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Abstract

In this paper, we propose a new Adaptive Cooperation (AC) protocol for Free Space Optical (FSO) communications. Two
versions of the protocol are presented. The first protocol uses the Instantaneous Signal to Noise Ratio (ISNR) to activate
the relay only when the corresponding instantaneous throughput is better than that of the direct link. The second protocol
uses the Average SNR (ASNR) to activate the relay when its average throughput is larger than that of the direct link. The
proposed AC protocol has been extended to include Adaptive Modulation and Coding (AMC). Our results are valid for FSO
communications in the presence of Gamma Gamma atmospheric turbulence.

Keywords Adaptive cooperation - FSO - AMC

1 Introduction

Free Space Optical (FSO) communications offer huge band-
width and data rates which makes this technology attractive
for multimedia applications, online gaming and High Def-
inition TV (HDTV) [5,11,18]. Although these services are
already offered using optical fiber links, FSO have different
features that makes it very attractive : ease of installation, free
license, high capacity, no digging work and high protection
to interference [4,9,20]. FSO communications are sensitive
to atmospheric turbulence due to weather conditions such as
rain, fog and snow. In order to improve the throughput of
FSO systems, we can use different relaying techniques such
as Amplify and Forward (AF) or Decode and Forward (DF)
relaying techniques [4,8,9]. In AF relaying, the received sig-
nal is amplified using a fixed or an adaptive gain. Different
relay selection techniques can be used such as opportunistic,
partial and reactive relay selection [3,10,14]. FSO communi-
cations allows also data exchange in both directions between
two sources using two-way relaying [17,19]. We can also
deploy a hybrid Radio Frequency (RF)/FSO where one link
uses RF and second one uses FSO [6,13].In[2], FSO has been
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combined with Unmanned Aerial Vehicle (UAV) to deliver
5G wireless communications while harvesting large amounts
of energy. Two pulse Optical Spatial Modulations (OSM)
have been suggested in [1] for multi-aperture FSO commu-
nications. Exact symbol error probability of OSM has been
derived in [1] for Gamma-Gamma channels.

In conventional FSO systems, we can use either coopera-
tive communications or non cooperative communication. In
this paper, we activate the relay only when the corresponding
instantaneous or average throughput is better than that of the
direct link. The contributions of the paper are :

— We propose an adaptive cooperation protocol with Adap-
tive Modulation and Coding (AMC) using ISNR. This
protocol activates the relay only when the corresponding
instantaneous throughput is better than that of the direct
link.

— We propose a second adaptive cooperation protocol with
AMC using ASNR. This second protocol activates the
relay only when the corresponding average throughput is
better than that of the direct link.

— Our results are valid for coded and uncoded Pulse
Amplitude Modulations (PAM) or Quadrature Amplitude
Modulations (QAM) in the presence of weak, moderate
and strong turbulence. We considered a Gamma Gamma
atmospheric turbulence.

The paper contains nine sections. Sections 2 describes
the system and signal models. Sections 3, 4 and 5 deal
respectively with non cooperative, cooperative and adaptive
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Fig.1 System model

We choose either the direct link S-D or relayed one
S Rsel D using the best relay Rsel

Source §

cooperation using ISNR. Section 6 deals with non cooper-
ative, cooperative and adaptive cooperation using ASNR.
Section 7 describes the obtained results. Finally, sect. 8 con-
cludes the paper.

2 System model

In the system model shown in Fig. 1, there are a source S, a
destination D and K relays. We propose an adaptive cooper-
ation protocol that uses either the direct link between S and
D or the relayed one through the best relay Rsel. Adaptive
Cooperation (AC) activates the chosen relay only when the
corresponding instantaneous throughput is larger than that
of direct link. AC maximizing the average throughput con-
sists to activate the chosen relay only when the corresponding
average throughput is larger than that of direct link.

2.1 Signal model
The received signal at D on the direct link S-D is written as

rsp(l) = hsps(l) +nsp(l) (D

where s (/) is the /-th transmitted symbol, i sp is the atmo-
spheric fading coefficient between S and D and ngp (/) is a
Gaussian noise with variance Nj.
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Destination D

ith Relay node Ri

When a relayed link is used, the received signal at relay node
R is expressed as

rsr(l) = hsps(l) +nsg(l), (2)

where hgp is the atmospheric fading coefficient between S
and R and ngg (/) is a Gaussian noise with variance Ny.
Relay node R amplifies the received signal rgg(I) using an
amplification factor G given by [12]

G = Er 3)
~\ Eslhsgl® + No

where Eg (respectively Epg) is the transmitted energy per
symbol of the source S (respectively relay R).

The received signal at D through S-R-D relayed link is writ-
ten as

rsrp(l) = Ghrprsr(l) + nrp(D)
= Ghrphsrs() + Ghrpnsg(l) + ngp(). (4)

where ngp(l) is a Gaussian noise with variance Ny.
For both direct and relayed links, the received signal at D is
equal to

rp(l) = fs() + b(0), )
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For the direct link, we have SNR ~ Fspp = G?*h% yhiREs _ LsrTrD ’
No + NOh%{DGz Fsg+Trp +1
f=hsp (6) (17)
b(l) = nsp(l) (7
where Tsp = EST”;SR is the SNR of S-R link and Tgp =

For the relayed link, we have

f =hsrhrpG. ®
b(l) = Ghrpnsgr(l) +ngp(l) ©)

There is no ambiguity at the receiver since it does not need
to know if it is a direct or relayed signal. In fact, it has to
adjust the thresholds for PAM or QAM detection using an
estimated value of f:

5 ro0s0y
A N ls)P?
p

B b(D)s()*
=/ Z N, 0P (10

f/‘\z

where /), is the index of known pilot symbols and N, is the
number of pilot symbols used for channel and SNR estima-
tion.

An estimation of SNR can be performed similarly

oy~
E
svr—lEs (11)
By

where
— ls(D?
Eg = . 12

5= N, (12)

lely
~ 2
lrp() — fsD)]

By = _ 13

0= N, (13)

lelp
For the direct link
By >~ Ny (14)
Using (6), (11) and (14), we obtain
h%,E
SNR ~ Igp = —S2=5 (15)
No

For relayed link, we have
Bo ~ NoG*h%p, + No. (16)

Using (3), (8), (11), (16), we obtain

ER5b i the SNR of R-D link.

An estimation of SNRs of direct and relayed links sent on
the feedback channel are the only required inputs of the pro-
posed adaptive cooperation protocol. Adaptive cooperation
using instantaneous SNR don’t use a matrix to record many
values of ISNRs and only actual values of ISNRs of direct
and relayed links are sufficient. If the adaptive cooperation
protocol uses the average SNR, an average of ISNR values
over many frames can be computed to estimate the average
SNR. These values don’t have to be stored, only the average
SNR is required.

3 Non cooperative communications with
AMC using ISNR

When Non Cooperative Communications (NCC) is used, the
instantaneous throughput of uncoded Q-PAM modulation is
expressed as

IthrgngM(y) =log2(Q)[1 — Pesg_pan (1Y (18)
where N is packet length in symbols, Pesg_pam (y) is the
Symbol Error Probability (SEP) of PAM modulation of size
Q and SNR equal to y,

erfc

y3log2(Q) (19)
200-DH2o -1

When convolutional channel encoding is used, the through-
put of coded Q-PAM is written as

Pesg_pam(y) =

IthrgEgAM,Rf(V):R010g2(Q)[1_PEVQ—PAM(J/)]NRC
(20)

where R, is the rate of channel encoder, PEVg_papm(y) is
the probability of an error event of Viterbi decoder expressed
as [15]

+00
PEVo pam(y) <min(l, Y aqPdg pau(y))  (21)
d=d;
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dy is the free distance of the code and ay is the number of
trellis paths with Hamming weight d [15],

0-1
Q

/ dR.y3logs(Q) )
20-1H2o-1n)

When AMC is used, the instantaneous throughput is written
as

Pdo_pam(y) = erfc

Ithrixvflg(y) = max[lthrf‘V_CPCAM,RE (y),

Ithrzjlv—CPCAM(V)’ ”hrév—CPaM(V)’

Ithr €5 4 1) TthrCS 4 ()] (23)

In this paper, we use the following 5 MCS : 4-PAM with
half rate channel coding, 4-PAM, 8-PAM, 16-PAM and 32-
PAM. Extension to other MCS is straightforward.

The average throughput of non cooperative communica-
tions with AMC is expressed as

AthrNCE (T p) = /0 1hNCC () froy ()Y (24)

I"sp is the SNR of direct link between the source S and desti-
nation D, fr¢,, () is the Probability Density Function (PDF)
of SNR, I'sp that follows a Gamma Gamma distribution [7]

a+p
2(ap) 2
2CspT ()T (B)

X +
(=)

Tsp

Koop2 |25 x>0 (25)
Tsp

where Tsp = E(Isp) is the average SNR of direct link
between S and D, E (X) is expectation of X, K, (x) is the n-
th order modified Bessel function of second kind, o = 2.902,
B = 2.51 for weak turbulence, @ = 2.296, § = 1.822 for
moderate turbulence and o = 2.064, f = 1.342 for strong
turbulence [7].

frap) =

4 Cooperative communications with AMC
using ISNR

The instantaneous throughput of uncoded Q-PAM with
Cooperative Communications (CC) is written as

1
c’ng(Q)[l ~ Pesg_pan1Y  (26)

Ithr§S p oy (V) =

@ Springer

where coefficient % is due to the fact that the source and relay
transmit during only half the frame.

When convolutional channel coding is employed, the
instantaneous throughput is written as

R.log>(Q)
2
X[l = PEVg_pay ()R 27)

nhrgf pam.r, (V) =

When AMC is employed, the instantaneous throughput of
CC is equal to

Ithr§5c(y) = max{Ithr{ p 401 g (V).
Ithrf_CPAM()/), IthrSC_CPAM()/),
cc cC
Ithr g pap (V) Ithrs” papr (V)] (28)

The average throughput of cooperative communication
with AMC is equal to

—+00
AthrSC (Tsrp) = fo 1SS () frnn (V)dy (29)

Sfrsrp () is the PDF of I'sgp. I'sgp is expressed as

I'srTrD
I'srp 14+Tsr+Trp (30)

["sg is ISNR between S and R and I'g p is the ISNR between
R and D.

The PDF of an upper bound of SNR of AF relaying is
given in Appendix A. When there are many relays, we have
simply to replace in (29) the PDF of SNR I'sgp by that of
[srsetp Where Rsel is the chosen relay. The PDF of SNR
['srserp 18 provided in appendix B.

5 Adaptive cooperation with AMC using ISNR
5.1 PAM modulation
The instantaneous throughput of Adaptive Cooperation (AC)

is the maximum of throughput of cooperative and non coop-
erative communications:
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IthrégpAM(ySD’ )/SRD) = max[lthrggpAM(J/SD),
ItthEgAM(VSRD)] (31)

where ysp (respectively ysgp) is the ISNR of direct link
(respectively relayed link)

When channel coding is used, the throughput of AC is
expressed as
1thr§E p oy g, (VsDs ysrD) = max[1thrgS p sy g (vsp),

]thgEgAM,RC(VSRD)]
(32)

When AMC is employed, the instantaneous throughput is
equal to

lfhrfﬁc(VSD, YSRD) = max[lthrf_cpAM,RL.(VSD, YSRD)»
1thr{p 111 (VsDs VSRD),
AC AC
Ithrg_pAM(VSD, YSRD)» Ithr](,_pAM(VSD» YSRD),

Ithr3y p oy (Vsp- ¥sRD)] (33)

The average throughput of adaptive cooperation with
AMC is expressed as

AC Eb +o00 +o00 AC
AthrAMC(FO) 2/0 /0 Ithryyc(Vsp, YSRD)

X frsp (VsD) frsep (VsrD)AYspdysrD
(34)

where % is the average SNR per bit and E}, is the transmitted
energy per bit.

5.2 QAM modulation

When QAM is used in FSO systems, the instantaneous
throughput of AC is equal to

1thr§C o ap (vsp, vsrp) = max[IthrgS o 4y (vsp),
[thrgEgAM(VSRD)] (35)

where

]N

(36)

1thr€S 40 (vsp) = loga(Q)[1 — Pesg—gam (vsp)

Pesg_gam(y)is the SEP of QAM modulation expressed as
[15]

_ b | vsp3loga(Q)
Pesg_gam(ysp) =2 (1 @)> erfc ( ©-1 )

37)

and

IthrgEQAM(VSRD) = 0.5 x log2(Q)[1 — Pesg—gam (ysrp)1™
(38)

Equation (37) is valid when Q is a perfect squarei.e. Q =
P2. The SEP of 8-QAM is computed as Pesg_pam(y) =

%erfc(\/%) and the SEP of 32-QAM is Pes3o_gam(y) =
Berfe(,/5) [15).

When convolutional channel encoding is used, the through-
put of NCC with coded Q-QAM is equal to

Ithr§©6 ap g, (vsp) = Reloga(Q)[1 — PEVo_gam(ysp)I"
39)

and [15]

1) 8
PEVo_oam(y) <min|1,2 (1 — —) agerfc
¢ N d:de

dR.y3l
% cy3log2(0) (40)
Q-1
When convolutional channel encoding is used, the through-
put of CC with coded Q-QAM is equal to

]NRL

(41)

1thr§GE 5 ap g (YskD) = 0.5R1oga (Q)[1 — PEVg_gam (VsrD)

When channel coding is used, the throughput of AC is written
as

I[hrggSK,R{.()’SD, YSRD) = max{llhrggﬂ_&_ (¥sp)» IfhrgggK,R{,()’SRD)]

(42)

When AMC is employed, the instantaneous throughput of
AC is equal to

Ithr S - (vsp, YsrD) = max[lthrg‘;;SK,Rc(ysp, YSRD)»
Ithr(% sk (vsp. YsrD).
AC AC
1thrg=p ap (YsDs YSRD)s Ithric” o ap (VYSDs VSRD):

Ithriy” o ap (VsD» YsrD)] (43)

The average throughput of AC with AMC is computed
similarly to (34).
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6 Adaptive cooperation with AMC using
ASNR

The average throughput of uncoded Q-PAM without cooper-
ation is expressed as

+00
AthrSCSAM( 5= fo Ithr €5 4 ) frsn (V)Y
(44)

Equation (44) can be used to evaluate the average through-
put of NCC when QAM modulation is used and we have
simply to replace IthrgngM(y) by IthrgngM(y) given
in (36).

When channel coding is used, the average throughput of
coded Q-PAM without cooperation is written as

AthrNCC Ey +oolh1vcc d
t rQ*PAM’RC(NO)_ ) t rQ,pAM,RC(V)stD(V) Y
(45)

Equation (45) can be used to evaluate the average throughput
of NCC when coded QAM modulation is used and we have
simply to replace Itth pam.r () by IthrNCgAM’RC(y)
given in (39).

When AMC is employed using the ASNR, the average
throughput is expressed as

Ep Ep
Azhrj{gg(—) = max[AthrﬁCPCAMyRc(Fo),

Ep
Athrﬁ{V—CPCAM( ) Athr ?CP%M(VL
0
Ep
Athrf\égf,AM( ) Athr{\échM(Fo)] (46)

The average throughput of uncoded Q-PAM with cooperation
is
cc e cc
Atth pAM( ) —/0 IthVQ_PAM(V)fI‘SRD(V)dV
(47)

Equation (47) can be used to evaluate the average throughput
of NCC when uncoded QAM modulation is used and we have

simply to replace IthrngAM(y) by IthrngAM(y) given
in (38).

When channel coding is used, the average throughput of
coded Q-PAM with cooperation is written as

E, +00
Athr§E (=) = /
Q—PAM R, No 0

1thr§E p pn g, V) frsen (V)dy 48)
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Equation (48) can be used to evaluate the average throughput
of NCC when coded QAM modulation is used and we have
simply to replace IthrggpAM’R( (y) by IthrggQAM’Rc )
given in (41).

When AMC is employed using the average SNR, the aver-
age throughput of CC is expressed as

Ath S5 (G = maxAthrESy (G,

Athr € PAM( ) AthrgSpap( 0)’

AthrE PAM( ) AthrSE p ’(’))] (49)

The throughput of adaptive cooperation using ASNR and
AMC is the maximum of average throughput of CC and NCC:

AthrAMC( ) = max[AthrAMC(

Athrﬁnﬁg(ﬁo)] (50)

7 Theoretical and simulation results

We have used MATLAB to perform some simulation and
plot theoretical throughput for FSO communications. Packets
contain 200 symbols. Except Fig. 7 where QAM modulation
has been used, we have compared our adaptive cooperation
protocol with AMC for the following MCS :

MCSI : 4-PAM with half rate convolutional coding. The
memory of the code is m=6 and generator polynomials
are g1 = 133 and g, = 171.

MCS?2 : uncoded 4-PAM.

— MCS3 : uncoded 8-PAM.

— MCS4 : uncoded 16-PAM.

MCSS : uncoded 32-PAM.

In all figures, perfect Channel State Information (CSI) is
assumed and the performance of AC protocol with estimated
CSI has been evaluated only in Fig. 9.

Fig. 2 shows the instantaneous throughput of non coop-
erative communications for the studied 5 MCS. We observe
that:

IfISNR < T;, we have to use coded 4-PAM with R, = 0.5.

If 1 <ISNR< T3, we have to use uncoded 4-PAM.

If T, <ISNR< T3, we have to use uncoded 8-PAM.

If 75 <ISNR < T4, we have to use uncoded 16-PAM.

If ISNR> Ty, we have to use uncoded 32-PAM.

In Fig. 3-6, we compared the proposed AC proto-
col to CC [3,10,14] and NCC [11,18] when the distance
between source S and destination D is one, the distance
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4PAM with R =0.5
|- - -4PAMR=1
—8PAMR=1
35 H ¢
— 16PAMR =1
3 || - - 2PAMR=1

25+t

Instantaneous Throughput in bit/s/Hz

T1
15| \’,
1

05

Fig.2 MCS selection using ISNR

5 T T T T T
= Adaptive Cooperation with AMC j
4.5 ||~ ~ - Adaptive Cooperafion with 32-PAM [P
= = = Cooperative Communication with AMC & +°
== Non cooperative Communications with AMC . ’ ‘

Average Throughput in bit/s/Hz

E/N,(B)

Fig. 3 Throughput comparison of the proposed adaptive cooperation
versus cooperative and non cooperative communications

between S and relay R is 0.2 and the distance between
R and D is 0.8. The path loss exponent was set to
3.

Fig. 3 shows the average throughput for weak turbulence
in the presence of a single relay. We observe that AC with
AMC using ISNR offers a higher throughput than NCC and
CC with AMC. AC with 32-PAM offers a lower throughput
than AC with AMC. Therefore, the proposed AC protocol
should be always combined with AMC to reach high through-
put.

37
5
4.5 || =ACAMC 1 Relay
= AC AMC 2 Relay
= AC AMC 3 Relays
4r AC AMC 4 Relays 7
= = -CC AMC 1 Relay
35| | = = -CCAMC2Relay A
= = = CC AMC 3 Relays
= = = CC AMC 4 Relays

w
T

Average Throughput in bit/s/Hz
N
(4]

-=
2F ,5"-5, J
2%
e
.2°
P
1.5 s2? 1
1k 4
0.5 1
== 1 I I ! I 1 !
0 5 10 15 20 25 30 35 40

E/N,(dB)

Fig. 4 Adaptive cooperation and non cooperative communications in
the presence of many relays

Fig. 4 compares the throughput of AC and CC with AMC
using the ISNR when there are one to four relays. The
relay with largest end-to-end SNR between S, R, and D
is selected. We notice that the the throughput of AC pro-
tocol is larger than that of CC even in the presence of many
relays.

Fig. 5 shows that AC maximizing the instantaneous
throughput offers a larger throughput than AC maximiz-
ing the average throughput. These theoretical results are
also confirmed with computer simulations obtained with
MATLAB in the presence of weak turbulence and a single
relay.

Fig. 6 shows that the proposed AC maximizing the instan-
taneous throughput offers a higher throughput than NCC.
These results were obtained when there is a single relay for
weak, moderate and strong turbulence.

The proposed AC protocol can be implemented with any
modulation. Fig. 7 shows the throughput of AC maximizing
the instantaneous throughput with QAM or PAM modu-
lations in the presence of weak turbulence and a single
relay. When QAM is used, five MCS were studied : 4-QAM
with half rate channel coding, uncoded 4-QAM, uncoded 8
QAM, uncoded 16 QAM and uncoded 32 QAM. We notice
that AC with QAM modulations offers a higher through-
put than the same protocol with PAM modulations. Besides,
the proposed AC protocol with QAM modulations offers a
larger throughput than CC and NCC using QAM modula-
tions.

Fig. 8 compares the throughput of AC maximizing the
instantaneous throughput to Incremental Relaying (IR) [16].
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Fig. 5 Adaptive cooperation maximizing average or instantaneous
throughput
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Fig.6 Adaptive cooperation and non cooperative communications for
weak, moderate and strong turbulence

IR consists to compare the ISNR of direct link I'gp to thresh-
old I'y;. If I'sp is larger than I';j, the direct link is reliable
and can be used. In this case, the appropriate MCS is selected
for the direct link to maximize the instantaneous throughput.
If I'sp is less than I';,, the direct link is unreliable and not
used. In that case, the relay is activated with the appropriate
MCS. We observe that AC offers a higher throughput than
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Fig. 7 Adaptive cooperation using ISNR for weak turbulence with
QAM or PAM modulations
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Fig.8 Adaptive cooperation using ISNR versus Incremental Relaying
(IR) for weak turbulence: PAM modulation

IR. These results correspond to weak turbulence and a single
relay.

Fig. 9 shows the throughput of adaptive cooperation using
ISNR with perfect CSI and estimated CSI. N, = 4 or 10 pilot
symbols were used to estimate the atmospheric fading coef-
ficient (10) and ISNR (11). There is a single relay and PAM
modulations were used in the presence of weak turbulence.
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Fig.9 Adaptive cooperation using ISNR for weak turbulence with per-
fect and estimated CSI

We observe that the throughput is close to perfect CSI when
the number of pilot symols N, is increased.

7.1 Delay analysis

The delay of AC is the sum of:

— The delay to estimate the ISNRs of direct and relayed
links and send them on the feedback channel.

— The delay to adjust the MCS and select the relay if it is
activated.

The delay of NCC is the sum of:

— The delay to estimate the ISNR of direct link and send it
on the feedback channel.
— The delay to adjust the MCS.

The delay of CC is the sum of:

— The delay to estimate the ISNRs of relayed links and send
them on the feedback channel.
— The delay to adjust the MCS and select the relay.

Therefore, the delay of AC is slightly higher than that of NCC
since it requires the ISNRs of direct and relayed links.

8 Conclusions and perspectives

In this paper, we proposed a new Adaptive Cooperation (AC)
protocol that chooses between Cooperative Communications
(CC) and Non CC (NCC) in order to maximize the instan-
taneous or average throughput. The proposed AC protocol
has been extended to include AMC. The suggested adaptive
cooperation protocol offers a larger throughput than incre-
mental relaying, CC [8-10] and NCC [1-2]. As a perspective,
we can extend the proposed AC protocol to hybrid Radio Fre-
quency (RF)/FSO.
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Appendix A : PDF of SNR of AF relaying when
atmospheric turbulence follows a Gamma
Gamma Distribution

The SNR of AF relaying between the source S, relay R and
destination D is upper bounded by

Tsgp < I'¢pp =min(Tsg, Trp) (5D

IfT"'sr and " p are independent, the Cumulative Distribution
Function (CDF) of Fgl;e p 1s given by

Fr-g;;m(x) =1-[1- FFSR(X)][l - FFRD(X)]
= FFSR ()C) + FFRD (X) - FFSR (x)FFRD(x)
(52)

up
We deduce the PDF of I SRD -

f]“;‘l’?D(x) = fFSR(x) + fFRD(x)
_fFSR(x)FFRD ()C) - FFSR (x)fFRD ()C) (53)

Sfrsr(x) and fr,, (x) are the PDF of SNR of first and second
hop expressed similarly to (25), Frg, (x) is the CDF of SNR
expressed as

_otB atp
F _ Tgp @By
Fse () = 2ats-2r @) ()
oapx
Dot p—1.a-8 (2 Fi ) 64
R
where
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+00
Dgp = / u*Kyu)du. (55)
0

Fr,, (x)isthe CDF of I' g p expressed similarly to (54) where
we have to replace 'sg = E(I'rp) by 'rp = E(T'grp).-

Appendix B

When there are K relays, we choose the relay node R;,; that
has the best SNR:

Psgap = max (U'sg,p) (56)

Assuming that I'gg,p are independent, the CDF of
I'sr,, D is given by

K
Frgg p () = [ ] Frog» . (57)
k=1

We deduce the PDF of I'sg_,, p

K
erRSdD('x) = Z fFSRnD(x)

n=1

K
[T Frono®. (58)

k=1,k+#n
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