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Abstract Full-duplex (FD) two-way relaying has the potential to substantially improve the spectral effi-
ciency of the system, and is regarded as an enabling technology for the next generation wireless communication
systems. Nevertheless, the joint effect of residual interference and channel fading condition on the fundamen-
tal performance of FD two-way relaying systems remains unclear. Motivated by this, this study considers
a general FD two-way amplify-and-forward (AF) relaying system with imperfect interference cancellation
in the versatile Nakagami-m fading channels, and presents a detailed analytical investigation on the outage
performance of the system. The findings of the paper suggest that the performance of the FD two-way AF
relaying system depends heavily on the residual interference strength, fading condition parameter m, and
signal-to-noise ratio (SNR). The FD scheme outperforms the half-duplex (HD) two-way relaying counterpart
in the low and moderate SNR regime, while becomes inferior in the high SNR regime, owing to strong residual
interference. Also, compared to the channel fading condition of the information transmission channels, the
impact of the channel fading condition of the interference channel on the system performance is relatively
insignificant. Moreover, it is desirable to deploy the FD scheme when the channel fading condition of the
information transmission channels is good, since it can effectively alleviate the detrimental effect of residual
interference.
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1 Introduction

Relaying technique, which use intermediate relay nodes to forward the information signal, has been
proven to be an effective method to extend the coverage of communication systems and improve the
communication reliability [1,2]. As such, it has been received considerable research interests in the past
decade. To fully exploit the potential benefits provided by the relay, the two-way relaying approach has
been proposed in the literature. Specifically, capitalizing on the breakthrough of physical layer network
coding, it was demonstrated that two-way relaying can substantially improve the throughput of the
system [3].

Besides, with the advancement in self-interference cancellation [4-6], the full-duplex (FD) mechanism,
which allows concurrent transmission and reception over the same frequency band, has recently emerged as
a promising candidate to boost the spectral efficiency. Hence, an appealing prospect has been envisioned
by incorporating the FD mechanism into two-way relaying systems. In [7,8], the spectral efficiency of
the FD two-way amplify-and-forward (AF) relaying system was studied. In [9,10], taking into account
imperfect channel state information, the outage performance of FD two-way AF relaying and decode-
and-forward relaying systems was respectively investigated. In [11], the spectral-energy efficiency tradeoff
of FD two-way AF relaying systems was characterized. Later on, a relay selection scheme was proposed
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Figure 1 (Color online) System model, where the solid lines denote the information transmission channels, while the dash lines
denote the loop back interference channels.

in [12], and antenna selection was considered in [13,14], while the outage performance of the user selection
scheme was studied in [15]. In [16], power control was applied at the relay to improve the performance
while reducing the relay power consumption.

The above contemporary list of references demonstrated significant progress in understanding the
fundamental performance limits of FD two-way relaying systems. Nevertheless, a number of important
questions remain to be addressed. In particular, to simplify the analytical treatment, most prior studies
make the common assumption that part of the known interference can be perfectly removed, or that the
residual interference is deterministic [8]. In addition, all the above studies consider the simple Rayleigh
fading channels. Hence, the impact of channel fading condition on the system performance is largely
unknown. Ounly in a recent study [17], the authors studied the outage performance of FD two-way AF
relaying systems in the versatile Nakagami-m fading channels, by adopting the ideal assumption that
perfect self-interference cancellation can be realized.

Motivated by the above key observations, this study considers the realistic scenario with imperfect
known interference cancellation in the general Nakagami-m fading channels, and presents a detailed
performance analysis on the outage probability of the system. In addition, to make a comparative study
of the FD two-way relaying system, the corresponding half-duplex (HD) two-way relaying system is also
studied. The main contribution of the study can be summarized as follows.

e General FD and HD two-way relaying system models with realistic interference cancellation capa-
bility are proposed.

e Closed-form expressions are derived for the outage probability lower bounds of both FD and HD
two-way relaying systems, which involve only elementary functions, thereby providing efficient means for
the evaluation of the system performance.

e At the high signal-to-noise ratio (SNR) regime, simplified asymptotical expressions are obtained.
It is shown that the outage probability settles in the high SNR regime, owing to the severe residual
interference.

e The outcomes of the study suggest that the performance of the FD two-way relaying system hinges
on several mutually coupled factors, namely, fading parameter m, interference cancellation ability, and
SNR. In general, FD outperforms HD in the low and moderates SNR regime, but becomes inferior in the
high SNR regime, especially if the residual interference is strong. In addition, it is desirable to deploy
the FD scheme in a less severe fading environment, where the detrimental effect of residual interference
can be better mitigated.

The remainder of the paper is organized as follows. Section 2 introduces the FD two-way relaying
system model. Section 3 presents a detailed performance analysis of the FD two-way relaying systems.
Section 4 deals with the corresponding HD two-way relaying system. Numerical simulation results are
presented in Section 5. Finally, Section 6 concludes the paper.

2 System model

Let us consider a communication system consisting of two nodes A and B communicating with each other
with the assistance of an intermediate relay node R, as illustrated in Figure 1 [18, 19]1). The relay node
operates in the full-duplex mode and adopts the AF relaying protocol. We consider the quasi-static block
fading channels, and assume the channel reciprocity holds as in [7,8,12].

As such, the received signal at the relay is given by

yr[i] = haali] + gzs[i] + frar(i] + nr[i], (1)

1) The considered model is also applicable for UAV relaying systems [18,19], as long as the UAVs are FD compatible.
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where x4 [i] and zp[i] are the desired information symbols from A and B at the i-th time slot satisfying
E{|za[i]|?} = Pa and E{|2p[i]|?} = Pg, respectively, while 2r[i] with E{|zr[i]|*} = Pg is the relay loop
back interference owing to full duplex operation. The complex scalers h and g denote the channel coeffi-
cients between A and R, B and R, respectively, while fr denotes the self-interference channel coefficient
at the relay. The term ng[i] is the additive white Gaussian noise modeled as ng[i| ~ CN (0, No).

Since the relay node knows the transmitted symbol zg[i], interference cancellation methods can be
applied to eliminate the loop back interference frrgr [z‘]Q). Nevertheless, because of imperfect channel
state information and various non-ideal factors, complete elimination of the loop back interference is
difficult in practice. Therefore, residual self-interference is expected to exist, which is defined as fRJER [i],
where #g[i] is the residual interference with E{|#r[i]|*} = k?Pg, 0 < k1 < 1 is a constant depending
on the effectiveness of the interference cancellation schemes, fR models the post-cancellation channel
coefficient [20]. Hence, after loop back interference cancellation, the signal at the relay gr[i] can be
expressed as

grli] = haali] + grpli] + frir[i] + nxli]. (2)

With AF protocol, the transmit signal at the relay xr[i] appeared in (1) is a scaled version of the time
delayed received signal after interference cancellation, which can be expressed as

zrli] = a1gr[i — 7], (3)
where o is the relay amplification factor given by

Pr
|h[2Pa + |g[2Ps + | fr|263 Pr + No

(4)

of =

Therefore, the signals received at nodes A and B are given by

yali] = har|i] + fazali] + nali] and (5)
yli] = gzr[i] + fersli] + nslil, (6)

respectively. Similarly, faza[i] and fgap[i] are the loop back interference at nodes A and B, while fa
and fp are the loop back interference channel of nodes A and B, respectively. The terms na[i] and np|i]
are the AWGN modeled as na[i] ~ CN(0, Np) and ng[i] ~ CN(0, Ny), respectively.

Without loss of generality, we focus on the analysis of node A. Substituting zg[i] given in (3) into (5),
we have

yali] = h2arzali — 7] + hongagli — 7] + hon frir[i — 7] + hoangrli — 7] + fazali] + nalil.  (7)

For node A, the desired information symbol is zp[i — 7], while h2ajz[i — 7] is the self-interference
and fazali] is the loop back interference®. Since node A is aware of xa[i — 7] and x[i], it can also
apply various interference cancellation methods to remove the self-interference and loop back interference.
In most prior studies, it is often assumed that the self-interference is perfectly cancelled. In contrast,
we consider the more practical scenario with residual self-interference. In particular, the signal after
interference mitigation is expressed as

Gali] = hongagli — 7] + hoy friwfi — 7] + hoang|i — 7] + fadali] + hadali — 7] + nalil, (8)

where Zali] and Za[i — 7] are the residual loop back interference and residual self-interference with
E{|2a[i]|?} = k3Pa and E{|#a[i — 7]|?} = K3Pa, respectively. Also, 0 < k3 < 1 and 0 < k3 < 1 are
constants depending on the effectiveness of the interference cancellation schemes, and fR and ha model
the post-cancellation channel coefficients.

2) We consider instant detection where individual symbols are separately processed, as such, signals from the prior time slots
are treated as interference.

3) Please note, we distinguish two different types of interference depending on the signal prorogation path, and the term “self-
interference” is used for the interference from the relay, while the term “loop back interference” is used for the interference from
the own transmitter.
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Therefore, the end-to-end signal to interference and noise ratio (SINR) at node A is given by

217121 4|2
YA = a1|h| |g| PB (9)
af|h?|frl?k1 Pr + af|h[>No + | fal?k3 Pa + |ha|?53Pa + No
A palh|?Pa g’ P
|fal?k3Pa+|hal?k3Pa+No | frI?k3 Pr+No (10)
o palh|?Pa |h|? Pa+]g]* P + 1’
| fa|?k3Pa+|hal|?k2Pa+No |fr|2K2 Pr+No
where pp = i—i‘.
Following the same analysis, the end-to-end SINR at node B can be obtained as
_ pelg|*Ps __|h|2Pa
- |fB|2k3P+|hs|2k2Ps+No | fr|?£2 Pr+No (11)
= pulol* [Py [hPPa+1alPs | 1’

| fe|2K3 Pp+|he|2 K2 Pe+No | fr|2K2 Pr+No

where pp = 1;—2, fB and hp are the post-cancellation channel coefficients for the loop back interference
and self-interference, respectively. Also, 0 < k4 < 1 and 0 < k5 < 1 are constant parameters denoting
the effectiveness of the interference cancellation schemes.

In the current paper, we consider the general Nakagami-m fading. Hence, all the channel gains are
Gamma distributed. Let Gamma(c, 3) denote the Gamma distribution with shape parameter o and
scale parameter (3, and then, |h|? ~ Gamma(m;, S ), lg|? ~ Gamma(ma, m2) |fal?> ~ Gamma(ms, 5}1 )s

|hal? ~ Gamma(my, m4) |fr|? ~ Gamma(ms, m5) | /8] ~ Gamma(mg, 2= ) ), |hs|? ~ Gamma(my, 22 L).
Also, the cumulative distribution functions (c.d.f.) and probability dlstrlbutlon functions (p.d.f.) of the
channel gains are given by

m;—1 j
1 (mx ! e
F<w>12f<9i>e ) (12)

!
=0 I’
m; .
G
T)=——"—""2a""""e % x>0, 13
fori=1,...,7.
r 2.2
For notational convenience, let v; = L PA, v = = lol® PB,V LAl HQPA-FVLA‘ H‘*PA—H V4= 7|fR|N'Z1PR+

1 and v5 = |fB‘N'Z4PB + ‘hB‘N'ZL'*PB + 1. Then, the end-to-end SINRs at nodes A and B can be expressed as

PATY1 Y2

_ Y3 Y4
VA_pA_jl_,_&jz_H (14)

and

PBY2 Y1

— V5 Y4
B = b + 71;r72 + 1’ (15)

respectively.

3 Performance analysis

In this section, we present a detailed performance analysis of the proposed FD two-way relaying systems
in terms of outage probability and effective sum throughput. Let us assume that the nodes A and B are
transmitting at constant rates Rf; and R , respectively. Also, let 05 = 2RE” 1 and O = oRA” _ 1,
and then the outage probability, defined as the probability of instantaneous SINR falls below a predefined
threshold, at nodes A and B can be expressed as

Py =Pr(ya < 0a) and Pop =Pr(ys < 0p), (16)
respectively. In addition, the effective sum throughput can be computed by

TFD:RB(lfpgA)JrRA(lngB). (17)
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3.1 Outage probability

Owing to the the complicated SINR expressions given in (14) and (15), an exact analytical characterization
of the outage probability is difficult. Hence, in the following, we focus on deriving tight outage lower
bounds for the outage probability.

To start with, we present upper bounds of the end-to-end SINR v and ~g.

Corollary 1. The end-to-end SINR ~4 and «g can be upper bounded by

u . Y2 st
A< = Amm<7,—> 18
TAS T Vs + pavs’ V3 (18)
and
. 71 V2
B < B = Bmln(ia_)a 19
! T Y5 + PBY4 Vs (19)
respectively.

Proof.  'Without loss of generality, we focus on vo. From (14), it is easy to see that

PATYL Y2
Y3 V4
VA S pam | yitye (20)
V3 Y4

With some simple algebraic manipulation, we have

71 V2
PATYLY2 V3 PA’Y4+’)’3 ) (21)

A <
= (pava+ v3)1 + 1372 A 71 +

PA ’Y4+’YS

To this end, invoking the well-known inequality ;—fy < min(z,y) yields the desired result.
Capitalizing on the above SINR, upper bound, we now derive a lower bound for the outage probability.
Specifically, we have the following key result.

Theorem 1. The outage probability lower bounds at node A ng and node B P&% are given by

_ B16A+B26A —B204a

PSA >P5x =1 - By B B e 2
mi—1 i mo—1 i g . k
S (B TRR L (Bafa ) <>pA’” <y> I'(ms + p)
) Z il < PA > jgo J! < PA > ,;) SN2 (B5 + B20a)mstP
28 T2 (1 —ma = 5) (Ba— Ba)' ™™ & (k4 Brla + B\ )
’ (Z (s =) — 1) 2_30( D) (e 2R ) )
A= ms =) (B = B) ™ ki Bi6a + Bofa\ ™
s (s~ 9)l(s — 1) Z< D) (s BESER) r)
and
Plp >PSg =1 - 5585 B¢ ~ A a0
m1—11 BIHB imao—1 1 529]3 j i i Pﬁ_k i—k i—k F(m5+p)
<235 270 WS (L a

me 5{71 - B 1-mr—s k+j . —2z1(6)
) <Z [T5=1 (1 = mz — 5) (B — Bs) 3 (’“j’) <56+LB+5293> I'(21(6))

(
—~ (me — s)!(s — 1)! 0B

)
mr _ 1—-me—s k+j . —21(7)
. Z 121 (1 — mg J)Eﬁs B7) Z(k—ti—j) (ﬁ7+6193:362913) F(21(7))>,
t=0

(m7 — 8)!(s — 1)!

. A N N 3N
respectlvely, where zl(q) = mg+t—s+1forq=3467 B = G52 P = Gp2 B3 = QZL%I;JA’
m7 No

Bs = szPA’ Bs = Q5H = Be = g HQP ,and 37 = fomey ol Also, T'(z) is the Gamma function.
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Proof. See Appendix A.

Theorem 1 presents a closed-form expression for the outage probability, which is valid for arbitrary
configurations. In addition, it only involves elementary functions, hence it provides an efficient means to
evaluate the outage performance.

For the special case with Rayleigh fading, simplified expressions are available as shown in the following
corollary.

Corollary 2. For Rayleigh fading channels, the outage probability lower bounds at node A P&, and
node B P§, reduce to

519A+529A 529A
prL _q_ BsfaPse 1 1 (22)
OA By — B3 B2l + Bs B3 + 519Ap-:/329A B+ /519A;;B29A
and
/31913+B29B — B0
PFL _ Bs 867 € Fi0s 1 1 (23)
OB — 67 — B B10p + Bs Be + 519B,:3529B Br + BleBp“l]’3B29B
respectively.

Proof. The result can be obtained by setting m; = 1 in Theorem 1.
Given the outage lower bound, the effective sum throughput of the system can be upper bounded by

D < Tip = RE°(1 = POX) + RRP(1 = Pog). (24)
3.2 Asymptotic analysis

To gain further insights, we now look into the asymptotic large power regime. For two-way relaying
systems, we are interested in the asymptotic regime, where the transmit powers at all three nodes become
large, i.e., Py — 00, Pg = kqPa, and Pr = paPa. And we have the following key result.

Proposition 1. In the asymptotic high SNR regime, the outage probabilities at nodes A and B can be
approximated by

m3Ng " m4Ng " msNg "
P ~1- 2 2 2
Q3K2 Q4I€3 Q5I<&1PA

S (_mlNoeA)imil 1 (maNoeA)j S (g) Pt Tlms+i—h)
£ il Qipa G\ Qekapa ) =\ F(ms)(Qm;N;A+mgliV,ng)ma+y k

. 5—1 m m —m4y—s (s
% f Hj:l(l my — ])( sz@\[: - Qié\%o)l * m3N() mlN()eA mQN()QA 2(8) I‘(z (3))
—1 (m3 - S) (S — 1) leig QIPA QQkaPA 2

ma N ma N —ms3—s
" % H 17 ms —J)( Qingo - Qingo)l ’ malNo =~ miNofOa  maNola
(mg —s)!(s—1)!

—z2(4)
) [(z5(4))

(25)

Q4:"€§ leA Q2kapA

and

PFL A, msNo \"° (meNo "™ [(mzNo\™"
OB Qg,li%pB QGHZ Q7I€§

xmfl I S (B ety
— 7! Q1pB 4! QopB Py k F(m5)(m”‘N0 +km§12N09B)m°+l

j=0 Qs5k7pB

—1 . N, N, _ _s
) inizl(kmr])(?ﬁ—ﬁﬂii—nﬁl " (m6N0 ke Nobla | maNof

—22(6)
T'(25(6
s=1 ( me — 8) (S - 1) QGH?} Q1pB QapB ) ( 2( ))
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n % H — Mg *.7)(762{;{40 - g;%o)limﬁis (m7N0 k'amlNQHB + m2N093)22(7) F( (7))
Z b
(my7 — 8)!l(s —1)! Q7 Q1 pB Q2pB 2

(26)

where zQ(q)équrkJrjferlforq:3,4,6,7.

Proof. The key idea is that at the high SNR regime, only the most significant terms matter. For instance,
in S0 (R (85 + M)_(mﬁt_sﬂ), the (t = k + 4)th item is the most significant term, and the
other terms could be neglected. Then, the final expression can be obtained after some simple algebraic
manipulations.

Proposition 1 suggests that, at the high SNR regime, the outage probabilities at both nodes A and
B saturate, i.e., zero diversity order is achieved. This is in sharp contrast with the findings reported
in literature, where it was proven that interference does not reduce the achievable diversity order. The
reason is that prior studies mainly focus on the fixed interference power scenarios, while in the current
work, the self-interference or loop back interference is proportionate to the transmit powers.

Corollary 3. For Rayleigh fading channels, the outage probabilities at nodes A and B can be approx-
imated by

prL No No No No . Noba N N\
OA ™ Q362 ) \ k2 ) \Qsk2pa ) \Qs62pa  Qak, k2 Qk2

No  Nob Nofa \ ! N, Nob Nofa \ !
% ( 02+ ova OA) _( 02+ %A OA) , (27)
Qsks  Qipa  Qokapa ks Qipa Qokapa

and
P [ No No No No  kaNof) ™" ( No  No \™'
OB Q5/@%p]3 Qﬁmi Q7/@§ Q5/@%p]3 0 Q7I€§ Qﬁﬁi
No  koNobp  Nobg ) -t ( No  koNobp  Nobp ) -t
X + + — + + : 28
<<Q6Ki QipB QapB Q7k2 QipB QapB (28)
respectively.

Proof. Setting m; = 1, the desired result can be obtained after some simple algebraic manipulations.

4 HD two-way relaying systems

To make a comparative study of the FD two-way relaying system, in this section, we study the performance
of HD two-way relaying systems with imperfect self-interference cancellation.

4.1 System model

For the HD mechanism, the entire communication takes place in two time slots. During the first time
slot, both nodes A and B transmit to the relay node R, and the signal received at the relay node is given
by

yr[i] = haali] + gop[i] + nrli]. (29)

At the second time slot, the relay forwards a scaled version of yr|[i], and the signals received at nodes A
and B are given by

yali + 1] = ashyr[i] +nali + 1] and (30)
ysli + 1] = azgyrli] + nsli + 1], (31)
respectively, where the scaling factor as is defined as

a2 = PT
> |h|2PA + g2 Ps + No’
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Without loss of generality, we focus on the analysis of node A. Substituting (29) into (30), we have
yali] = haxafi] + hasgrp[i] + haonr[i] + nali + 1]. (33)
After performing interference cancellation, the post-processing signal can be written as
gali] = hasgrpli] + haiali] + hasngrli] + nali + 1]. (34)
Hence, the end-to-end SINR wva can be expressed as

2 2 2
2 7 2
Oé2|h|2NQ + |hA|2I€3PA + No
_palh®Pa |g|* P
|hA‘2I{§PA+N0 No
oall2[Pa hPPA+1oPPs | 1
|ha|?k3Pa+No No

\hA\ k2 Pa
No

Now define v = + 1, and then v can be rewritten as

PATYL
Ve 72

va = p‘;gl +m e+l

(37)

Similarly, the received SINR at node B can be expressed as

PBY2
ke N

vB = pijz +m+y+1

(38)

_ ‘}lBl Ke PB

where 7 = + 1.
4.2 Performance analysis

Let us assume that nodes A and B are transmitting at constant rates RED and RED, respectively. Let
na = 2R5” — 1 and ng = 2RR” 1, and then the outage probabilities at nodes A and B are given by

PY, = Pr(va <na) and Ply = Pr(vs < np), (39)
respectively. Also, the average sum throughput can be computed as
e = Rp(1 — Poa) + Ra(l — Pop)- (40)

As in the full-duplex scenario, an exact analysis of the outage probability is challenging. Hence, we
look for tractable bounds as presented in the following theorem.

Theorem 2. The outage probability lower bounds at node A Pg}; and node B P(I;% are given by

ma _ Bina+Bana mi—1 i mo—1 j
prL_ o Bite o TR (B )RR L (B )
oA — Z m Z 4!

['(ma) ps pa ) = PA
7 . t+1 . —p—may
- t+1 +
x> (i)pi > < >F(p+ ma) <LIA Batia, 54) (41)
=0 =0 p PA
and
ﬂ;n?e_%%}w_ﬁﬁm ma—1 1 5277B imi—1 1 /Bing J
(m7) par i = '\ e

7 . t+1 . —p—my
<SS (D () (LE Ehme ) @)

p=0 PB
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Proof. See Appendix B.
For the special case with Rayleigh fading, simplified expressions are available as shown in the following
corollary.

Corollary 4. For the special case of Rayleigh fading, the outage probability reduces to

—1
Bina+Ban
S T (M + m) (43)
PA
and
—1
Bing+Ban
P(I){I% i ﬂ7e_ 1 BpB 278 _ 3y np (mlgp# + ﬁ7> . (44)

Proof. Setting m; = 1, the desired result can be obtained after some simple algebraic manipulations.
4.3 Asymptotical analysis

We look into the asymptotic regime, where the transmit powers at all three nodes become large, i.e.,
PA — 00, PB = kaPA, PR = PAPA-

Proposition 2. In the asymptotic high SNR regime, the outage probability of nodes A and B can be
approximated as

PHL ~1 1 m4NO m4mi11 mlNOx imil 1 ’ITLQNQI J
OA ™" T(ma) \ Qur? S i\ Qipa ) 3 \Qakapa

=0

. . mlNol‘ mQN()l‘ m4N0)jim4
xI'(j+i+m 45
U 2 < Qipa  Qokapa Uk} (45)
and
m -1 imi—1 j
P () 25 () 2 7 (M)
OB F(m7) QW@% pant 7! Qng =0 j' QIPB
. . kamlNonB m2N077B m7N0) —Jmimme

xT'(j+1+m + . 46

Proposition 2 indicates that the outage probability of the HD two-way relaying system settles in the
high SNR regime. This is intuitive because the residual self-interference scales with the transmit power.

Corollary 5. For the special Rayleigh fading, it reduces to

—1
piL %:1_( No )(N09A+ NobOa . Ny ) (47)

Q3 Qpa  Qokepa  Qard
and
N, Nofp  Nobs No \7!
PHL 1 _ < 9 > < + + > . 48
OB Qrk2k, ) \Qups  Qokaps = QrkZk, (48)

Proof. Setting m; = 1, the desired result can be obtained after some simple algebraic manipulations.

5 Numerical results

In this section, numerical results are presented to verify the analytical expressions derived in Sections 3
and 4, as well as to illustrate the impact of key system parameters on the outage probability and sum
throughput performance. Unless otherwise specify, the following set of parameters is used. m; = mo = 3,
m3=m4=m5=m6=m7=1,91ng:1,(23:(25:(26:0.5,94297:O.l,/@i:0.1,
i=1,2,3,4,5 pa = 2, pp = 1, REP = REP = 2 bps/Hz. All the simulation curves are generated by
averaging over 10® independent trials.
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Figure 2 (Color online) Validation of the outage lower bound Figure 3 (Color online) Outage probability of nodes A and
and asymptotic result. B.

Figure 2 shows the accuracy of the proposed outage lower bound and asymptotic results. As can be
readily observed, the proposed outage lower bound is quite tight, especially in the high SNR regime. Also,
the asymptotic results match well with the exact results in the high SNR regime. Moreover, according
to simulations, the tightness of the lower bound improves when the level of residual interference reduces.

Figure 3 illustrates the outage performance of the FD two-way relaying systems. The analytical curves
are generated as per Theorem 1, and the simulation results are for the outage lower bound. As can be
readily observed, the analytical curves overlap with the simulation curves, which validates the correctness
of the analytical expressions. In addition, with less severe fading, i.e., larger m, the outage performance
significantly improves, which demonstrates the substantial impact of the fading severity parameter m;
and mg on the outage performance. Moreover, the outage probability settles in the high SNR regime
owing to interference as predicted by the asymptotic analysis.

Figure 4 depicts the impact of fading parameter m,; on the outage performance of the FD two-way
relaying systems with m; = my and ms = m4 = ms = mg = my. We observe that, for m; = 1, the outage
probability increases for both nodes A and B when mg varies from 1 to 6. In contrast, for m = 3, the
outage probability decreases for node A. This interesting phenomenon implies that the impact of fading of
the interference channels on the outage performance depends on the fading condition of the information
transmission channels. In addition, we observe that increasing the fading parameter of the information
channels substantially improves the outage performance, while the change of fading parameters of the
interference channels leads to an insignificant variation of the outage behavior, which suggests the overall
impact of fading condition of the interference channels on the outage performance is rather insignificant.

Figure 5 shows the achievable sum throughput of the FD two-way relaying systems. We observe that
for £ = 0.1, the maximum sum throughput of 4 bps/Hz can be achieved when m; = mo = 3, while
only 3.8 bps/Hz can be achieved when m; = mg = 1. Also, the maximum achievable sum throughput
drops substantially for kK = 0.3. The above phenomena suggest that the fading parameter m and residual
interference level parameter x have a significant impact on the throughput. In particular, the residual
interference is the key performance limiting factor, and a less severe fading scenario can help alleviate
the detrimental effect of the residual interference.

Figure 6 compares the outage probability of the FD and HD two-way relaying systems when m; =
mo = 2, Q3 = Q5 = Qg = 0.1, Oy = Q7 = 0.01. As can be readily observed, with the same constant
transmission rate, i.e., RRP = RIP and REP = RHP| the outage performance of FD and HD two-way
relaying systems is close in the low SNR regime, while the outage difference gradually enlarges as the
SNR increases, and a substantial performance gap is observed in the high SNR regime. The reason is
that, in the low SNR regime, the residual interference is weak, both the FD and HD two-way relaying
systems operate in a noise-limited environment and achieve similar outage performance. In contrast, in
the high SNR regime, both systems become interference-limited. Owing to the more severe interference
level in the FD two-way relaying system, its outage performance deteriorates more substantially.

We also compare the outage performance of FD systems with the HD system with double transmission
rate, i.e., 2REP = RIP and 2REP = REP. In such case, the maximum long-term sum throughput of FD
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Figure 6 (Color online) Outage probability comparison be-
tween FD and HD two-way relaying systems.

Figure 7 (Color online) Sum throughput comparison between
FD and HD two-way relaying systems.

and HD systems becomes identical. We observe that in the low and moderate SNR regime, the outage
performance of FD systems is superior to the HD systems. However, in the high SNR regime, the opposite
is true, owing to the severe interference in FD systems.

Figure 7 plots the achievable sum throughput of both FD and HD two-way relaying systems. As
expected, the FD scheme achieves nearly twice the sum throughput compared with the HD scheme. In
addition, we observe that when the residual interference increases, the sum throughput of the FD scheme
significantly degrades, while the sum throughput of the HD scheme is almost unaffected. Moreover, when
the HD scheme doubles the transmission rate, its effective sum throughput is still inferior to the FD
scheme in the low SNR regime. However, when the residual interference is strong, the sum throughput
of the HD scheme with a double transmission rate can outperform the FD scheme.

6 Conclusion

This paper has investigated the performance of FD and HD two-way relaying systems. Closed-form
expressions have been derived for the outage probability and sum throughput of both FD and HD systems.
The analytical results show that the outage probability saturates in the asymptotic high SNR regime, due
to the existence of residual interference. In addition, the FD system is not guaranteed to provide superior
performance when compared with the HD system. The findings suggest that, given practical constraints
on the interference cancellation capability, FD systems shall be deployed in the low and moderate SNR
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regime. Also, the improvement of the fading condition of the information transmission channels can help
mitigate the detrimental effect of residual interference, and thereby significantly enhance the performance
of the FD scheme.
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Appendix A Proof of Theorem 1

Without loss of generality, we focus on the outage probability at node A. The c.d.f. of ,YXP can be written as

. 2 71
F up(z) =Pr pAm1n<7,—><az> Al
e (@) ( Y8+ pava vs/) (A1)
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Y3+ pAYL Y3

Since the two items inside the min function are correlated, it is difficult to handle directly. To circumvent this, we adopt the
conditional approach; i.e., we first compute the conditional c.d.f. of v,” by conditioning on 3 and ~4, and then take expectation
over 3 and 4.

Now, conditioned on 3 and -4, we have
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where v(n, z) is the incomplete Gamma function.
Applying the binomial expansion, and taking expectations over 3 and -4, we have

mp—1 i m2—1 i J . Brz+pBox
1 /Biz\"* 1 [ Baz\7 J ki — TR j—k —Baw
Foup(z)=1— - (7) - (7 ( )E ~ A E {(pAw)J e P2 ”4}. (A6)
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To compute E,;{v;3 tig PA }, the p.d.f. of random variable ~s is required. Utilizing a 1resu1t4)7 after some algebraic

manipulations, it can be shown that the p.d.f. of 73 can be obtained as
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Hence, we have
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To this end, pulling everything together yields the desired result.

Appendix B Proof of Theorem 2
Following the similar lines as the full-duplex relaying case, the SINRs at nodes A and B can be upper bounded by

va < 0P = pa min (7—2’£> (B1)
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o < o = ppmin (2 22 (B2)
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Without loss of generality, we focus on Pg{Aﬂ Conditioned on v and invoking the c.d.f. of 41 and 72, the outage probability lower
bound can be expressed as
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Then, taking expectation on ~g, the outage probability lower bound can be written as
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With a change of variable, and then applying the binomial expansion, the above expression can be computed as
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To this end, the desired result can be obtained by solving the integral.
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