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Conventional Single-Relay DF Cooperative Scenarioa

e Full Diversity Order

e Transmission Ratezé SPCU Il



Conventional Single-Relay Cooperative Scenario 2

e Full Diversity Order
e Transmission Rate:% SPCU !

e How to increase the transmission rate, while guaranteeing
full diversity order?



Relay-Selection Idea

-
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e T he source asks for the relay's help only if it needs it.
Otherwise, it uses direct transmission in one phase only.

e Need to answer the question "When to Cooperate?”’ to
achieve

— % < Transmission Rate < 1 SPCU

— Full diversity
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Motivation for Relay-Selection Criterion
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e [ he SER for M-PSK signalling can be upper bounded as

2 2
Pr(e) < N6 ( A + b ) ) (1)

b25§’dPP1 réz,  (1—r) 5%01
(M-Dm 1)7‘(‘ M1
where b = S|n2((7r/]\)4) A = —fo sin?6 do = 5+ +
sin(27) M_—1)m 3 M 1 sm(%) sin(4m)
12 B_—fo sint9 dg = 3 ) 4+ vt
and r = % is referred to as power rat/o.

A metric which gives a measure, in some sense, about
how much help a relay can provide to the source, can be
written as

A2 B

r5§7r+(1—r) (57%(1. (2)

m =



Motivation for Relay-Selection Criterion
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e We can formulate (2) on a standard harmonic mean func-
tion as

2 52
2q1 qo QQ1QQ537‘5CZ

/ ) T, 2 2
m = = = pu(a1 674,92 65,) - (3)
m q1 53@"‘@12 53,7“ " o

A2 B
where g3 = <~ and gp = =Dk

e | he instantaneous harmonic mean function can be de-
fined as

2q1 q2 Bs;r Brd
q1 Br,d + g2 Bs,r 7

where /6377" — |h3,'r'|2 and /8/,«7d — |h7«’d|2

(4)

Bm = pp(q1 Bra, a2 Bsyr) =

e Theinstantaneous value of (4) can be used to give instan-
taneous indication about the relay’'s capability to help.



Main Idea: When to Cooperate?

N
s >

6s,d

o If = > «, Where « is called cooperation threshold, then
the source does not utilize the relay

— The resultant instantaneous data rate is 1 SPCU

o If %ﬂf < «, then the source employs the relay to forward its

information to the destination in two consecutive phases

— The resultant instantaneous data rate is 1/2 SPCU



System Model

N

-

e In the first phase, if %’j > o, then the source decides to

use direct transmission only

— This mode is referred to as the direct-transmission
mode

— The received symbol at the destination can be mod-
eled as

y;b,d = VP hs,d T + Ns,d> (5)

where ¢ = { B, 4 > o Bm } denotes the event of direct
transmission.



System Model

o If %ﬂj < «, then the source employs the relay to transmit

its information

— This mode is denoted by relay-cooperation mode

— In the first phase,

yfd— P1h3d5’3+773d7 ysr \/ 1 hsr 4 ns,r, (6)

— In the second phase,
vy = P2 hrgz+ g, (7)

where P> = P> if the relay decodes the symbol cor-
rectly, otherwise P> = 0.

— Power is distributed between the source and the relay
subject to the power constraint P; + P> = P.



Performance Analysis 10

e Let B;; = |h;j|? that is exponentially distributed with
parameter 1/57;2]-

e The PDF and the CDF of 3, can be written as

P&, (Bm) ﬁ—mz e><|£>(-%2 Bm) <t1 to Kl( ) + 2 Ko( ) U (B

22

Py (Bm) = 1— " exp(—2 g,) K1 (7™
m tq 2 tq
where
1 1
2
q1q262 .62, , to = + - (9)
\/ e 0202, 4167



Average Data Rate
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e [ he probability of direct-transmission mode can be ob-
tained as

Pr(¢) = Pr(Bsa>afm)

to 62
~ L (10)
20+ to 53 d
where we approximated K1(.) as K1(z) z%
e [ he probability of the relay-cooperation mode is
2
Pr(¢°) = 1— Pr(¢) = , 11
(¢°) D5tz D

e [ he average data rate can be written as

R = Pr($) + % Pr(¢°) . (12)



Average Data Rate
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Theorem 1 Thedata rate of the relay-selection decode-and-
forward cooperative scenario, utilizing single relay, can be
approximated as

2
a_l_(Bégr A2T52 )53d

20{"_( 52 +A252>5

SPCU.




SER Analysis
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e [ he probability of symbol error is defined as

Pr(e) = Pr(e/¢) - Pr(¢) + Pr(e/¢%) - Pr(¢°)  (13)

e [ he SER of the direct-transmission mode can be calcu-
lated as follows.

— ‘Ilj'ge instantaneous direct-transmission SNR is ¢ =
s,d
No

— The conditional direct-transmission SER can be writ-
ten as

1 (M;41)7T

Pre/é,fsa) = V() £~ [T exp(-

where b = sin?(n/M)

bfy¢

<2 9) do(14)




SER Analysis 14

e \We can obtain

Pr(e/¢) Pr(¢) = /OOO Pr(e/,Bs,a) Pr(¢/Bsa) ps, ,(Bs.a) dBs

to 624 b P oz, tr 62,  bPoZ,
~ 1 : 15
s P+ o) A+ 2 s D ) (19)
(M— 1)7r 1
where Iy (x(@)) —fo =) do

e \We obtain the SER of the relay-cooperation mode as
follows

— The output of the MRC can be written as

¢C V hs ,d
Nog

P2hia g

Ng (16)

Yy yfd-l-



SER Analysis
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e [ he instantaneous SNR of the MRC output can be writ-

Plﬁs,d_l_‘ﬁQBr,d

ten as 4?9 = NG

e [ he conditional SER of the relay-cooperation mode is

Plﬁs,r)
No

Plﬁs,r)> . (17)

Pr(e/¢, Bs,as Bs;rs Bra) = V(") p,—q W(

+V () p—p, (1—w< :



SER Upper Bound 16

e An upper bound for the total SER can be obtained as

to 62 b P §2 to 62 b P 52
S d 2 57d S7d
Prie) < At ognzg O 5 No 23
1)7T ‘
bP> bPq
1 (]WTDW (Mﬁm (2q1N0 sin? 91) f02 ﬁm (QqQNO sin? 92) d92
™ JO1=0 1 b Py 53,d

No sin? 01

e An approximation to the MGF of two independent expo-
nential random variables at high enough SNR as

q1 53@ + g2 53,7’

5 (18)

Mg, (v) ~



SER Upper Bound
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Theorem 2 At high SNR, v = N%, the SER of the single-

relay relay-selection decode-and-forward cooperative scheme
is upper bounded as

Pr(e) < (CG )77,

where CG denotes the coding gain and is equal to

2 {2
OG = b 58,d

(CEa s
re (1-r)

B5§T+A2 52d 2 A2
B 2« +




Multi-node Scenario
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e For the conventional protocol
— Full diversity order is achieved

: _ 1
— The data rate is R = NI SPCU

e How to increase the transmission rate, while guaranteeing
full diversity order?



Multi-node Scenario: Relay-Selection Idea 19

e Answer two questions: " When to Cooperate?”’ and ”"Whom
to Cooperate with?” to achieve

— % < Transmission Rate < 1 SPCU

— Full diversity order

e [ he main idea is to choose 1 relay only to cooperate with
the source, in case of cooperation

Optimal
Relay




When to Cooperate and Whom to Cooperate witho

e Whom to cooperate with?

The optimal relay is the relay with the maximum scaled
harmonic mean function of its source-relay and relay-
destination channels gain among all the N relays

e When to cooperate?

Same as in the single-relay case described before

e [ he system model of the multi-node relay-selection co-
operative scenario is the same as that of the single relay
scenario utilizing the optimal relay



Multi-node Scenario: Performance Analysis 21

e [ he metric for each relay is

2q1 92 ﬂri,d Bs,r;

q1 Br;.d+ a2 Bs;r;
fori=1,2,--- , N. (19)

Bi = pa(q1 5rz-,d7 q2 Bsr;) =

e [ he optimal relay has a metric equal to

ﬁmCLCE — maX{ 617&27 - 76]\[ } . (20)

e The CDF of Bmaz Can be written as

Pg(8) = Pr(B1<B8,02<8, . .0y<B)= H Py,(8)
N
B;
— 21
@1:—[1< tlz tlz ) ( )



Multi-node Scenario: Performance Analysis 22

e The PDF of Bmar is written as

N il to;
Piinaa(B) = Zpﬁjw)( I (t-exw(-= m)) (22)

j=1 i=1,i7%;]

e For mathematical simplicity, we consider the symmet-
ric scenario where 62, = 62, and 62 , = 62, for i =
1,2,...,N.

e The CDF and PDF of Bmar Can be written as

N
Pg (B) = < 1— tﬁ e><|0(—%2 ) Kl(g) )

1
N-1
PBmas(B) = N ( 1 —tﬁ e><|0(—%2 3) Kl(g) ) P3, (B3)

1



Multi-node Scenario: Average Data Rate 23

e [ he probability of the direct-transmission mode can be
obtained as

Pr(¢)

Pr(ﬁs,d > a Bmaz)

N 20
S EHn)n
n=0

2a—l—t25§dn’

Q

(23)

Theorem 3 The data rate of the multi-node relay-selection
decode-and-forward symmetric cooperative scenario, employ-
ing N relays, is approximated as

R~ (1 1 % (My(=1)" 2 ) SPCU
~Y * ,’/L - . .
: n=0 20""(31532"' Trd) 05am




Multi-node Scenario: Average Data

Rate

24

The data rate decreases down to 0.5 as N increases, be-
cause the probability of the direct-transmission mode de-
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Multi-node Scenario: SER Analysis
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The SER derivation is similar to the single-relay case with

using the PDF and CDF of By instead of the PDF and
CDF of g,

The MGF of Bmazx iS

N-1

Mg, ..(Y) =N )} @[_1) (—=1)" Mﬂm(w-l-%tz , (24)
n=0



Multi-node Scenario: SER Analysis
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Theorem 4 At high SNR v = N% the SER of the multi-

node relay-selection decode-and-forward symmetric coopera-

tive scenario, utilizing N relays, is upper bounded by Pr(e) <
(CG -~)~WN+1)  where

o (N+1) _ N GE, T ae)
LR,
(1 r A252 BSZr \ [ 42N N \
(Bagr A253d)1(2N+2) ( +1_ )(A I1(2 N+2)+BYAI(2N))
2a)N T PNFI(1 )N
\ /
(M—1)7

where I(p) =1 [, "sinP g df.



Data Rate-SER Tradeoff
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e At SNR=15 dB, the tradeoff achieved using three relays
is the best at low SER region.

e The SER is almost constant at 0.002 while the data rate
increases from 0.5 to 0.8 SPCU for 2,3, and 4 relays.



Data Rate-SER Tradeoff
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e At SNR=20 dB, the tradeoff achieved by four relays is
the best in the low SER region.

e As we increase the SNR, the effect of the diversity order
becomes more significant



Data Rate-SER Tradeoff
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e \We conclude that increasing the number of relays does
not necessarily lead to a better data rate-SER tradeoff
curve

e As an example of choosing the optimum cooperation
threshold, we choose an optimization metric as

max CG-R, (25)



Single-Relay Data Rate-SER Tradeoff
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Single-Relay Data Rate-SER Tradeoff
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5§,d 53,7, 57?,d r o R CG

1 1 1 | 0.57447 | 1.3 | 0.8018 | 0.3676
1 1 | 10 | 0.6819 | 0.2 | 0.8759 | 0.2162
1 10 | 1 | 0.5129 | 0.28 | 0.9119 | 0.1515

e Single-relay optimum values

e [ he cooperation threshold is almost the same for cases 2
and 3, i.e., it treats the source-relay and relay-destination

in almost a symmetric way



Multi-node Data Rate-SER Tradeoff 32
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e Multi-node optimum values using unity-channel variances

e increasing the number of relays affects the optimum co-
operation threshold values according to the CG*R opti-
mization criterion



Multi-node Data Rate-SER Tradeoff
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N r Qo R CG

1 | 0.5744 | 1.3 | 0.8018 | 0.3676
2 10.5528|0.84 | 0.7880 | 0.2135
3 | 0.5409 | 0.68 | 0.7824 | 0.1421
4 10.5334 | 0.6 | 0.7781 | 0.1033

e [ he optimum power ratio is slightly decreasing with the
number of relays. Because, increasing the number of re-
lays will increase the probability of finding a better relay,
which can receive the symbols from the source more cor-
rectly. Thus, it can send with almost equal power with
the source.

e [ he data rate is slightly decreasing with increasing the
number of relays, because the probability that the source-
destination channel is better than all the relay’s metrics
goes to 0 as NN goes to oo.



Simulation Results: Single-Relay
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Simulation Results: Single-Relay
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Simulation Results: Multi-node
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Conclusion 37

We have proposed new single-relay and multi-node relay-
selection decode-and-forward cooperative scenarios, which
utilize the partial CSI available at the source and the re-
lays

The main objective of this work is to achieve higher data
rate and guarantee full diversity order

The relay’s capability to help is based on the scaled har-
monic mean function of its source-relay and relay-destination
channels gain

As for the optimum cooperation threshold, we have shown
the data rate-SER tradeoff curve, which determines the
optimal cooperation threshold



