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Abstract Imperfect channel state information (CSI) is among the main factors that affect
system performance in wireless networks. In this paper, we investigate the impact of imperfect
CSI on the performance of analog network coding (ANC) for a two-way relaying system based
on opportunistic relay selection (ORS). An exact and generalized closed-form expression for
system outage probability is presented in a Rayleigh flat-fading environment. To provide
more insights, the closed-form asymptotic expression is then obtained. It is shown that the
presence of channel estimation error causes outage probability maintain a fixed level even
when a noiseless channel is adopted. Therefore, to mitigate the negative impact of imperfect
CSI, we deduce the power allocation to minimize the system outage probability based on the
knowledge of instantaneous channel information. Numerical results validate the accuracy
of the derived expressions and highlight the effect of proposed power allocation algorithm
compared with conventional uniform power allocation.

Keywords Analog network coding (ANC) - Two-way relay - Outage probability -
Relay selection - Imperfect channel state information (CSI)

1 Introduction

Owing to its ability to overcome the loss in the spectral efficiency due to half-duplex trans-
mission [1], considerable attention has been concentrated on the two-way relaying [2,3]. In
this scheme, two end nodes can transmit their signals to the relay simultaneously, and then the
relay transmits the combined signal to both nodes. Each of the nodes can obtain its desired
data by removing its own information, called self-interference. Therefore, only two time inter-
vals are required for bi-directional transmission. Of particular interest is an analog network
coding (ANC) protocol, which is a well-known amplify-and-forward (AF)-based two-way
relaying protocol. The authors in [4,5] have explored the application of opportunistic relay
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selection (ORS) to the ANC and shown that the system performance is improved signifi-
cantly. However, these benefits depend on knowledge of the channel state information (CSI).
Clearly, with the impact of system noise and imperfect channel estimation algorithms, the
relay and two end nodes hardly have the perfect knowledge of CSI. Therefore, performance
analysis and enhancement that take into account such CSI uncertainties play an important
role in the design of practical systems. Such a study is more challenging compared with the
context of one-way relaying networks. For instance, when the channel estimation error exists,
users cannot completely subtract their own information from the observations, which results
in strong residual self-interference.

Very recently, some related works on ANC have taken into consideration the impact of
imperfect CSI [6-8]. For single-relay scenario, lower bound and upper bound of system
outage probability for ANC are evaluated in [6,7], respectively. For multi-relay scenario [8]
based on ORS, the analyses are conducted by adopting an approximation which is originally
proposed for the high SNR and only approximate expressions are derived. To the best of
our knowledge, when CSI is not perfect, an exact performance analysis in terms of outage
performance for ANC under ORS is still an open issue.

In this paper, we derive an exact and generalized closed-form outage probability expres-
sion of ORS algorithm for ANC protocol with channel estimation errors over independent
and non-identically distributed (i.ni.d) Rayleigh links. Furthermore, to enhance the system
performance, we perform power allocation that optimizes the system outage probability based
on the knowledge of instantaneous channel information. Simulation results are in excellent
agreement with the analytical results and show that the proposed power allocation algorithm
offers considerable performance improvement over conventional uniform power allocation.

2 System Model

As shown in Fig. 1, we consider a two-way opportunistic relaying system in AF strategy,
where twonodes A and B exchange information with each other using K relay nodes S;cj4y =
{1, 2, ..., K}over Rayleigh fading channels. We assume that all the nodes are equipped with
a single antenna and operate in a half-duplex mode. There is no direct path between A and
B, and the transmissions are subject to flat fading and additive noise. The transmit powers at
A, B and relays are denoted by P,, Ppand P,.

In the first time slot, both A and B transmit their signals simultaneously to all the relays.
Then, relay k € Syeqy is selected as single forwarding node and the received signal at
relay k can be written as Yy = hax/Paxq + hpi~/Ppxp + ng, where x, and x; are the unit

Fig. 1 System model for the s N
two-way relay channel with /

\
channel estimation errors // \

1st time slot: —
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energy transmit symbols from A and B, ny ~ CN(0, 1)! is the additive while Gaussian
noise (AWGN) atrelay k, hgr ~ CN(0, Qp.qx) and hpr ~ CN(0, Q. p1) denote the channel
coefficient between A, B and the relay k.

During the second time slot, the relay broadcasts the combined signal y; after multiplying
it with amplifying gain, G. We assume that both A and B have knowledge about their
own symbols and can remove the back-propagating self-interference from the superimposed
signals. However, as stated in the previous section, due to the channel estimation errors,
the estimate of the channels gains, denoted as ﬁak and fzbk, are not necessarily the same
as hgx and hpg. According to [9], the channel estimation error model can be modeled as
hip = lAz,-k + ek, where i € {a, b}, eix ~ CN(0, Q2 ix) is the channel-estimation error.
We assume that / ak and fzhk are %tatistically independent of e4; and e, respectively. As a
result, g ~ CN(O, 2} ) and hpe ~ CN(O, € pi)» where Q= Qjak — Qe qx and
Qh,bk = Qppk — Qe pk- We further assume that Pa = Qe,ak/ Lh,ak and pp = Qe pi/ L bk
which can be called as relative channel estimation error (0 < p; < 1, where p; = 0 means
perfect CSI). In this corresponding, the power-scaled gain, G, can be written as

P
G = / R R i (1
Palhak)? + Pplhpk|? + PaSe.ak + Po Qe pr + 1

Since only fzak and flbk are known to node A, the resulting signal at node A can be evaluated
as
Yak = Gharhpi/ Poxy, + G/ Paar Qhak + ear)xa

+ G/ Py(hareak + hokepk + earepi)xs

+ G (har + eqp)ng +ng ()
where the term G/ P,eq; (Zﬁak ~+eqk )X, is the residual self-interference introduced by imper-
fect self-interference cancelation in the presence of imperfect CSI. Then the resultant instan-
taneous SNR for the link B — k — A can be given as

B Py Pylhar o>
aiklhak? + okl hpkl? + Lk

3

where a1 = 4P Py ak + PrPpQepr + Pr + Pa, o = PrPpQear + Pp and Iy =
3P, P22 + PP ak bk + (Pr + Pu)Q.ak + Py pi + 1. The instantaneous SNR
for the link A — k — B can be obtained in a similar way:

PrPa|flak|2|1:lbk|2
Yok = - S (4)
Biklhak|” + Boklhpr | + Lok

where Bor = 4P PpQ2e bk + PrPaS2e,ak + Pr + Py, Bik = PrPaS2epk + Pq and Ipy =
3P. Py Qz ok T Pr PaS2e,ak e bk + (Pr+ Pp) Qe bk + PaQe,ax+ 1. The corresponding one-sided
data-rates via the relay k are thus given as R x = % logy (1 + yuk) and Ry = % log, (1 + yik)-
As clearly shown in (3) and (4), the forms of instantaneous SNR are not easily tractable
due to the existence of imperfect CSI. For theoretical analysis simplicity, I,x and Ip; are

omitted in the sequel, since they are negligible compared with other terms [7].

! Notations: Weuse x ~ CA' (a, b) to denote a complex Gaussian random variable x with mean a and variance
b. Pr[-] and | - | denote probability and absolute value respectively.
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3 Outage Probability Analysis

In this paper, we adopt the max-min method for relay selection which has the best performance
in minimizing the system outage probability [3]. Since the worse one of the two received
SNRs is the bottleneck of the outage probability, the relay selection criterion is given by

k* = i , 5
argke{l,mza,l,x,.,mmm (Yak> Vbk) 5)

where k* denotes the best relay. With required data rate R;, at A and B, the system outage
probability can be expressed as

Pour = Pr[Raix < Ry or Rppx < Ryp]

= PI' i 5 g
|:k€{lmzax K}mln (Yak» Vok) Vth:|

.....

K
= [T {Pr [min (ar, v1) < vin] 2 Pour.s} (6)
k=1

where y;;, = 22Rm _ 1, According to (3) and (4), Y.k and ypi are highly correlated, since
they are both functions of variables |hak|2 and |h;,/<|2 Moreover, the existence of channel
estimation error makes (6) mathematically intractable. As a result, it is very difficult to
evaluate (6) straightforwardly. In order to make the analysis feasible, numerous well known
existing literatures take a bounding approach (e.g., % < min(x, y)) (see [10] and the
references [7] therein). Unlike the current research activities, in this paper, we first decompose

Pour.k into following three separated parts and focus on an exact analysis of it.

Pr [vor < vin] - £ < %
Pourk = 1 Pr[min (vak,  v56) < vin] giﬁ << %ﬁ (7)
Pr(yar < v, ;2 > g;ﬁ
Proof see “Appendix A”. a

When £ B < - ii since |hqr|? and |A1px |2 are both exponentially distributed with parameters
1/ Q and 1/ Pour .k can be evaluated straightforward with the help of [11], which
can be given as

h,bk>

1 )ﬂ]kﬂzkhh

_ BixBokvin (ﬁlkﬂn ak  PAS ) Trfa
Pourk =1 -2 Py Py ,Blk,BQth ak th (8)

Bk Bok v
XK (2 P.P, ﬂlkﬁ%ﬂhﬂkgh,bk

Similarly, when £ Pb 2 , Pour can be presented as

Dlzk
_( 1 + 1 IRk ViR
— A1k X2k Vih 1 o2y Q2 Pr Py,
Paul,k =1-2 P.P O TOR e h,ak h,bk
b CARC2K 4, ak > b )
A1k Vih 1
xKi (2
Pr Py 102k S 4 2
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Bue _ Pa _ Pk i inoi ie B _ Pu
When o <P < ap Pour 1s evaluated based on the corresponding intervals, i.e., ar < P
and % < %, and can be presented as follows (proof: see “Appendix B”)

1 1 AKXk Yk

- +

Pgut k = 1— 2a1ka2kyth ! e (aleﬁ,ak aZlef],hk) PrPy
PPy o1k02k 82, 1 2 i

o 1
<k, (2 ekezrin
PPy \ ek 2

1 1 B1k P2k Vi
P.P,w —,3]k)/th ei(ﬁZkal kaFﬁleA ) PrPa”

h,ak
Qr, PP,

h,bk

n
Xi 1 Bk BikVenVen £ P P,w — BixVin
| n\ @y PrPa(PrPaw — Brivin) |\ 2 PrPa
1 1 oA AL Y
M3_<“2kgﬁ_hk+alkm ) lkPerPhlh

h,ak
Qﬁ,bk P. Py

o0 n
N N Y (i) PN TS | TS
n! sz,akPVPb(Perw_alk)’th) " Qﬁ’ka,Pb

n=0

where w = %’ % and E, (-) is the exponential integral function defined in (5.1.4)
of [12].

Note that (8)-10) are generalized expressions for system outage probability of ANC
protocol, which encompass the outage probability performance with perfect CSI as a special
case (pa = pp =0).

For better insights, we can represent (8) and (9) in simple closed-form by using a high SNR
and low channel estimation error approximation. By applying the approximations K1 (x) ~
I/x ande ™ ~ 1 — x for x — 0, (8) and (9) can respectively represented as (11 and (12).

~ Qeak | S2e.bk 4P Qe bk P+ Py 1
Pour s ~ | 24K ’ ’ 11
outk (sz T2 i\ pa  TEe T P, )" b

h,ak h,bk h.ak h.ak
and
~ Q Q 4PQ 1 P+ P
Pout k Q'(Qeak + Qe'bk))’zh +( PIQ c.ak + 7O + P ;) o 1 )Vth (12)
h,ak h,bk 230 bk T8 ak r254h bk

By adopting additional approximation E,(z) ~ Eog(z) = e */z for z — 0, (10) can be
approximated as

75 X ~ (4PZQe,bk 4Py Qe ak P+P P+P ) Vi
out. PIS2, P22 Pr P PP ! (13)
+ Q(l.ak + Qe,hk yth
2 ak 2 bk

(11)-13) readily reveal that the outage probability will not approach zero even when the value
of transmission SNR is infinite. The presence of channel estimation error causes the outage
probability maintain a fixed level even noiseless channel is adopted. This fixed level cannot
be eliminated totally. However, it can be reduced by adequate power control, which reveals
the necessity of power allocation strategies.
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4 Power Allocation

To mitigate the negative effect of imperfect CSI, we resort to adaptive power allocation by
minimizing the outage probability under the total power consumed constraint. The optimiza-
tion problem can be formulated under a total power constraint P; as

P* P* pPF= i
P B i, P
”‘R+&+&<B

Pr7Pa7Ph>0 (14)

From (6), we can observe that optimizing P, is equivalent to optimizing P, x, where
k € {1,2,..., K}. Therefore, similar to [10], the optimization problem given in (14) is
equivalent to the following one

* * * .
Pr,k’ Pa,k! Pb,k = arg max min ()/aka ka)
Pr,kvPa.kan.k

't'[Pr,k+Pa,k+Pb,k<Pt (15)

Py, Pog, Poi >0and k € {1,2,...,K}

As mentioned in [10], the above can be solved by first balancing y,x = ypk- Applying
Kuhn-Tucker conditions [13] for Lagrangian optimality, we can obtain the following optimal
solution after some involved manipulations:

pr _ B Vit PV (1R ak P (S PO~k 2 (1R ik Pr)

ak ™ 2 Vak 1> (142 ak PO~ ik 2 (14 i Pr)
pr P ok 214+ at P~ hak 2ok 2 (142 a PO+t Pr) (16)
bk ™ 2 k1> (A4 e.ak PO~k 12 14+, 5 Pr)

* 1
Pr,k - EPI

When p, = pp =0, Qe,ak = Qe¢,pk = 0, then (16) reduces to

¥ P lhwl
Pa,k_

2 Vgt |+l hp|
_ P lhal 7)
P}, = 3t 1takl
bk 2 Vhak |+ A
x 1
Pr,k - ZP[

which corresponds to the optimal power allocation provided in [10], indicating that (16) is
the generalized power allocation form for ANC protocol. Substituting (16) into the objective
function, we can obtain the optimum SNRs.

Yak = Ybk
_ Pr|hak|lhpr]
|har |2 4+ Qe.pk Pr) + 1hpi| (2 4+ Qe.ak Pr) + 4lharl /1 + Qe bk Pr/1 + Qe.ak Pr

178 (18)

1>

On applying the proposed power allocation algorithm, the max-min relay selection criterion
presented in (5) can be reformulated as
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k* =arg max max min (Yak, ¥Ybk)
Ke(1,2,00 K} Pri+Pas+ Py k <P, ¢
*
= ar max 19
& ey iy Tk 19

As shown in (19), we skillfully combine the ORS policy with the optimal power allocation. It
is well known that opportunistic relay selection and power allocation for relaying protocols
are both effective means to enhance system performance. Thereby, the combination of them
can bring significant performance improvement. To provide guidelines for practical system
design, we summarize the joint relay selection and power allocation scheme as follows

a) Select the optimal relay based on the following criterion

K*—arg max ] Pyl
ke{l,2,....K} ‘hak‘(z‘f‘ge.hkPl)'Hhhk|(2+Qe,akpl)+4|hak|\/]+Qe,hsz«/1+Qe.ukpl

b) Calculate the power levels of both nodes A and B according to (16).
c) Use the feedback channel to notify the selected relay and the power levels.

5 Numerical and Simulation Results

In this section, Monte Carlo simulations are performed to verify the accuracy of our ana-
lytical results and present the performance of the proposed power allocation algorithm. All
channels in the cooperation model are described by Rayleigh fading. We consider a 2-D
network topology and normalize the distance between A and B to unity. We let d; denote the
normalized distance between nodes i and relay R. Nodes A and B are located at points (0,
0) and (1, 0). We assume that the data rate requirement R;, = 0.5 bps/Hz and the path loss
exponent o = 3. Thus, @, jx = di_3 and Q. jx = ,oidi_3, where i € {a, b}.

InFig. 2, the system outage probability of two-way AF relay system based on opportunistic
relay selection is presented by varying SNR with p, = p, = 0.005 and relay numbers
K =1,2,3,4,5. We consider uniform power allocation ( P- = P, = P, ) and the relay
locations (0.5, 0), (0.5, 0), (0.5, 0.25), (0.25, 0.25) and (0.25, — 0.25). As shown in Fig. 2,
our theoretical curves are in excellent agreement with the Monte Carlo simulation results,
which validates the accuracy of our derived expressions. Also, we can observe that the outage
probability reaches a fixed level, called error floor, due to the imperfection in the channel
estimation.

In Fig. 3, we make the comparisons in terms of the system outage probability between the
proposed power allocation algorithm and the conventional uniform power allocation strategy.
We assume that the three nodes are located in a straight line with d, + d, = 1 and consider
pa = pp = 0.005 and relay numbers K = 1,2, 3. As can be clearly seen from Fig. 3, the
proposed power allocation brings significant performance improvement compared with the
uniform power allocation, which is more remarkable when the relays are located close to
either node.

To gain more insight into the impact of the imperfect CSI on the performance of ANC
protocol for a two-way relaying system based on ORS, in Fig. 4, we present the overall system
outage probability against the channel estimation error. We assume that d, = dj, = 0.5 and
vary p, = pp = p from 0.001 to 0.1. From Fig. 4, we can observe that the proposed power
allocation outperforms the uniform power allocation, where the performance improvement
brought by the proposed algorithm increases with p. Therefore, it is necessary to apply the
proposed power allocation to ANC protocol with imperfect CSI.
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Overall system outage probability

10 F
O  Simulation
Analysis
1 0_6 1 1 1 1 1
0 5 10 15 20 25 30

SNR/dB

Fig. 2 System outage probability against SNR with p, = pp = 0.005 and relay numbers K = 1,2, 3,4, 5

10 T T T T
—6— Proposed|
—#— Uniform

Overall system outage probability

Fig. 3 System outage probability against d, with p, = pp = 0.005, SNR=20dB and relay numbers K =
1,2,3

6 Conclusions

In this paper, we study the performance and instantaneous power allocation for two-way
opportunistic AF relaying with imperfect CSI under flat Rayleigh fading channels. We have
first derived a generalized closed-form expression of the system outage probability. Then,
an optimum power allocation scheme is proposed so as to minimize the system outage
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0.8 T T T
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Overall system outage probability

0.1

~ 002 0.04 0.06 0.08 0.1

Fig. 4 System outage probability against p with d, = dj, = 0.5, SNR=10dB and relay numbers K =1, 3

probability, forming a joint relay selection and power allocation scheme. Simulation results
verify that our derived outage probability expression is accurate and the proposed power
allocation algorithm is greatly superior to conventional uniform power allocation, hence
mitigating the negative impact of imperfect CSI. As further work, it should be interesting to
analyze the ANC protocol for frequency selective channels.
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Appendix A
Vak Yok = Per|ﬁak|2|]/Albk|2 PrPa|flak|2|ﬁbk|2
ak — - A A - ~ ~
atglhar|? + ooklhpi > Biklhak|* + Bak [hoi|?
= & ((PoBuk = Pactilarl® + (Poox = Paczlinel?) — (20)
where ® = : PArV’lak‘z|hbk|A2 _ >0
(Otlk\huk\2+0t2k\hbk|2) (ﬁlklhak\erﬁzklhhklz)

a) Clearly, when Phlglk — Poq > O, ie., ﬂ]k/alk > Pa/Pb7 PhﬂZk — Py > 0. From
(20), we can obtain y,; > ypi. Thus we have

Pr [min (Yaks Vok) < )’th] =Pr [ka = Vth] @D

b) Similarly, when Pb,BQk — Piapy < 0,1i.e., ﬂZk/Oka < Pa/Pb, Pbﬂlk — Piag < 0. From
(20), we can obtain y,; < ypi. Thus we have

Pr [min (Yak» VoK) < yth] =Pr [)’ak = Vth] (22)

According to the above discussions, we can arrive at the criterion in (7).
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Appendix B

Pourk = 1 —=Pr[Yak > vin. vok > vin] (23)

AS y4k and ypk are not independent, it is hard to evaluate (23) straightforward. By using the
fact that B1; /a1x < P,/ Pp and some manipulations, we can obtain

24)

Pourk =1 —Pr |:X > max (9, 92),Y > “lk)/th:|

P, Py

—1h 12 — b, 12 _ _ oymY _ BokyinY
where X = |hgi |, Y = |hpi|7, 01 = BPY -ty and ¥ = BBy Furthermore, by

using Box /x> P,/ Pp, (24) can be rewritten as

Pour =1 —Pr[X > 07, Y > w]

gak
25
—Pr|:X>1?], alk%h<Y§a{| (25)
r Pb
&bk
As X and Y are independent, we can evaluate &, as
o0 o
f= [ 1 / fx (dxdy
» kaVzh‘
/ fr(ye Thax TIOZIL gy (26)

where fx(x) and fy(y) denote the probability density function (PDF) of X and Y. Making

the change of variable t = P, P,y — B1ky;, Within the integral and applying the Taylor series

expansion for the exponential term and with the help of [12], we can obtain the final form.
Similarly, &, can be evaluated as

. = / o) / Fr()dxdy

1kYth
Pr P
:ﬁlkyrl fy(y)/ fx(x)dxdy
PP,
- / o) [9 Fr()dxdy @7)
2] 1

The first term of (27) can be evaluated straightforward and the second term can be deduced
by following the same approach as carried out to obtain &,;. Substituting &,z and & into
(25) yields (10).

References

1. Rankov, B., & Wittneben, A. (2007). Spectral efficiency protocols for half-duplex fading relay channels.
IEEE Journal of Selected Areas in Communications, 25, 379-389.

2. Zhang S. L., Liew C. S. & Lam P. P. (2006). Hot topic: Physical-layer network coding. Proceedings of
ACM Mobicom, 358-365.

3. Duy, T. T., & Kong, H.-Y. (2013). Performance Analysis of two-wayhybrid decode-and-amplify relaying
scheme with relay selection for secondary spectrum access. Wireless Personal Communications, 64,
857-878.

@ Springer



Performance Analysis and Enhancement for Opportunistic Analog 2955

11.
12.

Zhang, J., Bai, B., & Li, Y. (2010). Outage-optimal opportunistic relaying for two-way amplify and
forward relay channel. Electronics letters, 46, 595-597.

Ubaidulla, P., & Aissa, S. (2012). Optimal relay selection and power allocation for cognitive two-way
relaying networks. Wireless Communications Letters, 1, 225-228.

Wang, L., Cai, Y. M., & Yang, W. W. (2012). On the finite-SNR DMT of two-way AF relaying with
imperfect CSI. IEEE Wireless Communications Letters, 1, 161-164.

Wu, Y., & Patzold, M. (2012). Outage probability and power allocation of two-way amplify-and-forward
relaying with channel estimation errors. I[EEE Transaction on Wireless Communications, 11, 1985-1990.
Wang, C. Y., Lui, T. C.-K., & Dong, X. D. (2012). Impact of channel estimation error on the performance
of amplify-and-forward two-way relaying. IEEE Transaction on Vehicular Technology, 61, 1197-1207.

Han, S., Ahn, S., Oh, E., & Hong, D. (2009). Effect of channel-estimation error on BER performance in
cooperative transmission. IEEE Transaction on Vehicular Technology, 58, 4060—4070.

Yi, Z., Ju, M., & Kim, L.-M. (2011). Outage probability and optimum power allocation for analog network
coding. IEEE Transactions on Wireless Communications, 10, 407-412.

Gradshteyn, I. S., & Ryzhik, I. M. (1994). Table of integrals, series, and products. FL: Academic, Orlando.
Abramowitz, M., & Stegun, I. A. (1965). Handbook of mathematical functions with formulas graphs, and
mathematical tables. New York: Dover.

Moon, T. K., & Stirling, W. C. (2000). Mathematical methods and algorithms for signal processing.
Englewood Cliffs, NJ: Prentice-Hall.

Author Biographies

Chensi Zhang was born in Guangdong Province in China, in 1987.
He receives the B.S. degree in communication engineering from Xid-
ian University, China, in 2010. He is currently working towards the
Ph.D. degree in communication and information system at the same
university. His research is in the field of wireless communications.
In particular, he is very interested in system design/optimization and
performance analysis of wireless communication systems. His current
research interests are cooperative communications.

Jianhua Ge was born in Jiangsu Province in China, in Sept. 1961. He
is now the professor and Ph.D. advisor in both Xidian University in
Xi’an and Shanghai Jiao Tong University in Shanghai. He is the senior
member of Chinese Electronics Institute. He has won lots of scientific
and technical prizes in China and published many papers. His interests
are mobile communications and web security.

@ Springer



2956

C. Zhang et al.

@ Springer

Jing Li was born in Hubei Province in China, in 1981. He received
his B.S., M.S. and Ph.D. degrees in School of Telecommunications
Engineering from Xidian University, Xi’an, China, in 2003, 2006 and
2009, respectively. Since 2006, he has been a Research fellow in the
State Key Lab of Integrated Services Networks (ISN) in Xidian Univer-
sity, where he is currently an Associate Professor. His research interests
include cooperative communication, resource allocation, network cod-
ing and cross-layer optimization.



	Performance Analysis and Enhancement for Opportunistic Analog Network Coding with Imperfect CSI
	Abstract
	1 Introduction
	2 System Model
	3 Outage Probability Analysis
	4 Power Allocation
	5 Numerical and Simulation Results
	6 Conclusions
	Acknowledgments
	Appendix A
	Appendix B
	References


