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Abstract

In this paper, we adopt the relay selection (RS) protocopgsed by Bletsas, Khisti, Reed and Lippman (2006)
with Enhanced Dynamic Decode-and-Forward (EDDF) and nétveoding (NC) system in a two-hop two-way
multi-relay network. All nodes are single-input singletout (SISO) and half-duplex, i.e., they cannot transmit and
receive data simultaneously. The outage probability idyaed and we show comparisons of outage probability with
various scenarios under Rayleigh fading channel. Our teeshiow that the relay selection with EDDF and network
coding (RS-EDDF&NC) scheme has the best performance in éhgesof outage probability upon the considered
decode-and-forward (DF) relaying if there exist suffickgrelays. In addition, the performance loss is large if we
select a relay at random. This shows the importance of ralbgcton strategies.

Index Terms

Enhanced dynamic decode-and-forward (EDDF), network rpdNC), relay selection (RS), two-way relay
channels.

I. INTRODUCTION

In recent years, cooperative communications have atttawiasiderable interests and studies in communications.
In cooperative communication networks, relay terminaksrshheir antennas and other resources to create a virtual
array through distributed transmission and signal praegde against the fading arising from multipath propagatio
in wireless communications. Thus, cooperative commuitinaystems can be viewed as virtual multi-input multi-
output (MIMO) systems and provide a space diversity. Thiefof space diversity is called cooperative diversity (cf.,

user cooperation diversity dfl[1]). Hence, the diversityliplexing tradeoff (DMT) [2] framework can be adopted to
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the cooperative communication systems for further petsgedlany well-known half-duplex cooperative protocols
with single relay have been identified in the literature saslamplify-and-forward (AF), decode-and-forward (DF),
selection DF (SDF), incremental AF (IAR)/[3], distributegase-time coding (DSTC) [4], nonorthogonal AF (NAF),
dynamic DF (DDF) [[5], enhanced static DF (ESDF), enhanced-HBDDF) [€] and cooperative network coding
(CNC) [7]. Moreover, the cooperative communications cateres many advanced topics such as beamforminhg [8],
opportunistic relaying[[9], cooperative relaying in ortfumal frequency-division multiplexing (OFDM)_[10] and
MIMO [11] systems. There are still many areas to be exploreddoperative communications.

In multi-relay cooperative communication systems, relays usually assumed to transmit over orthogonal
channels in order to avoid the interference. These orthalgmoperation schemes result in low bandwidth efficiency
as the number of relays increase. To overcome this problesme fare various cooperative communications schemes

which have been developed such as beamforming, oppoiturésiying and DSTC.

A. Related Work

In [9], the authors proposed an opportunistic relayinggeotin which relays overhear the request-to-send (RTS)
and clear-to-send (CTS) packets exchanged between theesand the destination before the data transmission.
Then the optimal relay is selected by the selection criteaocording to the quality of source-relay and relay-
destination links. This protocol can be easily implemernied decentralized way. It was proved that with the same
intermediate relays, the DF based on this protocol achitvesame DMT of the DSTC scheme [n [4]. [n]12],
the authors further considered reactive and proactivg idéection schemes. The authors proved that both reactive
and proactive opportunistic DF relaying are outage-optiiiareover, the proactive strategy is much efficient since
it can be viewed as energy-efficient routing in the networldl aeduces the overhead of the system.[In [13], the
authors proposed two schemes: single relay selection \ettlvark coding (S-RS-NC) and dual relay selection with
network coding (D-RS-NC), and show that the D-RS-NC schempeasforms other considered RS schemes in

two-way relay channels. More related studies about relgcten are listed in[[14]-[15].

B. Goal

In our research, we would like to construct the system motlE@DF scheme and network coding based on the
relay selection criterion of [9] in a two-hop two-way mutglay network, which is named RS-EDDF&NC. We then
analyze the outage probability of the system model and giwaerical results of outage probability with various

scenarios under Rayleigh fading channel.

C. Paper Outline

The rest of this paper is organized as follows. Sediibn legithe system model of relay selection with DDF and
network coding, which is named RS-DDF&NC. We also derivedhtage probability of the RS-DDF&NC system.
In section[1ll, we show the system model and analyze the eupgbability of the RS-EDDF&NC scheme. In
section 1V, we give numerical results of outage probabilifith various scenarios under Rayleigh fading channel.

Conclusions are given in sectigd V.
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Il. RELAY SELECTION WITH DYNAMIC DECODEAND-FORWARD AND NETWORK CODING SYSTEM
A. System Model

To construct our system model, we utilize a baseband-elgmialiscrete-time channel model. For any two nodes
X andY, we denote the channel coefficient from nalleto nodeY ashx y, wherehx y's are independent and
identically distributed (i.i.d.) random variables.

Given the transmitted signak [n], assuming thak{|zx[n]|?} = P for all n, wherek € {ay,b1,c1},c1 = a1 Dbs.

We denoter; andb; as information bit streams of user A and user B, respectividdg subscript ‘1’ denotes that
the information bit stream was encoded by using codebook 1.

Noise at each receiver is assumed to be i.i.d. circularlysgtric complex Gaussian random varialde¥ (0, Ny).

We denote the noise at the nadeduring thenth symbol interval asux [n]. We will first list some main assumptions

then describe each phase of the system model for detail ifotlosving subsections.

B. Assumptions
The main assumptions are as follows:

1) We consider a two-hop two-way relay network that congi$té relays.

2) All nodes are single-input single-output (SISO) and Haiplex.

3) Codewords transmitted from user A and user B both haveahee drame duration of symbol intervals.

4) The codeword transmitted by the source is of il@emental redundanctype in which it can be decoded
by observing just one or a few of its segments.

5) We assume all the channel coefficients remain constamglthie whole cooperative transmission intervals.
The forward and backward channels between two nddesdY are the same during the whole cooperative
transmission due to theeciprocity theorenfl16], i.e., hx y = hy x.

6) Channel state information (CSI) is not available at therse (user A and user B).

7) CSI between the source to relaynd relayl to the destination is available at each relay=1,2, ..., L.

8) We assume the use of random Gaussian codebooks, and title tdrthe codeword is sufficiently long.

9) For relay selection, we assume all relays are hidden fieh ether and we ignore losses, delays and collisions

of relays’ flag packets|[9] and destination’s notification packet.

C. Phase 1 and Phase 2 of RS-DDF&NC

The phase 1 and phase 2 of the RS-DDF&NC are shown in[FFig. or8¢he data transmission, the optimal

relay I* was selected according to the relay selection criterioergivy [9]

[* = argmaxq, (1)
lesrelay
where
q = Inin{|hA_’l|2, |hl,B|2} V1 € Srelays )
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Fig. 1. lllustration of phase 1 and phase 2 for the RS-DDF&NGese.

and Srelay = {1,2,..., L}. Other relays then enter an idle mode so that they do not psottee signal from the
source. In phase 1, the source (user A) transmitgn] to the destination (user B), and only the best relay
receives this signal and try to decode it. The received $8gaiathe destination (user B) and the relayduring the

nth symbol interval are expressed as

ys[n] = ha BT, [n] +ws[n] 3)

and

yi«[n] = ha = xq, [0] + wi- 0], (4)
respectively, fol) <n < J, ,., whereJ} ,. is defined as

JR
J) *ﬁmin{Jw H 5
A logy (1 + pa,i-[hai+]?) ©)

where R (bps/Hz) is the spectrum efficiency apd ;- is the SNR of the link between user A and refdy

In phase 2, relay* re-encodes the message by using the same codebook if thgeadithnot occur. Relay*
then cooperatively transmits the corresponding part ofctieword to the destination (user B) in the remaining

intervals. The received signals at the destination (usenBiis phase can be expressed as

yB[n] = ha BZa, [n] + hi- BZa, [n] + wg[n], for Jy . <n <J. (6)

D. Phase 3 and Phase 4 of RS-DDF&NC

The phase 3 and phase 4 of the RS-DDF&NC are shown in[Fig. 2la8ito phase 1 and phase 2, the source
(user B) transmits:,, [n] to the destination (user A), and only the best relayeceives this signal. The received
signals at the destination (user A) and the refagluring thenth symbol interval are denoted hy [n] andy; [n],

respectively, expressed as

yaln] = hp azp, [n] + wa(n] ()
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Fig. 2. lllustration of phase 3 and phase 4 for the RS-DDF&NGese.
and

yi+[n] = hpi- 2, [n] + wi=[n], (8)

for J <n <J+ Jg,., whereJg . is defined as

JR
Jt *ﬁmin{Jw H 9
Bl logs (1 + pB,i-|hB i+ |?) ®)

wherepg ;- is the SNR of the link between user B and reldy

In phase 4, relay* re-encodes the message by using the same codebook if thgeadithnot occur. Relay*
then cooperatively transmits the corresponding part ofcthéeword to the destination (user A) in the remaining

intervals. The received signals at the destination (useinAhis phase can be expressed as

yaln] = hpaxy, [n] + by Az, [n] +waln], for J+ Jg . <n < 2J. (10)

E. Phase 5 of RS-DDF&NC

In phase 5, relay* performs exclusive-or (XOR) on the two decoded messages freer A and user B and
re-encodes it by using codebook 1. Rel&yhen transmits this signal, denotedaas(n], to both user A and user

B. The received signals at user A and user B can be expressed as
yan] = his Az, [n] + waln] (11)

and

yB[n] = hix B¢, [n] + wi[n], (12)

respectively, for2J < n < 3J. The system model of phase 5 is shown in Fig. 3.
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Fig. 3. lllustration of phase 5 for the RS-DDF&NC scheme.

F. Outage Probability of RS-DDF&NC

In formulating the outage events, we define the effective SdR

P
L
PNy (13)

First, let us consider the outage event for user A. If outags both occur on the link between user B and user
A and the link between relajf and user A, then user A will fail to decode the information sEuB. Thus, we

can express the outage event for user A as

ODDF&NC ODDF&NC N ODDF&NC (14)

Similarly, in the case for user B, user B fails to decode infation of user A without error when outage events
both occur on the link between user A and user B and the linkidet relayl* and user B. We express the outage

event for user B as
ODDF&NC ODDF&NC ) ODDF&NC (15)

Next, we analyze outage events for links between user A, Bisard relayl*. The outage event between user A

and user B is

ORYNC = {2]1logy (1 + plha,l?) < 3JR}

_ {g logy(1 + plhanl?) < R} . (16)

Clearly, ODDF&NC ODDF&NC becauséig o = ha B.
Moreover, for the outage event between relayand user A, it should be noted that reléiyhas to decode the
message from user B with arbitrarily small error in phaser3it avill remain silent in phase 4 since it failed to

decode the message. The outage event betweenliebayd user A is

DDF&NC DDF&NC DDF&NC
Ol*,A = El @] El*,A ; (17)
where
DDF&NC
E {JB * — J}

JR
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and

EROFNC = {20 + J) ;o — Ji4-) logy (1 + plhu- a]?) < 3JR}

2J + Jh 1 — Jh s
— { A?;ZJ B Jogy (1 + plhial?) < R}. (19)

Similarly, the outage event between reldyand user B is

OB%F&NC _ EQDDF&NC U EIQ%F&NC’ (20)
where
DDF&NC __ JR_ 2
E; = 3 logy (1 + plha-[*) < 71 (21)
and

2J+ J]/_D)l* - J/A,l*
3J

ERRF&NC = { logy (1 + plhi- B|?) < R} : (22)

The outage event of the overall system for RS-DDF&NC can bidemras
ORS DDF&NC ODDF&NC U ODDF&NC
_ (OgaF&NC N OE].,DAF&NC) U (OB%F&NC ) OE],DBF&NC)
_ ORI])?)F&NC N (OE{)AF&NC U OEPBF&NC)

_ OE%F&NC N [(EPDF&NC U EE%F&NC) U (E%DDF&NC U EB%F&NC)]. (23)

Let Z1 = |ha-|*> and Zs = |hp - |?, the outage probability of RS-DDF&NC can be expressed as

Pcist DDF&NC / / ORS DDF&Nc]le 7, (21, 22)dz1d2s. (24)

In the following, we derive the outage probability of RS-D&IRC under Rayleigh fading scenario.
Lemma 1:Assume that channel coefficientsy y are i.i.d. circularly symmetric complex Gaussian random

variables with zero mean and unit variance. The joint prditatlensity function (PDF) ofZ; and Z; is

Le=(s1t22)(1 —e=22) L1 (0 < 2 < 2

f2,,2,(21,22) { Le=(s1422)(1 — e7222) -1 (0 < 25 < 2 (25)
0, otherwise
Proof: The proof is given in AppendikJA. [ |
The outage probability of RS-DDF&NC scheme under Rayleigtiirffg scenario is analyzed in the following
theorem:
Theorem 1:The outage probability of the RS-DDF&NC scheme is
P PDRENG / / O)fz,,2,(21, 22)dz1d2, (26)
where n
pl—l—exp<—22 ‘1>, (27)
P
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the eventO is defined in[(6P), and

1, if O occurs
I(0) = (28)

0, otherwise
The joint PDF f2, z,(z1, 22) is given in Lemmadll.
Proof: The proof is given in AppendikIB. [ ]

IIl. RELAY SELECTION WITH ENHANCED DYNAMIC DECODEAND-FORWARD AND NETWORK CODING

SYSTEM
A. System Model of RS-EDDF&NC

In the case of multiplexing gain > 0.5, the source (user A) transmits an additional independedéword
encoded by using another codebook (codebook 2) to the déstinuser B) during interval&sJ, J], and vice versa
for intervals in(J + 8J,2J]. This can be achieved by employing superposition codinghis case, codewords
encoded by using codebook 1 are transmitted at a Ratbps/Hz, and codewords encoded by using codebook 2
are transmitted at a ratB, bps/Hz. These two transmission rates are determined by EizFEprotocol.

If multiplexing gainr < 0.5, the EDDF scheme is identical to the DDF scheme, with thenmdtsolution being
71 = and 3 = 1, wheref, is the optimal multiplexing gain corresponding & . The source only uses codebook
1 for transmission. In this case, the source transmits datarate R bps/Hz during every symbol interval in the
codeword.

The system model for the case< 0.5 has been discussed in sectidn Il. Given the same system psomin
the subsectioh 1I-B, we will describe the system model farthephase of RS-EDDF&NC with multiplexing gain

r < 0.5 in the following context.

B. Phase 1 and Phase 2 of RS-EDDF&NC

The first two phases (phase 1 and phase 2) of the RS-EDDF&N@Gowrsin Fig.[4. The best relaj was
selected before the data transmission and other relays amidle mode. In phase 1, the source (user A) transmits
x4, [n] to the destination (user B) and the reldyalso receives this signal. The received signals at therdeitn

(user B) and the relay* during thenth symbol interval are expressed as

yB[n] = ha Ba, [n] + wp[n] (29)
and

yi+[n] = ha = xq, [0] + wi- 0], (30)

respectively, fol0 < n < aa ;-J, whereay ; is defined as

an & "ilogs(pa)
" logy (14 paglhagl?)

wherep, ; is the SNR from user A to relaj

L

=1 ; (31)

PEEY)
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Fig. 4. |lllustration of phase 1 and phase 2 for the RS-EDDF&¢Geme.

In phase 2, relay* re-encodes the message by using the same codebook if trgeatithnot occur. Relay*
then cooperatively transmits the corresponding part ofctiibeword to the destination (user B) in the remaining
intervals. In addition, the source (user A) transmits anitamtil independent codeword,,[n] using another
codebook (codebook 2) to the destination (user B). The vedesignals at the destination (user B) in this phase

can be expressed as

hA BZa, [n] + hix BZa, [n] + wp[n], aprd <n<pBJ
yB[n] = (32)
ha BZa, [n] + hix BZay [0] + ha BZay 0] +ws[n], BJ <n <,

where the optimal value fof is given by Theorem 3 in_[6].

C. Phase 3 and Phase 4 of RS-EDDF&NC

In phase 3, the source (user B) transmits[n] to the destination (user A), and the best relayeceives this
signal. The received signals at the destination (user A)taadelayl* during thenth symbol interval are denoted

by ya[n] andy;«[n], respectively, expressed as
ya[n] = hp,azq, [n] + waln] (33)

and

Yr* [n] = hB,l*xbl [n] -+ wy [n], (34)

for J <n < J+ ag,+J, whereag; is defined as

s rilogy(psi)
logy (1 + pp.i|hs,[?)

aB, d=1,..,L, (35)
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Fig. 5. lllustration of phase 3 and phase 4 for the RS-EDDF&¢Geme.

wherepg ; is the SNR from user B to relay

In phase 4, relay* re-encodes the message by using the codebook 1 and cooeglgraitinsmits the corresponding
part of the codeword to the destination (user A) in the reingiintervals if the outage did not occur. Also, the
user B uses codebook 2 to transmit an independent codewgpe during the interval J + 5.J, 2.J]. The received

signals at the destination (user A) in this phase can be sspdeas

hB AT, [n] + hi= azp, [0] + wan], J+ag;J <n<J+pJ
yaln] = (36)
hB,AZp, [n] + hi= A%p, [n] + hB, AT, [n] + wg[n], J+BJ <n <2J.

The system model of phase 3 and phase 4 for the RS-EDDF&NCoisrsin Fig.[5.

D. Phase 5 of RS-EDDF&NC

In phase 5, both RS-EDDF&NC and RS-DDF&NC have the same syptecedure as described in secfionll-E.
Relay I* performs exclusive-or (XOR) on the two decoded messages freer A and user B and encodes it by
using codebook 1. The received signals at user A and user Biwea in [11) and[(12), respectively. The system

model is shown in Fig.]3.

E. Outage Probability of RS-EDDF&NC
Following the analysis as in sectibn 11-F, the outage eventuser A and user B are

EDDF&NC _ ~EDDF&NC EDDF&NC
Oy =Og NOE A (37)
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11

and

OEDDF&NC _ OE%DF&NC ) OF*,DE];DF&NC (38)
respectively, with
ORRPFNC = 0, U0, U Os, (39)
where
2
2(1 —
O, = {% log, (1 + p|hA73|2) < RQ} , (41)
and

2(1-5)

2
Os = {?ﬁlogz (1+plhasl) + =

log, (1 + 2p|haBl?) < R} . (42)

Here, O is the outage event corresponds to r&tg O, is the outage event corresponds to r&teandOs is the
outage event corresponds to the total r&teln addition, OFLPF4NC — ORRPFENC and p is the effective SNR

given by [I3).
Moreover, the outage event between relayand user A is

O;E*I)DADF&NC — E{EDDF&NC U EEPADF&ch (43)
where
ElEDDF&NC ={B8<ap;} (44)
and
EEDPRENC _ {2 + 2 log, (1+ plhu al?) < Rl} . (45)

Similarly, the outage event between reldyand user B is

Oﬁ]?BDF&NC _ EQEDDF&NC U EE]?BDF&ch (46)
where
E2EDDF&NC ={B<aar} 47)
and
B TNC = {2 - aB’l; — A Jogy (1+ plhie s]?) < Rl} . (48)

The outage event of the overall system for RS-EDDF&NC can btem as

ORstDDF&NC — OEDDF&NC U OEDDF&NC

EDDF&NC EDDF&NC EDDF&NC EDDF&NC
(O N0 A )U(OX B NOi: gy )

_ AEDDF&NC EDDF&NC EDDF&NC
=OxB N(Op A UO;i g )

— [01 U 02 U 03] N [(E{EDDF&NC U EEPADF&NC) U (E2EDDF&NC U El]gl?BDF&NC)] (49)
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12

Let Z; = |ha+|*> and Zy = |hp - |?, the outage probability of RS-EDDF&NC can be expressed as

PRstDDF&NC:/ / P[ORS—EDDF&NC]th%(Zl,ZQ)dzlsz. (50)
o Jo

out

The simulation parameters are listed in Tdble |.

TABLE |
SIMULATION PARAMETERS

Symbol  Meaning Value

J number of symbol intervals in a codeword 10

L number of relays 1,2,3,4,6,8

R data rate 1, 2, 3, 4, 5 bps/Hz
p signal-to-noise ratio 1-30 dB

IV. NUMERICAL RESULTS
A. Rayleigh Fading Channel

Figs.[6E£I0 show comparisons of outage probability for waioumbers of relays under i.i.d. Rayleigh fading
channel with different transmission rates. In this caseandkel coefficients are i.i.d. circularly symmetric complex
Gaussian random variables with zero mean and unit varidecg) x y L CN(0,1). In these figures, one can see
that curves descend rapidly in specific SNR regions. Thegiens correspond to the multiplexing gaire (0.5, 1].
Curves in these regions are outage probabilities for RSHEENIC. While multiplexing gainr ¢ (0.5,1], RS-
EDDF&NC is identical to RS-DDF&NC. As expected, more avalarelays results in smaller outage probability,

and higher transmission rate causes larger outage prapabil

B. Comparisons

Figs.[I1EIB compare the outage probability of the RS-EDDE&¢theme with other considered decode-and-
forward schemes under Rayleigh fading channel. Becauseratit designs may support different data rates, in
order to compare these schemes fairly, we plot the outag®apility scaled with rate-normalized SNR [17] defined

as
SNR

SNRnorm = 35Fr 1
2R — 1

(51)

which is normalized by the minimum SNR required to achievecspl efficiencyR. Here, all schemes adopt
the same relay selection criterion given bY (1) except DDE&dhd EDDF&NC. The DDF&NC and EDDF&NC
schemes select a relay randomly. The RS-DDF scheme hasrie ssstem model in sectigd 1l except the phase
5. Thus, the RS-DDF only has phases 1-4 and the whole systestiatuis only2.J. Similarly, the RS-EDDF also
has the same system model except the phase 5 in séclion fheFuif multiplexing gainr < 0.5, the RS-EDDF
scheme is identical to the RS-DDF scheme. From[EiY). 11, wesearthat RS-DDF and RS-EDDF outperform other

schemes that combine the network coding technique. Thisiéstal the benefit of the network coding is degraded
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Fig. 6. Outage probabilities of RS-EDDF&NC with various rogns of relays and transmission rdie= 1 (bps/Hz) under Rayleigh fading

channel.

since the system duration of both RS-DDF&NC and RS-EDDF&N@®@Nger. In contrast, the network coding gain
influentially lowers the outage probability dsincreases. Figé._1P—113 reveal this result. Also, we canlsgettie

performance loss is large if we select a relay randomly. Shimws the importance of relay selection strategies.

V. CONCLUSIONS

In this paper, we investigated the performance of EDDF atbtite relay selection protocol and network coding
techniques. We analyzed the outage probabilities of RS&NIE and RS-EDDF&NC and demonstrated the system
performance under Rayleigh fading channel. We further @regbthe RS-EDDF&NC scheme with other considered
decode-and-forward relaying schemes.

According to the results, we found that RS-DDF and RS-EDD#Raevit network coding outperform RS-DDF&NC
and RS-EDDF&NC in a two-way network without sufficient redayrhis is due to the system duration of RS-DDF
and RS-EDDF is less than RS-DDF&NC and RS-EDDF&NC. If there sufficient relays, then the NC gain is
effective and the RS-EDDF&NC scheme outperforms all otloeisadered decode-and-forward relaying schemes. In
addition, the performance loss is large if we select a retayp@dom. This shows the importance of relay selection

strategies.
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channel.

APPENDIXA

PROOF OFLEMMA ]
Let L be a positive integer. LefXy,..., Xy, Y1,..., Y, be independent and identically distributed (i.i.d.)

exponential random variables with parameter 1. Then

e, x>0,

3

fx,(m1) = (52)
0, otherwise
e v,y >0,
fvily) = (53)
0, otherwise
Define
S =min{X,,Y;}, T1=max{X,,V;}, I=1,...,L (54)
Then
2e7170 0 <5 <1y,
fSL-,Tz (Slvtl) = (55)
0, otherwise
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Fig. 8. Outage probabilities of RS-EDDF&NC with various rogns of relays and transmission rdie= 3 (bps/Hz) under Rayleigh fading

channel.
2e725 5 >0,
fsi(s1) = (56)
0, otherwise
ei(tlislk tl Z Si,
frs. (tils1) = (57)
0, otherwise
Let
lp = arg max S (58)
Define
Zl = Xlo; ZQ = }/lm U= min{Zl, ZQ}, V = maX{Zl, ZQ} (59)
Then
U:max{Sl,...,SL} (60)
(1—e29)E  u>0,
Fy(u)=PlU <u]=P[S1 <u]---P[S, <u] = (61)
0, otherwise
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channel.

2Le2u(1 — e~ 2u)L=1 4 >0,

fu(u) = (62)
0, otherwise
If u>wv>0then
fuy (w,0) = fo(lu) fu(u) = e”72Le (1 — e )Pt = 2Le” (P (1 —e729) 71 (83)
We have
2Le~(WH)(1 —e=2) L1 <y <,
fov(u,v) = (64)
0, otherwise

We also have

fZ17Z2(uav)+fZ17Z2(vau)v 0<u<vw
fuv(u,v) = (65)
0, otherwise

fZ1,Zz(a7b) = thzz(bva)' (66)
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Therefore,

$fov(z,20) = Lem G122 (1 —e72)L71 0 0 < 2 < 2
fz1,2: (21, z2) = %fUJ/(ZQ, z1) = Lei(zl+z2)(1 — 672Z2)L71, 0<2< 2 (67)

0, otherwise

APPENDIXB

PrROOF OFTHEOREM[I

First, the probability of evenORR “NC is

2
P[ORRFNC] = p {g log, (1 + plha B|?) < R]
2% 1
|hA,B|2 < 1
p

5 2% —1
(:) 1 —exp (— ’ ) épy (68)

=P

p
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rate R = 5 (bps/Hz) under Rayleigh fading channel.

The equality (a) holds becauges p|? is an exponential random variable with rate parameter 1.ckheer,

EDDF&NC U EDDF&NC) (E2DDF&NC U EE%F&NC)]

JR 2 + Jh o — Ty
J—l} { 37 log2(1+p21)<R}

JR 2J + Jg o — Ja
U {log2 1+ pz1) J — 1} U { Bl Al logs (1 + pz2) < RH

3J
© JR/(J—1) _
llns—=—}]
p

i JR 1 i JR ]
U<(2J+min<J |————|p—min<J | —————— log, (1 + pz1) < 3JR
( { g, (1 1 p2) } { g, (1 1 p22) }> g2l +p21) }

{
o220
E

T JR ] T JR
Ud(27+mindJ | —2 1V mind g | —2 V) logy (1 + pz) < 3JR
< { logy (1 + pz2) } { logy (1 + p21) }) B2(1 +pz2) H

=P[O}, (69)

P[(
®p

{10g2 (1+ pz2)

C
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where equality (b) results frori (118). (19, {21), ahd] (22juflity (c) results from[{5) and[(9) with the assumption

pau+ = pBu+ = p. Furthermore, we repladéa ;|

by 21 and |hp - |?

by 29.
Finally, we can rewrite the outage probability given byl(24)

PO}EISt DDF&NC / / ORS DDF&NC]fZl Zs (Zl7 ZQ)ledZQ
_ / / P[ORDFNC (O1f, (21, 29)dz1dzs
0 0
d oo o0
@[T [ PIORE N APIOL 2, . 2)dnl

—pl/ / O)fz,,2,(21, 22)dz1dz2, (70)

where equality (d) holds because evetf$2“~° and O are independent.
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