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Abstract

By analyzing the multi-hop cooperative diversity cognitive network in Underlay Sharing(US) mode, an approximate
outage probability formulation and diversity order has been derived for decode-and-forward(DF) protocol in high signal-
to-noise ratio. As DF protocol cannot achieve space diversity gain, modified multi-hop selective decode-and-
forward(SDF) protocol is proposed and an approximate outage probability formulation and diversity order are deduced
for SDF cognitive protocol to improve system performance. Theoretical analysis and simulation result show that the SDF
protocol can decrease cognitive network outage probability and achieve the full space diversity gain contrasted with DF

protocol.
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1. Introduction

In the scene of the long distance from source to destination,
both signal-hop and even the two-hop can’t transmit data to
the destination correctly, so multi-hop with the advantage of
expanding coverage can solve the above problem
effectively, but at the same time it will lead to the large
delay and increase the complexity of the algorithm. In [1-5],
multi-hop relay system performance constituted by the
source, the relay and the destination has been studied, the
relay only receives the data transmitted by the preceding
fixed node, so performance loss is more serious and system
can’t achieve the space diversity gain. In order to take full
advantage of the broadcast nature of wireless channel and
achieve diversity gain, Boyer proposed multi-hop diversity
model in [6] which each relay can detect and receive
broadcasting signal from all transmitting nodes before it to
achieve diversity gain. In [6-7], outage probability and bit
error ratio(BER)of fixed route DF and AF multi-hop
diversity system are analyzed respectively, system
performance has a significant improvement compared with
series link multi-hop relay system. Fixed and selective relay
multi-hop diversity system are analyzed and an approximate
outage performance are achieved in [8].

With the development of cognitive radio technology,
multi-hop cognitive transmission network attracts much
attention of scientists over the world. In [9-11], the
maximum average throughput of cognitive system is
analyzed with low complexity routing and dynamic power
control strategy of multi-hop cognitive system in Underlay
Sharing(US) mode.
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In this paper, we mainly study the transmission
performance of multi-hop diversity cognitive system. An
approximate outage probability formulation and diversity
gain has been derived for DF protocol multi-hop cognitive
diversity system in US mode. Due to DF diversity protocol
failure of achieving space diversity gain, modified multi-
hop SDF diversity protocol is proposed and an approximate
outage probability formulation and diversity gain are
deduced for SDF cognitive system. Both theory and
simulation show that SDF performance has more significant
improvement than DF and SDF can achieve the full space
diversity gain.

2. System Model

—» expected signal  ------ » interference signal

Fig. 1. Multi-hop cognitive system mode

Considering a K-hop cognitive relay system has K-1
relay node as shown in Figure 1,
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source node SO to transmit information to destination

node S, . The source node,relay node and destination node

are all half-duplex mode and this mode applies to end the K-
hop communication network, that is, each node can’t
receive and transmit the same frequency information at the
same time. LU is expressed as licensed user. The entire
collaborative communication process is divided into K

stages and cognitive users {SO, S, S[H} operating in a
fixed TDMA mode for sending data. We assuming that all

channels in the system are narrowband frequency non-
selective slow fading channel, which channel fading

coefficients £, follows cyclic symmetry complex

n,l
Gaussian random distribution with mean 0 and variance

A

n,l "

3. The instantaneous signal-to-noise ratio of multi-hop
DF cognitive system

In m-th phase(m=1,2’...1(), signal xm_lis transmitted by

S, node, the received signal of node S ,S  -+-§, is
given by
yﬁ’m_l) = mel hmfl,j‘xmfl + nrzr—l,j9 J =m,: .’K (l)

_[)

where the received signal ys_m is modeled as data that S,

node receives from S | node, P | represents transmitted

signal from Sm—l’ hwl ; denotes channel fading coefficients
) 2

between S . and S.,n . is zero-mean and O, -
m-1 J m-1,j n

variance complex Gaussian noise which are pairwise
independent.

Finally Sj combines the received signal from S, ',Sj_1
in maximum ratio, instantaneous signal-to-noise ratio(SNR)

of §, node received by perceived node S, is

2
yk’j=w,k=0;--,]’—l @

Gﬂ

In order to share frequency spectrum with licensed user,

cognitive users cannot interfering with the normal

communication of LU, so transmit power F, of cognitive

node S, needs to satisfy the interference limit of LU, that is

2 2
P, ‘hk’p‘ < Q. thatis P, ‘hk’p‘ < O ,where Q is modeled as

interference constraints, / denotes channel fading

k.p
coefficients between S ,and LU .

The above equation is given by

Yij =1 ‘27/ 3)

- 2 . . .
where y =/ O, represents average signal-to-noise ratio.

In DF mode, Sj combines the received signal from
different stages in maximum ratio, so instantaneous signal-

to-noise ratio(SNR) received by perceived node Sj is

1
V=Dl @)

4. The interrupt performance and diversity analysis of
multi-hop DF cognitive system

The maximum average mutual information of S is
1 ! log(1
s =y log(l+7)) ®

Interrupt event occurs in the situation where each relay

node can’t be decoded correctly in multi-hop path. If P

represents outage probability of Sj , the total outage

probability of multi-hop cognitive system is

B.or =1_]£7[(1_R)m,) (6)
=

Theorem: Under the condition of high signal-to-noise

ratio (7/ — 00), the outage probability of cognitive relay

system multi-hop DF can be approximately expressed as
K _j j-L
=\& 1
P:mt,DF = E _. ™)

where, ¢ = (2KR —1)/)_/ o

Proof: See Appendix.
Definition: Diversity order is given by

d= —limw (®)

r== gy

Diversity order represents robustness fading of system.
According to(7), the outage probability of multi-hop DF
cognitive system can be expressed as

B or (;) = ii ] L = iR)ut,DF (;,J) ©)

o Jn n.,;, A

- gj -1
where })out,DF (}/,]) = 7]_0[’7_"
. = i

Obviously, ify — o, P (}/, 1) plays a major role

in outage probability expression, while others can be
approximately thought as higher order infinitesimal of
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1/ ¥ ,s0 the multi-hop DF cognitive system diversity order
of fixed gain relay is given by

" IgP,, o (7.1
dDF=-1im—1gR'““1F(y ) _ i e 77 ”“”"F_(y )=1 (10)

ree gy roe lgy

5. The interrupt performance and diversity analysis of
modified multi-hop SDF cognitive system

In multi-hop DF cognitive system, as each relay node has to
decode ,receive, merge, re-encode and resend the
information sent by the preceding node ,signal-to noise ratio
of each hop has close relation with its preceding component
channel , the whole link will interrupt as long as a relay
can’t decode correctly. In response to this shortcoming, [10-
13]Jraise SDF mode ,if relay node can decode signal
successfully, the relay will forward information, otherwise
the source node will transmit information directly. This can
avoid interrupt event occurring at relay node influencing the
performance of the whole system.

In SDF mode, the interrupt event of destination node

S can be equivalent to

K-1

(7 <R) (11

i=0

Where [, represents the maximum average mutual

information of the destination node when there are I relays
can decode signal correctly, that is

~ 1 .
I,‘=E10g[1+(K_l)y0,K+;y[,K (12)

Where, 3, is relay collection which has I relays can

decode signal correctly. According to(11)and(12), outage

probability of K hop SDF cognitive system can be
simplified as

P = S Pr( <R)

K-1 . (13)
=Y Pr (K—z)yOK+E)/j,Ks2 1
i= jaw;
Seef (k1)
=)YPr|(K-i)X,,+ ) X., =¢
£ ( 0.K ; K )
Set 1/)1. has total =Mcompound modes
(K -i-1)!

and different compound modes will achieve different
interrupt performances, then

Pr((K—i)XO,K+EXj'ng) (14)
=7

- ;Pr((K—i)XO’K FIX sglw,-)l’f(w,-)

JSb;

In the above formula, Pr(l/}l.) represents  the

probability of relay collection %/, and the first item of
summation formula represents interrupt probability of relay
collection %, which can be divided into

Pr[(K—i)XO’K + E Xj!,( sg|1/1i]

="

Kg—ij:Pr( E X, s¢x|y, Jqu.K (g(Kl—:f))dx

15)

="

Where x =1_(K_i)XOK /g . While according to

the conclusion of (5-36),under the condition of high signal-
to-noise ratio,the first item of the above integral can be
approximately expressed as

Pr(EXj’ngxW/i)s(g)_c) HL (16)

y=7 VAN =2/ IY"
While
I-x
limf, sl=x)\_ 1 (17)
c—0 0.K K - 770‘[(

According to(16)and(17), under the condition of high
signal-to noise ratio ,we can obtain the approximate
expression of (15),that is

Pr((K—i)XOYK+/;’Xj’ng|z//,. = (18)

g™ e

Mox (K =1)(i+1) 551, 4
Nextly, we will calculate the probability Pr (1/}1) of relay
collection ¢, .First of all, we analyze the state of each relay
node, if relay node S, (k =1, K- 1) wants  to

participate in cooperation, it must can decode the signal

received from the preceding k stages correctly, so its current
state mainly depends on all its preceding nodes condition
and channel transmission characteristic. The probability of
relay node under different states can be expressed as

k-
Pr(Eh;g:,X,,k >§), S, Ey,

(19)
Pr(E:l EX,, = g),

ek,i =
S Ey,

Where, & E{O,l}([ =1 k- 1) represent current
state of cognitive node S, . 5[ =1 represents that S, can
decode the signal correctly, so S, will participate and
forward data in the / +1 stage; while & = Orepresents that

S, can’t decode the signal correctly and data will be

k-1
transmitted directly by source node S,. & =k — El—l g
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represents the number of the signal sent directly from the

source node of the preceding & stages. Under the condition
of independent non-related Rayleigh distribution, we can
obtain formula (20)by deducing formula (19)

E §,+1
nOkEO(Ek 15, +1) H’?zk
Ej:lf,ﬂ

1
770k§0(21 15;"'1) ]’;ﬁl?k’

1-

(20)

¢y,

Therefore ,probability Pr (1/}1) is the product of each

relay node state probability of the relay collection %, , that

K-1
=];[¢9,w. @1)

We can draw the following conclusion by substituting

formula (18) and (21)into formula (14) Under the condition
of high signal-to-noise ratio ,the outage probability of
cognitive multi-hop relay system can be approximately
expressed as

is

K-1 i+l 1

g
. s, @
out,SDF p 770,1<(K )(1+1) = A =

According to(22), assuming that the outage probability of

multi-hop SDF cognitive system is
K-1

= where
uul SDF ( ) = Pou/ SDF ( )’ ’

i=0

- s L,
PU,A,,SDF(WFWE_ . 0.

Ifi =0 set Y, has only one compound mode, that is

all relays don’t participate in cooperative communications,

P, or (;_/, 0) and gK are  positively  correlated;
while =0 set %, has C,, compound
modes, P, o (;,1) is the sum of function CK . ,each

function and higher-order function of & (exponent is greater
than K ) are

When y —> 0
function about variable & of sum formula will play the

positively correlated.

, G — () ,minimal exponent number

major role, and others can be approximately thought of as
high-order infinitesimal, while & the minimal state appears

in the situation where all relays can’t decode correctly, at

—K
the same time the outage probability and 1/ y are

positively correlated,
conclusion:

so we can draw the following

122, 5r (7)

dSDF =-lim
y o lgy (23)
IgP,, v |70
- _lim t,DF ( ) _K
r lgy

6. Simulation results and analysis

Build a path loss (not considering the shadow attenuation
channel) model for verifying the above theoretical analysis,
that is, the channel variance from S, to

S, (m=0,1,--K-Ln=1,K)is
r,, =4/ (24)

Where dm’n represents the distance between Sm

and S , ( represents channel path loss factor.

Simulation parameters are set as the following:

* Using BPSK modulation;
* The coordinate of cognitive source node S and

destination node S are (0,0) and (12m,0);

* K —1 cognitive relays equally spaced between
source node and destination node, then the

corresponding  coordinate

12§
o
K
* The coordinate of the node received by licensed

user is (4m,4m);
* The pass loss factoris ¢ =3;

R =1bit/s/Hz .

of relay S, is

Figure 2 and 3 shows the outage probability
performance of DF and SDF cognitive system respectively
under the condition of different average signal-to-noise ratio
and different hops. Approximation of figure 2 represents the
result derived from theory of formula (7) ;Approximation of
figure (3) represents the conclusion of formula (22),and
simulation is the result simulated by computer Monte Carlo.
We can know from the figure ,the outage probability of
cognitive system decreases as the increase of average
signal-to-noise ratio. The theoretical scope curve accords
with the simulation curve. After the logarithmic coordinates
of figure 2 ordinate ,both the down slope of 2-hop and 3-
hop are 1/10,s0 we verify the diversity of DF cognitive
system is 1. While the logarithmic coordinates of figure 3
ordinate ,the down slope of 2-hop SDF outage probability is
1/5,and the down slope of 3-hop is 3/10,therefore we verify

the diversity of SDF cognitive system is K .At the same
time, comparing figure 2 with 3 ,we can know that the SDF
interrupt performance of multi-hop cognitive system
improves more obviously than DF. For example, when the
system outage probability is 107, the signal-to-noise ratio of
3-hop SDF cognitive system improves more obviously with
almost 4.3dB, while the signal-to-noise ratio of 2-hop SDF
cognitive system improves more obviously with almost
5.2dB.
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—6— 2-hop DF simulation
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Fig. 2. Interrupt performance of multi-hop DF cognitive relay system

8. Conclusions

In this text ,the interrupt performance of multi-hop DF
wireless cognitive system in US mode has been studied and
an approximate outage probability formulation of DF
cognitive system in high signal-to-noise ratio has been
derived .If there is a relay of multi-hop DF mode not
decoding correctly, it will lead to the system performance
decrease of all links, and it can’t achieve the full space
diversity gain .In response to this shortcoming ,an
approximate outage probability formulation of SDF
cognitive system in improved high signal-to-noise ratio has
been derived .Though simulation comparison, we can know
SDF can achieve the full space diversity and the system
performance has been greatly improved contrasted with DF
protocol.
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Appendix
The outage probability of Sj node is

P, =Pr(I,<R)
. (25)
= Pr(E}:oyw <2 —1)
= Pr( ):;Xk,/ Sg)
2 2
where X, . = ‘hk’j‘ /‘hk,p‘ ,
c-= (2“ _1)/;_, .Considering Y = k’:))(kij )
according to [15,17], (25) can be simplified as
-1
Pr( ]:=0X,w. sg)=Pr(Y/. sg) (26)

= [ 1, @dx =<, £, (cs)ds

Where S =x/¢, f,(x) is the probability density

function of function Z, where Yj = ,i X, +X/ L
According to probability theory, the probablllty density

function fy (x)can be

- — p
Ty, (%) j: fELo . (x=r)fy (rdr -
=xf, . o [F=D]A o)y

wherey=l’/)co

Under the condition of high signal-to-noise

ratio(y_/ — 00), ¢—0.

According to formula(25)and(26), we can know

B, 1 ’8
11m : =1§1£n?jify/(§s)ds (28)

obtain the lower bound

of]lm_jJ fy (¢s)ds » according to Famous lemma [16]

First of all, try to

We can know

hm 1nf

f Jy, (6s)ds = f 11m1nf fy (¢cs)ds (29)

According to(27)and(29), we can know
11. inf 1 7
Jtimint =/, (c5)ds

—fhmlnf—{gsff -~

‘_u l/

[es(1- )]

fXH/,(gsyl)a’yl}ds

£, Simt { fi/g s, les=0)]
zf sf {hmmf 12 Y [s's(l—yl)]

liminf £y (ssv,)}dyds G0
According to[14],we can know o ()= M v
X+, )
=1, ,e
So, lirpiglf Sy (esy) = b (31)

=1
Substitute (31) into (30) ,we can know

|
j:lnnll(?fjfy/ (¢s)ds = (32)
1
0 ”f {lll‘_n_)lglf y= sz ;s(l ]dyl}d

And so on, we can finally get
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Combine formula(33)and(35) , we can draw the
.. 1 . L
liminf -_lffy (cs)ds followmg co_nclusmn. . .
=0 /ol (33) In high signal-to-noise ratio,
T I | s ]
= 71;51 1];(1_}}1)/ 2"1]:)(1_y_/-1)0dy‘,‘_1 "'dylds 1 | 1 J-1 1
k) — (S ods=—T]— (36)
i1 Jj-1 0 Y/ |
me-u s Jio M
Jlamn,
; .1 So the interrupt probability of S, is
While for the upper bound oflm(} - j:fY (cs)ds ptp y J
e j A
. : p L (37)
. ()MZ/ .
lllllf(}lp?ﬁ) Iy, (ss)ds Jlean,
. | B (34) . .
= limsup— f s f Far. [esQ=yD)fr (ssv)dyds Substitute (37) into (6) ,we can get:
o g0 0T . . . .
Under the condition of high signal-to-noise
1 4 - . o .
; _ (1— ratio the interrupt probability of multi-hop DF
shrisuup g”zﬂsﬂfgf:% [ss-1)] (y —>oo), pt p y Y
xlimsup f, (csy,)dyds cognitive relay system can be approximately expressed as
o
While according to M 1, the K T ]
g an,r (x) = - 2 Pnut,DF = 1“]1 1_g_. - (38)
(x+77n,/) s J= T,
following formula can be changed into
. I 4 Because of ¢ — (), (38)can be further approximatel
llmsup?f Sy (g8)ds §—=0. 6% PP y
o gITIOTY expressed as
. 1 ! 35
< ——timsup— ['sfl £, [es01-y)]dvds (35) «
Moy s ¢/ J0J0TE L, _ 1.1 (39)
= | out,DF = 7]_@[77_
o 2 0 =t SR i
51:0[;’]];3’ J;(l—yl)f J;(l—yH) dy,_,+dyds
11
./' = 771‘,]'
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