scenarios are considered: a) I -relaying channel (IRC); 160
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and b) Y -relaying channel (YRC) [31]–[33]. In I -relaying161

channel, the UE, the relay, and the base station support FD162

operation and the UE has concurrent uplink and downlink163

data, while in Y -relaying channel, the BS and the relay, both164

equipped with FD transceiver, serve the UE1 with uplink165

data and the UE2 with downlink data. Among various relay-166

ing protocols, we consider the well-known AF and decode-167

and-forward (DF)3 [16]. In contrast to [34], we assume168

that there is no direct link between the UE and the BS,169

due to transmit power limitation or the severe shadowing170

effect [18], [20]. Furthermore, we consider the effect of171

residual self-interference and inter-user interference [35].172

The contribution of this paper can be summarized as173

follows:174

• A novel two-timeslot two-way FD relaying scheme,175

which divides the access and the backhaul links in time176

domain, is proposed, and the scenarios of three-node177

I - and four-node Y -relaying channels are studied;178

• Closed-form expressions for the average end-to-end179

rate and the outage probability of the AF and DF180

based two-timeslot two-way FD relaying schemes, are181

derived;182

• Detailed analysis and performance comparisons between183

the proposed scheme and the HD relaying, are also184

presented.185

C. Paper Outline186

The rest of the paper is organized as follows. Section II187

describes the system model and explains the main con-188

cept of the two-timeslot two-way FD relaying scheme.189

A detailed derivation of the average end-to-end rate and the190

outage probability of this relaying scheme for the I - and191

Y -relaying channels, are presented in Section III. Analytical192

results, Monte Carlo simulations and discussion are presented193

in Section IV, followed by the conclusions in Section V.194

II. SYSTEM MODEL195

A two-timeslot two-way FD relaying model is considered,196

as in Fig. 2, with (a) I -relaying channel and (b) Y -relaying197

channel. The hop between the UE and the relay is referred198

to as the access link, while the backhaul link refers to the199

hop between the relay and donor BS. Furthermore, no direct200

link between source and destination nodes is assumed, due201

to the transmit power limitation or the severe shadowing202

effect [18], [20]. Also, we consider a simple 1:1 access/203

backhaul link time slot configuration, where the odd time204

slots are configured to the access link, while the backhaul205

link uses the even time slots. To this end, in the odd time206

slots, the simultaneous uplink and downlink data transmissions207

between the UE and the relay on the same carrier frequency,208

are achieved, while the data exchange between the relay and209

the BS is implemented in the even time slots.210

3The compute-and-forward (CF) protocol enables relays to decode linear
equations of the transmitted messages using the noisy linear combinations
provided by the channel, which relies on codes with a linear structure, as the
nested lattice codes [15], [18]. Thus, CF protocol is based on a different
concept than AF and DF protocols. In this paper, we focus on DF and AF
here for their practical simplicity.

Fig. 2. System model of two-timeslot two-way FD relaying.

In scenario (a) of Fig. 2, all the nodes operate in FD mode, 211

thus they suffer from residual self-interference (SI), due to 212

the co-channel transmission and imperfect interference can- 213

cellation. In scenario (b), the relay and the BS operate in FD 214

mode, while the UE1 with uplink data and the UE2 with down- 215

link data work in HD mode, thereby inter-user interference 216

between two UEs replaces self-interference generated at the 217

UE in scenario (a). In this scenario, UE1 as source, UE1 as 218

destination, the relay, the donor BS as source, and the donor 219

BS as destination are denoted as S1, D1, R, S2, and D2, 220

respectively. In scenario (b), UE1, UE2, the relay, the donor 221

BS as source, and the donor BS as destination are represented 222

by S1, D1, R, S2, and D2, respectively. 223

Although the detrimental effect of self-interference can 224

be mitigated by using multiple-stage interference cancel- 225

lation [36], there is still residual self-interference due to 226

the imperfections of the radio frequency chains. According 227

to [7], [20], and [37], the variance of residual self-interference 228

is approximately proportional to the λ-th power of the aver- 229

age transmitted power, where, λ ∈ [0, 1], depends on the 230

effect of the adopted self-interference cancellation techniques. 231

In practice, the accurate relation between the transmitted 232

power and residual self-interference is still unknown [37]. 233

Usually, it is set to empirical values, which are obtained from 234

field measurements and can be found in [7]. 235

The involved channels are S1→R, R→D2, S2→R, 236

R→D1, S1→D1, R→R, and S2→D2, whose channel coef- 237

ficients are denoted as hS1R, h R D2, hS2R , h R D1, hS1D1, h R R , 238

and hS2D2, respectively. Note, that in scenario (a), S1→D1 239

and S2→D2 are the residual self-interference channels, while 240

S1→D1 is the inter-user interference channel and S2→D2 241

is the residual self-interference channel in scenario (b). 242

We consider that hS1R and hS2R are independent and the 243

channels are reciprocal, thus it holds that hS1R = h R D1 244

and hS2R = h R D2 for the I -relaying channel, while 245

hS2R = h R D2 holds for the Y -relaying channel. Similarly 246

to [20] and [38], the residual self-interference channels are 247

assumed to be free of fading, while the channels S1→R, 248

R→D2, S2→R, R→D1, and the inter-user interference (IUI) 249
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channel S1→D1 are subjected to Rayleigh fading. Thus,250

the instantaneous SNR, γ , is an exponential random vari-251

able (RV), with probability density function (PDF) given252

by [20]253

fγ̄ (γ ) = 1

γ̄
e−γ /γ̄ , (1)254

where γ̄ is the average SNR. The instantaneous channel SNR255

is, γ = |h|2 P/σ 2, where h is the channel coefficient and256

σ 2 is the noise power, while the average channel SNR is,257

γ̄ = ε{|h|2}P/σ 2, with ε{·} to denote expectation [20]. The258

normalized transmitted powers of the source UE, the relay, and259

the donor BS are, P1 = 1, PR = 1, and P2 = 1, respectively.260

Also, the instantaneous SNRs of the involved channels are261

denoted as γS1R, γR D2, γS2R, γR D1, γS1D1, γR R , and γS2D2,262

while their corresponding average SNRs are represented by263

γ̄S1R, γ̄R D2, γ̄S2R, γ̄R D1, γ̄S1D1, γ̄R R , and γ̄S2D2.264

III. PERFORMANCE ANALYSIS265

A. I-Relaying Channel266

In the odd time slots, k = 2n −1, n = 1, 2, 3, ..., simultane-267

ous bidirectional data transmission and reception is achieved268

between the UE1 and the relay. In addition, since both the269

UE1 and the relay operate in FD mode, they suffer from270

residual self-interference, because of imperfect interference271

cancellation. Therefore, the signals received at the relay and272

UE1 can be respectively expressed as273

yR[k] = hS1RxS1[k] + vR [k] + nR[k], (2)274

and275

yD1[k] = h R D1tR[k] + vD1[k] + nD1[k], (3)276

where xSi ∼ C N(0, Pi ) is the transmit symbol of the277

source node i = 1, 2, vR ∼ C N(0, |h R R |2 PR) residual self-278

interference at the relay, nR ∼ C N(0, σ 2
R) the additive white279

Gaussian noise (AWGN) at the relay, tR the relay’s transmit280

signal, vDi ∼ C N(0, |hSi Di |2 Pi ) residual self-interference at281

the destination node i = 1, 2, and nDi ∼ C N(0, σ 2
Di

) the282

AWGN at the destination node. Note, that tR depends on the283

relaying scheme, and is given explicitly in the following pages.284

Similarly, in the even time slots, k = 2n, n = 1, 2, 3, ...,285

simultaneous bidirectional data exchange is achieved between286

the relay and the donor BS. Both the relay and the donor287

BS suffer from residual self-interference, because of FD288

operation and imperfect interference cancellation. So, the sig-289

nals received at the relay and donor BS can be respectively290

written as291

y ′
R[k] = hS2RxS2[k] + vR[k] + nR[k], (4)292

and293

yD2[k] = h R D2tR[k] + vD2[k] + nD2[k]. (5)294

1) Amplify-and-Forward: In the odd time slots, the relay295

receives and buffers uplink data from the UE1, and forwards296

the buffered downlink data to the UE1 by amplifying the297

signals, based on the channel gains. Similarly, in the even298

time slots, the relay receives and buffers downlink data from299

the donor BS, and forwards the buffered uplink data to the300

donor BS, with the same processing as with the downlink 301

data forwarding. 302

In the odd time slots, k = 2n − 1, n = 1, 2, 3, ..., the relay 303

amplifies the input signal received in the even time slots 304

by an amplification factor β > 0, which induces a delay 305

of τ assumed to be one without loss of generality. Thus, 306

the transmit signal of the relay can be expressed as [20] 307

tR[k] = βyR[k − τ ] 308

= β(hS2RxS2[k − τ ] + vR [k − τ ] + nR[k − τ ]). (6) 309

Considering the average transmit power of the relay, 310

ε{|tR[k]|2} = PR = 1 [29], the amplification factor β can 311

be written as [20], [21] 312

β = (|hS2R|2 + |h R R |2 + σ 2
R)−1/2. (7) 313

By substituting (6) into (3), yD1[k] can be expressed as 314

yD1[k] = h R D1(β yR[k − τ ]) + vD1[k] + nD1[k] 315

= βh R D1(hS2RxS2[k − τ ] + vR[k − τ ] 316

+ nR[k − τ ]) + vD1[k] + nD1[k]. (8) 317

Therefore, the instantaneous SNR of the signal received at 318

the UE1, can be expressed as 319

γ AF
I RC,D1 = β2|h R D1|2|hS2R|2

β2|h R D1|2(|h R R |2 + σ 2
R) + |hS1D1|2 + σ 2

D1

. (9) 320

Finally, by substituting (7) into (9) 321

γ AF
I RC,D1 322

= γR D1γS2R

γR D1(γ̄R R + 1) + (γ̄S1D1 + 1)(γS2R + γ̄R R + 1)
. (10) 323

Similarly, in the even time slots, k = 2n, n = 1, 2, 3, . . ., 324

the instantaneous SNR of the signal received at the donor 325

BS is 326

γ AF
I RC,D2 327

= γR D2γS1R

γR D2(γ̄R R + 1) + (γ̄S2D2 + 1)(γS1R + γ̄R R + 1)
. (11) 328

Compared with HD relaying, the denominator of (10) 329

contains the terms of γ̄S1D1 and γ̄R R , while the denominator 330

of (11) contains the terms of γ̄S2D2 and γ̄R R . This means 331

that the two-timeslot two-way FD relaying deteriorates the 332

instantaneous SNRs of the end-to-end link, due to residual 333

self-interference at all nodes. 334

In the AF based two-timeslot two-way FD I -relaying, 335

the average end-to-end rate is defined as 336

R̄ AF
I RC = ε{log2(1 + γ AF

I RC,D1) + log2(1 + γ AF
I RC,D2)}

2
337

= ε{log2(1 + γ AF
I RC,D1)} + ε{log2(1 + γ AF

I RC,D2)}
2

. 338

(12) 339

Due to no spectral loss in FD operation, the pre-log factor is 340

equal to one, which is different from the average end-to-end 341

rate for HD relaying. Considering channel reciprocity and 342

identical self-interference assumption, R̄ AF
I RC can be further 343

written as 344

R̄ AF
I RC = ε{log2(1 + γ AF

I RC,D1)} = ε{log2(1 + γ AF
I RC,D2)}. 345

(13) 346
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Theorem 1: The average end-to-end rate for the AF based347

two-timeslot two-way FD I -relaying over Rayleigh fading348

channels, can be expressed as349

R̄ AF
I RC =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

ln 2

(
γ̄S1R + γ̄R R + 1

γ̄S1R
e

γ̄RR +1
γ̄S1R E1

(
γ̄R R + 1

γ̄S1R

)

−1

)

,

γ̄S1R

γ̄R R + 1
= γ̄R D2

γ̄S2D2 + 1
1

(ln 2)(c1 − c2)

(

c1e
γ̄S2D2+1

γ̄RD2 E1

(
γ̄S2D2 + 1

γ̄R D2

)

−c2e
γ̄RR +1
γ̄S1R E1

(
γ̄R R + 1

γ̄S1R

))

,

γ̄S1R

γ̄R R + 1
�= γ̄R D2

γ̄S2D2 + 1
,

350

(14)351

where E1(x) = ∫ ∞
1

e−xt

t dt [20], [40], [44], c1 =352

γ̄S1R(γ̄S2D2 + 1), and c2 = γ̄R D2(γ̄R R + 1).353

Proof: See Appendix A. �354

If each hop of the two-timeslot two-way FD relaying is355

allocated two orthogonal channels, e.g., using two time slots356

to transmit data, then it is degraded to HD relaying. Thus,357

the average rate can be determined from (14) by setting358

γ̄R R = 0 and γ̄S2D2 = 0 and pre-log factor 1
2 . Therefore,359

the average end-to-end rate for the AF based HD relaying360

can be written as [39], [40]361

R̄ AF
H D =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

2 ln 2

[(

1 + 1

γ̄S1R

)

e
1

γ̄RD2 E1

(
1

γ̄R D2

)

− 1

]

,

γ̄S1R = γ̄R D2

γ̄S1Re
1

γ̄RD2 E1

(
1

γ̄RD2

)
− γ̄R D2e

1
γ̄S1R E1

(
1

γ̄S1R

)

(2 ln 2)(γ̄S1R − γ̄R D2)
,

γ̄S1R �= γ̄R D2.

362

(15)363

Note, that compared with (15), the denominator of (14) in364

Theorem 1 does not contain the constant 2, which indicates365

that the two-timeslot two-way FD relaying can achieve an366

extra rate gain due to time multiplexing. However, it also367

suffers from a certain loss in the rate resulting from residual368

self-interference, because (14) contains the self-interference369

terms of γ̄R R and γ̄S2D2. Therefore, if the rate gain from time370

multiplexing can compensate the rate loss caused by residual371

self-interference, the two-timeslot two-way FD relaying can372

achieve better performance than that in the HD case.373

An outage occurs when the transmission rate is below the374

target rate, Rth . Thus, the outage probability of the AF based375

two-timeslot two-way FD I -relaying can be expressed as376

P AF
out,I RC377

= Pr(log2(1+γ AF
I RC,D1)<Rth)+ Pr(log2(1+γ AF

I RC,D2)<Rth)

2
378

= Pr(γ AF
I RC,D1 < γth) + Pr(γ AF

I RC,D2 < γth)

2
, (16)379

where γth is the SNR threshold for the outage, and we380

have γth = 2Rth − 1. The outage probability for the AF381

based HD relaying can be obtained from (16) by replac-382

ing γth by 22Rth − 1. Considering channel reciprocity and383

identical self-interference assumption, P AF
out,I RC can be further 384

written as 385

P AF
out,I RC = Pr(γ AF

I RC,D1 < γth) = Pr(γ AF
I RC,D2 < γth). (17) 386

Theorem 2: For a given target rate, Rth, the outage prob- 387

ability of the AF based two-timeslot two-way FD I -relaying 388

can be expressed as 389

P AF
out,I RC = 1 − 2

(
γth(γth + 1)(γ̄S2D2 + 1)(γ̄R R + 1)

γ̄S1Rγ̄R D2

) 1
2

390

×e
− γth (γ̄RD2(γ̄RR +1)+γ̄S1R(γ̄S2D2+1))

γ̄S1R γ̄RD2 391

×K1

(

2

(
γth(γth +1)(γ̄S2D2+1)(γ̄R R + 1)

γ̄S1Rγ̄R D2

)1
2
)

, 392

(18) 393

where Kv (.) is the modified Bessel function of the second 394

kind [38], and γth = 2Rth − 1. 395

Proof: See Appendix B. � 396

Following similar procedure, the outage probability of 397

the AF based half-duplex relaying can also be determined 398

from (18) by setting γ̄R R = 0 and γ̄S2D2 = 0. Therefore, 399

the outage probability can be expressed as [41] 400

P AF
out,H D = 1 − 2

(
γth(γth + 1)

γ̄S1Rγ̄R D2

) 1
2

e
− γth (γ̄RD2+γ̄S1R)

γ̄S1R γ̄RD2 401

×K1

(

2

(
γth(γth + 1)

γ̄S1Rγ̄R D2

) 1
2
)

. (19) 402

Note, that for HD and FD relaying, the SNR thresholds for 403

the outage are different. For HD relaying, the SNR threshold 404

for the outage is, γth = 22Rth − 1, while γth = 2Rth − 1 is 405

used for FD relaying. 406

2) Decode-and-Forward: In the odd time slots, the relay 407

decodes and buffers the received uplink data from the UE1, 408

then forwards the buffered downlink data from the donor BS 409

to the UE1, while the relay decodes and buffers the received 410

downlink data from the donor BS, then forwards the buffered 411

uplink data from the UE1 to the donor BS in the even time 412

slots. 413

In the odd time slots, k = 2n − 1, n = 1, 2, 3, ..., the signal 414

transmitted by the relay, tR[k], is 415

tR[k] = xS2[k − τ ]. (20) 416

The instantaneous SNR of the signal received at the relay can 417

be expressed as 418

γS1→R = ε{|hS1R|2|xS1[k]|2}
ε{|h R R |2|tR[k]|2} + ε{|nR[k]|2} 419

= |hS1R|2
|h R R |2 + σ 2

R

= γS1R

γ̄R R + 1
. (21) 420

By substituting (20) into (3), 421

yD1[k] = h R D1(xS2[k − τ ]) + hS1D1tS1[k] + nD1[k]. (22) 422
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The instantaneous SNR of the signal received at the UE1 can423

be expressed as424

γ DF
I RC,D1 = ε{|h R D1|2|xS2[k − τ ]|2}

ε{|hS1D1|2|tS1[k]|2} + ε{|nD1[k]|2}425

= |h R D1|2
|hS1D1|2 + σ 2

D1

= γR D1

γ̄S1D1 + 1
. (23)426

Similarly, in the even time slots, the instantaneous SNRs of the427

signals received at the relay and the UE2 can be respectively428

expressed as429

γS2→R = ε{|hS2R|2|xS2[k]|2}
ε{|h R R|2|tR[k]|2} + ε{|nR[k]|2}430

= |hS2R|2
|h R R|2 + σ 2

R

= γS2R

γ̄R R + 1
, (24)431

and432

γ DF
I RC,D2 = ε{|h R D2|2|xS1[k − τ ]|2}

ε{|hS2D2|2|tS2[k]|2} + ε{|nD2[k]|2}433

= |h R D2|2
|hS2D2|2 + σ 2

D2

= γR D2

γ̄S2D2 + 1
. (25)434

The average end-to-end rate for the DF based two-timeslot435

two-way FD I -relaying is defined as4
436

R̄DF
I RC = 1

2
(ε{log2(1 + min(γS2→R, γ DF

I RC,D1))}437

+ ε{log2(1 + min(γS1→R, γ DF
I RC,D2))}). (26)438

Assuming channel reciprocity and identical self-interference,439

the average rate for the DF based two-timeslot two-way FD440

I -relaying can be further written as441

R̄DF
I RC = ε{log2(1 + min(γS2→R, γ DF

I RC,D1))}442

= ε{log2(1 + min(γS1→R, γ DF
I RC,D2))}. (27)443

Theorem 3: The average end-to-end rate for the DF based444

two-timeslot two-way FD I -relaying over Rayleigh fading445

channels can be expressed as446

R̄DF
I RC = 1

ln 2
e

γ̄S1R(γ̄S2D2+1)+γ̄RD2(γ̄RR +1)
γ̄S1R γ̄RD2447

× E1

(
γ̄S1R(γ̄S2D2 + 1) + γ̄R D2(γ̄R R + 1)

γ̄S1Rγ̄R D2

)

. (28)448

Proof: See Appendix C. �449

In the same way, the average end-to-end rate for the DF450

based HD relaying over Rayleigh fading channels, can be451

determined from (28) by setting γ̄R R = 0 and γ̄S2D2 = 0452

and pre-log factor 1
2 . Therefore,453

R̄DF
H D = 1

2 ln 2
e

γ̄S1R+γ̄RD2
γ̄S1R γ̄RD2 E1

(
γ̄S1R + γ̄R D2

γ̄S1Rγ̄R D2

)

. (29)454

Note, that a similar conclusion on the rate performance of455

the DF protocol can be observed as the AF one. However,456

the effect of residual self-interference on DF protocol is less457

than that of the AF, because DF protocol suppresses residual458

4Note, that in order to achieve the average rate, min(ε{RR}, ε{RD}) [11],
an idealistic setup is required, with an infinite buffer at the relay. This can
avoid overflows and underflows but suffer from large end-to-end delay.

self-interference propagation, while the last one not. This is 459

evident through the comparison of the instantaneous SNRs 460

in (11) and (25). 461

The outage probability of the DF based two-timeslot 462

two-way FD I -relaying, is defined as 463

P DF
out,I RC = 1

2
(Pr(min(γS2→R, γ DF

I RC,D1) < γth) 464

+Pr(min(γS1→R, γ DF
I RC,D2) < γth)). (30) 465

Considering channel reciprocity and identical self-interference 466

assumption, P DF
out,I RC can be further expressed as 467

P DF
out,I RC = 1 − (1 − Pr(γS2→R < γth)) 468

×(1 − Pr(γ DF
I RC,D1 < γth)) 469

= 1 − (1 − Pr(γS1→R < γth)) 470

×(1 − Pr(γ DF
I RC,D2 < γth)). (31) 471

Theorem 4: For a given target rate, Rth, the outage prob- 472

ability of the DF based two-timeslot two-way FD I -relaying 473

is given by 474

P DF
out,I RC = 1 − e

−γth (γ̄S1R(γ̄S2D2+1)+γ̄RD2(γ̄RR+1))
γ̄S1R γ̄RD2 , (32) 475

where γth = 2Rth − 1. 476

Proof: See Appendix D. � 477

For the same reason, the outage probability of the DF based 478

HD relaying can be determined from (32) by setting γ̄R R = 0 479

and γ̄S2D2 = 0. Thus, the outage probability can be written 480

as [41] 481

P DF
out,H D = 1 − e

−γth (γ̄S1R+γ̄RD2)
γ̄S1R γ̄RD2 . (33) 482

Note, that for HD and FD relaying, the SNR thresholds for 483

the outage are different. For HD relaying, the SNR threshold 484

for the outage is, γth = 22Rth − 1, while γth = 2Rth − 1 is 485

used for FD relaying. 486

B. Y-Relaying Channel 487

For Y -relaying channel, in the odd time slots, the relay 488

receives the uplink data from the UE1 and forwards the 489

buffered downlink data to the UE2 on the same carrier 490

frequency, simultaneously. Note, that the relay suffers from 491

residual self-interference due to the co-channel transmitted 492

signal and imperfect interference cancellation, while the UE2 493

suffers from inter-user interference because the UE1 transmits 494

signal on the same carrier frequency. In the even time slots, 495

simultaneous bidirectional data exchange is achieved between 496

the relay and the donor BS. 497

1) Amplify-and-Forward: In the odd time slots, the relay 498

receives and buffers uplink data from the UE1, then forwards 499

the buffered downlink data to the UE2 by amplifying the 500

signal, based on the channel gains, while the UE2 receives 501

downlink data forwarded by the relay and inter-user interfer- 502

ence from the UE1. In the even time slots, the relay receives 503

and buffers downlink data from the donor BS, then forwards 504

the buffered uplink data to the donor BS by amplifying the 505

signal, based on the relaying channel gains. 506
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R̄ AF
Y RC,D1 ≤

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

ln 2

{
γ̄R R + 1

γ̄S2R
F1

(
γ̄S1D1 + 1

γ̄R D1

)

− 1

γ̄S1D1
F1

(
1

γ̄S1D1

)}

, C1

1

ln 2

{

1 − 1

γ̄S1D1
F1

(
1

γ̄S1D1

)

− c3

c3 − c4

(

F1

(
γ̄S1D1 + 1

γ̄R D1

)

− F1

(
γ̄R R + 1

γ̄S2R

))}

, C2

1

ln 2

{

c5

(

F1

(
1

γ̄R D1

)

− F1

(
1

γ̄S1D1

))

+ γ̄R R + 1

γ̄S2R
F1(

γ̄S1D1 + 1

γ̄R D1
) − 1

}

, C3

1

ln 2

{

c5

(

F1

(
1

γ̄R D1

)

− F1

(
1

γ̄S1D1

))

− c3

c3 − c4

(

F1

(
γ̄S1D1 + 1

γ̄R D1

)

− F1

(
γ̄R R + 1

γ̄S2R

))}

, C4.

(35)

Compared with the I -relaying channel, in the Y -relaying507

channel, the destination UE suffers from inter-user interfer-508

ence, which is due to other UEs’ co-channel uplink data509

transmission, instead of residual self-interference. Thus, the510

instantaneous SNRs at the destination node UE2, can be511

expressed as512

γ AF
Y RC,D1513

= γR D1γS2R

γR D1(γ̄R R + 1) + (γS1D1 + 1)(γS2R + γ̄R R + 1)
, (34)514

while the instantaneous SNRs at the destination donor BS is515

written as in (11). Note, that comparing (34) with (10), γS1D1516

is the main difference between the Y and the I cases, where517

instead of γS1D1 we have γ̄S1D1.518

Theorem 5: For the S1→R→D2 link, the average519

end-to-end rate for the AF based two-timeslot two-way FD520

Y -relaying over Rayleigh fading channels, is expressed as521

in (14). For the S2→R→D1 link, the average end-to-end522

rate can be upper bounded as in (35), shown at the top of523

this page, where F1(x) = ex E1(x), c3 = γ̄R D1(γ̄R R + 1),524

c4 = γ̄S2R(γ̄S1D1 + 1), c5 = γ̄RD1
γ̄RD1−γ̄S1D1

, C1 :525

{γ̄R D1 = γ̄S1D1 and γ̄S2R
γ̄RR+1 = γ̄RD1

γ̄S1D1+1 }, C2 : {γ̄R D1 =526

γ̄S1D1 and γ̄S2R
γ̄RR+1 �= γ̄RD1

γ̄S1D1+1 }, C3 : {γ̄R D1 �= γ̄S1D1527

and γ̄S2R
γ̄RR+1 = γ̄RD1

γ̄S1D1+1 }, and C4 : {γ̄R D1 �= γ̄S1D1528

and γ̄S2R
γ̄RR+1 �= γ̄RD1

γ̄S1D1+1 }.529

Proof: See Appendix E. �530

Note, that if there is no inter-user interference, according531

to (14), by substituting γ̄S2R and γ̄R D1 for γ̄S1R and γ̄R D2,532

respectively, and removing γ̄S2D2, the average end-to-end rate533

for the S2→R→D1 link is534

R̄ AF
Y RC,D1535

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

ln 2

(
γ̄S2R + γ̄R R + 1

γ̄S2R
e

γ̄RR +1
γ̄S2R E1

(
γ̄R R + 1

γ̄S2R

)

− 1

)

,

γ̄S2R

γ̄R R + 1
= γ̄R D1

γ̄S2Re
1

γ̄RD1 E1

(
1

γ̄R D1

)

− c3e
γ̄RR +1
γ̄S2R E1

(
γ̄R R + 1

γ̄S2R

)

(ln 2)(γ̄S2R − c3)
,

γ̄S2R

γ̄R R + 1
�= γ̄R D1.

536

(36)537

Theorem 6: For a given target rate, Rth, the outage prob- 538

ability of the S1→R→D2 link in the AF based two-timeslot 539

two-way FD Y -relaying can be formulated as in (18), while 540

the outage probability of the S2→R→D1 link can be upper 541

bounded as 542

PY RC,AF
out,D1 543

≤ 1 − 2

(
γth(γth + 1)(γ̄R R + 1)(γ̄S1D1 + 1)

γ̄S2Rγ̄R D1

) 1
2

544

×e
− γth (γ̄RD1(γ̄RR +1)+γ̄S2R(γ̄S1D1+1))

γ̄S2R γ̄RD1 545

×K1

(

2

(
γth(γth + 1)(γ̄R R + 1)(γ̄S1D1 + 1)

γ̄S2Rγ̄R D1

) 1
2
)

, (37) 546

where γth = 2Rth − 1. 547

Proof: See Appendix F. � 548

Note, that if there is no inter-user interference between two 549

UEs, PY RC,AF
out,D1 can be further simplified as 550

PY RC,AF
out,D1 = 1 − 2

(
γth(γth + 1)(γ̄R R + 1)

γ̄S2Rγ̄R D1

) 1
2

551

×e
− γth (γ̄RD1(γ̄RR +1)+γ̄S2R)

γ̄S2R γ̄RD1 552

×K1

(

2

(
γth(γth + 1)(γ̄R R + 1)

γ̄S2Rγ̄R D1

) 1
2
)

. (38) 553

2) Decode-and-Forward: In the odd time slots, the relay 554

decodes and buffers the received uplink data from the UE1, 555

and forwards the buffered downlink data to the UE2, while 556

the UE2 receives downlink data forwarded by the relay and 557

inter-user interference from the UE1. In the even time slots, 558

the relay decodes and buffers the received downlink data from 559

the donor BS, and forwards the buffered uplink data to the 560

donor BS. 561

Considering γS1D1 as inter-user interference, the instan- 562

taneous SNRs of the DF based two-timeslot two-way FD 563

Y -relaying at two destination nodes, can be obtained from the 564

corresponding I -relaying one. The instantaneous SNR at the 565

destination UE2 is expressed as 566

γ DF
Y RC,D1 = γR D1

γS1D1 + 1
. (39) 567

The instantaneous SNR at the destination donor BS can be 568

written as in (25). 569

Theorem 7: For the S1→R→D2 link, the average 570

end-to-end rate for the DF based two-timeslot two-way FD 571
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Y -relaying over Rayleigh fading channels, can be expressed572

as in (28), while for the S2→R→D1 link, the average573

end-to-end rate is lower bounded as574

R̄DF
Y RC,D1 ≥ 1

ln 2
e

γ̄S2R(γ̄S1D1+1)+γ̄RD1(γ̄RR+1)
γ̄S2R γ̄RD1575

× E1

(
γ̄S2R(γ̄S1D1 + 1) + γ̄R D1(γ̄R R + 1)

γ̄S2Rγ̄R D1

)

.576

(40)577

Proof: See Appendix G. �578

Theorem 8: For a given target rate, Rth, the outage prob-579

ability of the S1→R→D2 link in the DF based two-timeslot580

two-way FD Y -relaying is expressed as in (32), while581

the outage probability of the S2→R→D1 link can be582

formulated as583

PY RC,DF
out,D1 = 1 − γ̄R D1

γth γ̄S1D1 + γ̄R D1
e
− γth (γ̄S2R+γ̄RD1(γ̄RR +1))

γ̄S2R γ̄RD1 ,584

(41)585

where γth = 2Rth − 1.586

Proof: See Appendix H. �587

IV. NUMERICAL RESULTS, SIMULATIONS588

AND DISCUSSION589

In this section, numerical results for the average590

end-to-end rate and the outage probability of the two-timeslot591

two-way FD relaying scheme are presented, together with592

Monte Carlo simulations. We consider that the average SNR593

of the access link is the same with that of the backhaul link,594

and also for both inter-user interference and residual self-595

interference. In simulations, we first fix each node’s transmit596

power, then adjust the distance and location between two597

nodes, so that we can change the average SNRs of their598

end-to-end link.599

Fig. 3(a) and Fig. 3(b) compare the average end-to-end600

rate for the AF and DF based two-timeslot two-way FD601

I - and HD relaying over Rayleigh fading channels,602

respectively. The results clearly show that the two-timeslot603

two-way FD I -relaying can achieve higher average rate than604

HD relaying, but double rate cannot be obtained. In addition,605

there is a cross point between the two curves, and this point606

shifts to the right with the increase in residual self-interference.607

This is because FD operation can achieve an extra rate gain608

by time multiplexing, but it also suffers from residual self-609

interference, which results in a loss in the rate performance.610

With the increase of residual self-interference, the rate gain611

from time multiplexing cannot compensate for the rate loss,612

caused by the residual self-interference. It is also shown that613

DF protocol can achieve higher average rate than the AF614

one, because AF relaying propagates residual self-interference,615

while the DF one can suppress this propagation.616

Fig. 4(a) and Fig. 4(b) depict the outage probabil-617

ity of the AF and DF based two-timeslot two-way FD618

I - and HD relaying with Rth = 1 b/s/Hz, respectively. The619

results show that the outage performance of the two-timeslot620

two-way FD I -relaying is better than that in HD relay-621

ing, when residual self-interference is below a certain622

Fig. 3. Average rate for two-timeslot two-way FD I - and HD relaying:
a) AF protocol; b) DF protocol.

Fig. 4. Outage probability of the two-timeslot two-way FD I - and
HD relaying: a) AF protocol; b) DF protocol.

level (e.g. < 3dB). DF protocol can achieve better outage 623

performance than the AF one in two-timeslot two-way FD 624

I -relaying. 625
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Fig. 5. Average rate for the AF two-timeslot two-way FD Y - and
HD relaying: a) 2-ts YRC D1 and D2; b) 2-ts YRC vs. HD relaying.

Fig. 5(a) shows the average rate for the unidirectional626

links in the AF based two-timeslot two-way FD Y -relaying.627

Fig. 5(b) compares the average rate for the AF based628

two-timeslot two-way FD Y - and HD relaying. The results are629

similar as those in corresponding I -relaying shown in Fig. 3,630

but the average rate for the downlink (i.e., S2→R→D1 link)631

is slightly better than that in uplink, when self-interference is632

very severe. This is because inter-user interference is assumed633

to be Rayleigh fading, while residual self-interference is free634

of fading. Thus, the effect of inter-user interference on the rate635

is less than that of residual self-interference, under the same636

average SNRs.637

Fig. 6(a) depicts the outage probability of the unidirectional638

links in the AF based two-timeslot two-way FD Y -relaying.639

Fig. 6(b) depicts the outage probability of the AF two-timeslot640

two-way FD Y - and HD relaying with Rth = 1 b/s/Hz.641

Similar results can be obtained as those in I -relaying shown642

in Fig. 4, but the outage probability of the downlink is slightly643

better than that in uplink, when self-interference is very644

severe.645

Fig. 7(a) illustrates the average end-to-end rate for the646

unidirectional links in the DF based two-timeslot two-way647

FD Y -relaying. Fig. 7(b) compares the average end-to-end648

rate for the DF two-timeslot two-way FD Y -relaying and HD649

relaying. The results are similar as those in the AF one shown650

in Fig. 5.651

Fig. 8(a) depicts the outage probability of the unidirectional652

links in the DF based two-timeslot two-way FD Y -relaying.653

Fig. 8(b) depicts the outage probability of the DF based654

two-timeslot two-way FD Y - and HD relaying with655

Fig. 6. Outage probability of the AF two-timeslot two-way FD Y - and
HD relaying: a) 2-ts YRC D1 and D2; b) 2-ts YRC vs. HD relaying.

Fig. 7. Average rate for the DF two-timeslot two-way FD Y - and
HD relaying: a) 2-ts YRC D1 and D2; b) 2-ts YRC vs. HD relaying.

Rth = 1 b/s/Hz. Similar results can be obtained as those in 656

the AF one shown in Fig. 6. 657

Fig. 9 compares the average end-to-end rate for the 658

AF and DF based two-timeslot two-way FD I -, Y -, 659
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Fig. 8. Outage probability of the DF based two-timeslot two-way
FD Y - and HD relaying: a) 2-ts YRC D1 and D2; b) 2-ts YRC vs.
HD relaying.

Fig. 9. Average rate for the AF and DF based two-timeslot two-way
FD I -, Y -, and HD relaying.

Fig. 10. Outage probability of the AF and DF based two-timeslot two-way
FD I -, Y -, and HD relaying.

and HD relaying. The results demonstrate that two rate curves660

of two-timeslot two-way FD I - and Y -relaying are basically661

overlapped, when the average SNRs of inter-user interference662

is same as self-interference. Compared with two-timeslot 663

two-way FD I -relaying, Y -relaying can achieve a slight 664

rate gain, only when the average SNRs of inter- 665

user interference and self-interference are at very high 666

region. 667

Fig. 10 depicts the outage probability of the AF and DF 668

based the two-timeslot two-way FD I -, Y -, and HD relaying 669

with Rth = 1 b/s/Hz. Similar results can be obtained as the 670

rate performance shown in Fig. 9. 671

V. CONCLUSIONS 672

A two-timeslot two-way FD relaying scheme, which was 673

based on dividing the access link and the backhaul link in time 674

domain, was proposed and investigated. Closed-form expres- 675

sions for the average end-to-end rate and the outage probabil- 676

ity, were derived. According to UE capability and services, two 677

scenarios of I - and Y -relaying channels, were considered. The 678

results clearly showed that the proposed scheme could achieve 679

higher rate and better outage performance than HD relaying, 680

when residual self-interference was below a certain level. 681

It was also shown that DF protocol could achieve higher rate 682

than that in the AF one in the proposed relaying scheme. 683

In addition, the effect of inter-user interference on the average 684

rate and the outage probability was slight weaker than self- 685

interference, when considering that inter-user interference is 686

Rayleigh fading and self-interference is non-fading. Further- 687

more, there were tradeoffs between FD and HD modes, I - and 688

Y -relaying schemes. If residual self-interference was not very 689

severe, FD mode should be adopted, while Y -relaying scheme 690

with weak inter-user interference was superior to I -relaying 691

scheme, if UE could not suppress residual self-interference 692

very well. In summary, the two-timeslot two-way FD relaying 693

scheme can achieve reasonable tradeoff of performance and 694

complexity, thus it will be a potentially efficient solution for 695

5G systems. In a future work, the effect of the access/backhaul 696

link time slot configuration on the proposed scheme, will be 697

investigated. 698

APPENDIX A 699

PROOF OF THEOREM 1 700

Combining (11) and (13), the average rate for the AF based 701

two-timeslot two-way FD I -relaying over Rayleigh fading 702

channels is written as in (42), shown at the top of the next 703

page. 704

By using [40, eq. (12)], the average rate can be expressed 705

as in (43), shown at the top of the next page. After some 706

simplifications, R̄ AF
I RC can be obtained as in (14) and the proof 707

is completed. 708

APPENDIX B 709

PROOF OF THEOREM 2 710

For the AF based two-timeslot two-way FD I -relaying, 711

the instantaneous SNR of the signal received at the donor BS 712

can be rewritten as 713

γ AF
I RC =

γS1R
γ̄RR+1

γRD2
γ̄S2D2+1

γS1R
γ̄RR+1 + γRD2

γ̄S2D2+1 + 1
. (43) 714
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R̄ AF
I RC = ε

{

log2

(

1 + γR D2γS1R

γR D2(γ̄R R + 1) + (γ̄S2D2 + 1)(γS1R + γ̄R R + 1)

)}

= ε

{

log2

(

1 + γS1R

γ̄R R + 1

)

+ log2

(

1 + γR D2

γ̄S2D2 + 1

)

− log2

(

1 + γS1R

γ̄R R + 1
+ γR D2

γ̄S2D2 + 1

)}

(42)

R̄ AF
I RC =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

1

ln 2

[(

1 + γ̄R R + 1

γ̄S1R

)

e
γ̄RR +1
γ̄S1R E1

(
γ̄R R + 1

γ̄S1R

)

− 1

]

,
γ̄S1R

γ̄R R + 1
= γ̄R D2

γ̄S2D2 + 1
γ̄S1R

γ̄RR+1 e
γ̄S2D2+1

γ̄RD2 E1

(
γ̄S2D2+1

γ̄RD2

)
− γ̄RD2

γ̄S2D2+1 e
γ̄RR +1
γ̄S1R E1

(
γ̄RR+1
γ̄S1R

)

ln 2
(

γ̄S1R
γ̄RR+1 − γ̄RD2

γ̄S2D2+1

) ,
γ̄S1R

γ̄R R + 1
�= γ̄R D2

γ̄S2D2 + 1

(43)

After combining (17) and (43), and by using [41, eq. (20)],715

the outage probability can be expressed as716

P I RC,AF
out = 1 − 2

(
γth(γth + 1)
γ̄S1R

γ̄RR+1
γ̄RD2

γ̄S2D2+1

) 1
2

e
−γth

(
γ̄RR +1
γ̄S1R

+ γ̄S2D2+1
γ̄RD2

)

717

×K1

⎛

⎝2

(
γth(γth + 1)
γ̄S1R

γ̄RR+1
γ̄RD2

γ̄S2D2+1

) 1
2
⎞

⎠, (45)718

which can be simplified as in (18) and the proof is719

completed.720

APPENDIX C721

PROOF OF THEOREM 3722

We first consider the random variable, w, with PDF723

f (w) =
(

γ̄R R + 1

γ̄S1R
+ γ̄S2D2 + 1

γ̄R D2

)

e
−

(
γ̄RR +1
γ̄S1R

+ γ̄S2D2+1
γ̄RD2

)
w
.724

(46)725

According to (21), (25), and (27), the average rate for726

the DF based two-timeslot two-way FD I -relaying can be727

rewritten as728

R̄DF
I RC =

∫ ∞

0
log2(1 + w) f (w)dw729

=
∫ ∞

0
log2(1 + w)

(
γ̄R R + 1

γ̄S1R
+ γ̄S2D2 + 1

γ̄R D2

)

730

×e
−

(
γ̄RR +1
γ̄S1R

+ γ̄S2D2+1
γ̄RD2

)
w

dw731

=
∫ ∞

0

1

ln 2
ln(1 + w)

(
γ̄R R + 1

γ̄S1R
+ γ̄S2D2 + 1

γ̄R D2

)

732

×e
−

(
γ̄RR +1
γ̄S1R

+ γ̄S2D2+1
γ̄RD2

)
w

dw. (47)733

Finally, by using [42, eq. (19b)], the average rate can be 734

written as in (28) and the proof is completed. 735

APPENDIX D 736

PROOF OF THEOREM 4 737

Combining (21), (25), and (31), the outage probability of 738

the DF based two-timeslot two-way FD I -relaying can be 739

expressed as 740

P DF
out,I RC = 1 −

(

1 −
∫ γth (γ̄RR+1)

0

1

γ̄S1R
e
− x

γ̄S1R dx

)

741

×
(

1 −
∫ γth (γ̄S2D2+1)

0

1

γ̄R D2
e
− y

γ̄RD2 dy

)

742

= 1 −
(∫ ∞

γth (γ̄RR+1)

1

γ̄S1R
e
− x

γ̄S1R dx

)

743

×
(∫ ∞

γth (γ̄S2D2+1)

1

γ̄R D2
e
− y

γ̄RD2 dy

)

. (48) 744

By using [41, eq. (21)], the outage probability can be written 745

as in (32) and the proof is completed. 746

APPENDIX E 747

PROOF OF THEOREM 5 748

For the S1→R→D2 link, the average rate for the AF 749

two-timeslot two-way FD Y -relaying over Rayleigh fading 750

channels is written as in (14), while for the S2→R→D1 751

link, since the average rate, R̄ AF
Y RC,D1, has the similar form 752

as in (13), replacing γ AF
I RC,D1 in (13) by γ AF

Y RC,D1 in (34), 753

the average rate is expressed as in (49), shown at the bottom 754

of this page. Function g(x, y, z) in (49) is defined as 755

g(x, y, z) = e−x/γ̄RD1

γ̄R D1

e−y/γ̄S2R

γ̄S2R

e−z/γ̄S1D1

γ̄S1D1
. (50) 756

R̄ AF
Y RC,D1 = ε{log2(1 + γ AF

Y RC,D1)}
=

∫ ∞

0

∫ ∞

0

∫ ∞

0
log2

(

1 + xy

x(γ̄R R + 1) + (z + 1)(y + γ̄R R + 1)

)

g(x, y, z)dxdydz

= 1

ln 2

{∫ ∞

0

∫ ∞

0

∫ ∞

0
ln(xy + x(γ̄R R + 1) + (z + 1)(y + γ̄R R + 1))g(x, y, z)dxdydz

︸ ︷︷ ︸
I5,1

−
∫ ∞

0

∫ ∞

0

∫ ∞

0
ln(x(γ̄R R + 1) + (z + 1)(y + γ̄R R + 1))g(x, y, z)dxdydz

︸ ︷︷ ︸
I5,2

}

(49)
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After merging the same terms and integrating, the triple757

integral, I5,1, can be rewritten as758

I5,1 =
∫ ∞

0
ln(y + γ̄R R + 1)

e−y/γ̄S2R

γ̄S2R
dy

︸ ︷︷ ︸
I5,1−1

759

+
∫ ∞

0

∫ ∞

0
ln(x + z + 1)

e−x/γ̄RD1

γ̄R D1

e−z/γ̄S1D1

γ̄S1D1
dxdz

︸ ︷︷ ︸
I5,1−2

.760

(51)761

The integrals I5,1−1 and I5,1−2 can be respectively solved as762

follows: By using [43, eq. (2.6.23.5)], the integral, I5,1−1, can763

be solved in closed-form as764

I5,1−1 = ln(γ̄R R + 1) + e
γ̄RR +1
γ̄S2R E1

(
γ̄R R + 1

γ̄S2R

)

. (52)765

Regarding the integral I5,1−2, after integration by parts for x ,766

it can be written as767

I5,1−2 =
∫ ∞

0
ln(z + 1)

e−z/γ̄S1D1

γ̄S1D1
dz

︸ ︷︷ ︸
I5,1−2−1

768

+
∫ ∞

0

∫ ∞

0

1

x + z + 1
e−x/γ̄RD1

e−z/γ̄S1D1

γ̄S1D1
dxdz

︸ ︷︷ ︸
I5,1−2−2

.769

(53)770

Following similar procedure, according to [43, eq. (2.6.23.5)],771

I5,1−2−1 can be expressed as772

I5,1−2−1 = e
1

γ̄S1D1 E1

(
1

γ̄S1D1

)

, (54)773

while the integral I5,1−2−2 can be evaluated as follows. When774

γ̄R D1 �= γ̄S1D1, I5,1−2−2 can be written as775

I5,1−2−2
t= x+z+1

z+1






 1

γ̄S1D1

∫ ∞

0

∫ ∞

1

1

t
e
− (z+1)(t−1)

γ̄RD1 e
− z

γ̄S1D1 dtdz776

= 1

γ̄S1D1
e

1
γ̄RD1

∫ ∞

0
e
−( 1

γ̄S1D1
− 1

γ̄RD1
)z

E1

(
z + 1

γ̄R D1

)

dz,777

(55)778

or779

I5,1−2−2 = γ̄R D1

(γ̄R D1 − γ̄S1D1)

(

e
1

γ̄RD1 E1

(
1

γ̄R D1

)

780

− e
1

γ̄S1D1 E1

(
1

γ̄S1D1

))

. (56)781

When γ̄R D1 = γ̄S1D1, I5,1−2−2 can be written as 782

I5,1−2−2 = 1

γ̄S1D1
e

1
γ̄S1D1

∫ ∞

0
E1

(
x + 1

γ̄S1D1

)

dx . (57) 783

By using [44, eq. (4.1.9)], I5,1−2−2 can be expressed as 784

I5,1−2−2 = 1

γ̄S1D1

(

γ̄S1D1 − e
1

γ̄S1D1 E1

(
1

γ̄S1D1

))

. (58) 785

Next, we solve the triple integral I5,2. First, through inte- 786

gration by parts for x , it can be rewritten as in (59), shown at 787

the bottom of this page. 788

According to [43, eq. (2.6.23.5)], I5,2−1 in (59) can be 789

evaluated as 790

I5,2−1 = ln(γ̄R R + 1) + e
γ̄RR +1
γ̄S2R E1

(
γ̄R R + 1

γ̄S2R

)

791

+ e
1

γ̄S1D1 E1

(
1

γ̄S1D1

)

. (60) 792

Note, that in order to obtain the bound for the average 793

end-to-end rate, we apply Jensen’s inequality during deriv- 794

ing the integrals. We first discuss the convexity of integral 795

function 796

f (z) 797

= (γ̄R R + 1)

x(γ̄R R + 1) + (z + 1)(y + γ̄R R + 1)
e
− x

γ̄RD1
1

γ̄S2R
e
− y

γ̄S2R . 798

(61) 799

It can be further transformed into such form, 800

f (z) = a(bz + c)−1, where a, b, and c are constants. 801

Its second derivative is, f ′′(z) = 2ab2(bz + c)−2 > 0. 802

Therefore, the integral function f (z) is convex. After 803

applying Jensen’s inequality to eliminate the z-dimension, 804

and perform variable substitution, I5,2−2 can be written as 805

I5,2−2 ≥
∫ ∞

0

∫ ∞

1
e

(γ̄S1D1+1)(y+γ̄RR+1)
γ̄RD1(γ̄RR +1)

1

t
e
− t (γ̄S1D1+1)(y+γ̄RR+1)

γ̄RD1(γ̄RR +1)
806

× 1

γ̄S2R
e
− y

γ̄S2R dtdy 807

=
∫ ∞

0
e

(γ̄S1D1+1)(y+γ̄RR+1)
γ̄RD1(γ̄RR+1) E1

(
γ̄S1D1 + 1

γ̄R D1(γ̄R R + 1)
y 808

+ γ̄S1D1 + 1

γ̄R D1

)
1

γ̄S2R
e
− y

γ̄S2R dy. (62) 809

We further discuss the integral in the following two special 810

cases: 811

I5,2 =
∫ ∞

0

∫ ∞

0
(ln(z + 1) + ln(y + γ̄R R + 1))

e−y/γ̄S2R

γ̄S2R

e−z/γ̄S1D1

γ̄S1D1
dydz

︸ ︷︷ ︸
I5,2−1

+
∫ ∞

0

∫ ∞

0

∫ ∞

0

(γ̄R R + 1)

x(γ̄R R + 1) + (z + 1)(y + γ̄R R + 1)
e−x/γ̄RD1

e−y/γ̄S2R

γ̄S2R

e−z/γ̄S1D1

γ̄S1D1
dxdydz

︸ ︷︷ ︸
I5,2−2

(59)
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Case (1): When γ̄R D1(γ̄R R + 1) �= γ̄S2R(γ̄S1D1 + 1), I5,2−2812

can be written as813

I5,2−2 ≥ 1

γ̄S2R
e

γ̄S1D1+1
γ̄RD1

∫ ∞

0
e
−( 1

γ̄S2R
− γ̄S1D1+1

γ̄RD1(γ̄RR+1) )y
814

× E1

(
γ̄S1D1 + 1

γ̄R D1(γ̄R R + 1)
y + γ̄S1D1 + 1

γ̄R D1

)

dy, (63)815

or816

I5,2−2 ≥ γ̄R D1(γ̄R R + 1)

γ̄R D1(γ̄R R + 1) − γ̄S2R(γ̄S1D1 + 1)
817

×
{

e
γ̄S1D1+1

γ̄RD1 E1

(
γ̄S1D1 + 1

γ̄R D1

)

− e
γ̄RR +1
γ̄S2R E1

(
γ̄R R + 1

γ̄S2R

)}

.818

(64)819

Case (2): When γ̄R D1(γ̄R R + 1) = γ̄S2R(γ̄S1D1 + 1),820

the integral, I5,2−2, can be written as821

I5,2−2 ≥ 1

γ̄S2R
e

γ̄S1D1+1
γ̄RD1822

×
∫ ∞

0
E1

(
γ̄S1D1 + 1

γ̄R D1(γ̄R R + 1)
y + γ̄S1D1 + 1

γ̄R D1

)

dy,823

(65)824

or825

I5,2−2 ≥ γ̄R R + 1

γ̄S2R(γ̄S1D1 + 1)
826

×
{

γ̄R D1 − (γ̄S1D1 + 1)e
γ̄S1D1+1

γ̄RD1 E1

(
γ̄S1D1 + 1

γ̄R D1

) }

.827

(66)828

Finally, by using (52), (54), (56), (58), (60), (64) and (66)829

into (49), R̄ AF
Y RC,D1 can be written as in (35) and the proof is830

completed.831

APPENDIX F832

PROOF OF THEOREM 6833

For the S1→R→D2 link, the outage probability of the AF834

based two-timeslot two-way FD Y -relaying can be expressed835

as in (18). For the S2→R→D1 link, the integral domains836

for its outage probability consist of D1 = {(x, y, z) | 0 <837

x < ∞, 0 < y < γth(γ̄R R + 1), 0 < z < ∞} and838

D2 = {(x, y, z) | 0 < x < γth (z+1)(y+γ̄RR+1)
y−γth(γ̄RR+1) , γth(γ̄R R+1) <839

y < ∞, 0 < z < ∞}. Thus, the outage probability of the840

AF based two-timeslot two-way FD Y -relaying can be written841

as in (67), shown at the bottom of this page.842

Note, that applying Jensen’s inequality during deriving the 843

integral, a bound for the outage probability can be obtained. 844

We first discuss the convexity of integral function 845

f (z) = 1

γ̄S2R
e
− y

γ̄S2R e
− γth (z+1)(y+γ̄RR+1)

γ̄RD1(y−γth (γ̄RR +1)) . (68) 846

It can be transformed into the form, f (z) = ae−(bz+c), 847

where a, b, and c are constants, and its second derivative is, 848

f ′′(z) = ab2e−(bz+c) > 0. So, integral function, f (z), is con- 849

vex. By using Jensen’s inequality and variable substitution, the 850

outage probability can be upper bounded as 851

PY RC,AF
out,D1 (γ AF

Y RC,D1 < γth) 852

≤ 1 −
∫ ∞

γth(γ̄RR+1)

1

γ̄S2R
e
− y

γ̄S2R e
− γth (γ̄S1D1+1)(y+γ̄RR+1)

γ̄RD1(y−γth (γ̄RR +1)) dy 853

= 1 −
∫ ∞

0

1

γ̄S2R
e
−

(
t

γ̄S2R
+ γth (γth+1)(γ̄S1D1+1)(γ̄RR+1)

γ̄RD1 t

)

854

× e
− γth (γ̄RD1(γ̄RR +1)+γ̄S2R(z+1))

γ̄S2R γ̄RD1 dy. (69) 855

After solving the integral, the outage probability can be written 856

as in (37) and the proof is completed. 857

APPENDIX G 858

PROOF OF THEOREM 7 859

For the S1→R→D2 link, the average end-to-end rate 860

for the DF based two-timeslot two-way FD Y -relaying over 861

Rayleigh fading channels, can be expressed as in (28). For the 862

S2→R→D1 link, since the average rate, R̄DF
Y RC,D1, has the 863

similar form as in (27), replacing γS2→R and γ DF
I RC,D1 in (27) 864

by (24) and γ DF
Y RC,D1 in (39), respectively, the average rate can 865

be written as 866

R̄DF
Y RC,D1 = ε

{

log2

(

1 + min

(
γS2R

γ̄R R + 1
,

γR D1

γS1D1 + 1

))}

. 867

(70) 868

Since the integral function, f (γS1D1) = 869

log2

(
1 + min

(
γS2R

γ̄RR+1 , γRD1
γS1D1+1

))
, is convex, by applying 870

Jensen’s inequality, the average rate can be written as 871

R̄DF
Y RC,D1 ≥ ε

{

log2

(

1 + min

(
γS2R

γ̄R R + 1
,

γR D1

γ̄S1D1 + 1

))}

. 872

(71) 873

Similar to Theorem 3 and its proof, R̄DF
Y RC,D1 can be finally 874

expressed as in (40) and the proof is completed. 875

PY RC,AF
out,D1 (γ AF

Y RC,D1 < γth) = Pr

(
γR D1γS2R

γR D1(γ̄R R + 1) + (γS1D1 + 1)(γS2R + γ̄R R + 1)
< γth

)

=
∫ ∞

0

{∫ γth (γ̄RR+1)

0

1

γ̄S2R
e
− y

γ̄S2R

∫ ∞

0

1

γ̄R D1
e
− x

γ̄RD1 dxdy

+
∫ ∞

γth (γ̄RR+1)

1

γ̄S2R
e
− y

γ̄S2R

∫ γth (z+1)(y+γ̄RR+1)
y−γth (γ̄RR+1)

0

1

γ̄R D1
e
− x

γ̄RD1 dxdy

}
1

γ̄S1D1
e
− z

γ̄S1D1 dz

= 1 −
∫ ∞

0

∫ ∞

γth (γ̄RR+1)

1

γ̄S2R
e
− y

γ̄S2R e
− γth (z+1)(y+γ̄RR+1)

γ̄RD1(y−γth (γ̄RR +1))
1

γ̄S1D1
e
− z

γ̄S1D1 dydz (67)



IEE
E P

ro
of

14 IEEE TRANSACTIONS ON COMMUNICATIONS

APPENDIX H876

PROOF OF THEOREM 8877

For the S1→R→D2 link, the outage probability of the DF878

based two-timeslot two-way FD Y -relaying is expressed as879

in (32). For the S2→R→D1 link, similar to (31), the outage880

probability of that can be written as881

PY RC,DF
out,D1 = 1 − (1 − Pr(γS2→R < γth))882

×(1 − Pr(γ DF
Y RC,D1 < γth)), (72)883

where884

Pr(γS2→R < γth) = Pr

(
γS2R

γ̄R R + 1
< γth

)

885

=
∫ γth (γ̄RR+1)

0

1

γ̄S2R
e
− y

γ̄S2R dy886

= 1 − e
− γth (γ̄RR+1)

γ̄S2R , (73)887

and according to (39) and [23, eqs. (2) and (6)],888

Pr(γ DF
Y RC,D1 < γth) can be written as889

Pr(γ DF
Y RC,D1 < γth) = 1 − γ̄R D1

γth γ̄S1D1 + γ̄R D1
e
− γth

γ̄RD1 . (74)890

By substituting (73) and (74) into (72), PY RC,DF
out,D1 can be891

written as in (41) and the proof is completed.892
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