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Abstract: Space shift keying (SSK) is a spectrally efficient and low-complexity technique that only uses antenna in-
dex to convey information. Combining SSK with cooperative communication, the transmission reliability of SSK
system can be improved effectively. In this paper, considering imperfect channel information, the performance of
cooperative SSK system with amplify-and-forward (AF) relaying protocol is investigated. and the effect of estima-
tion error on the performance is analyzed. According to the performance analysis, the probability density function
and moment generating function of effective signal-to-noise ratio are derived, respectively. Using these results, the
closed-form expression of average bit error rate (BER) can be achieved. Meanwhile. the asymptotically approxi-
mated BER and the corresponding diversity order analysis are presented for the performance evaluation. By com-
puter simulations, the validness of the presented theoretical analysis is verified, and the theoretical BERs with dif-
ferent estimation errors are shown to be close to those of the corresponding simulations.
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0 Introduction

Cooperative relaying, as a promising technol-
ogy to improve spectral efficiency and link relia-

(-2 'Tn a co-

bility, has attracted much attentions
operative communication system, the relay aids
to the transmission of two nodes with different
protocols and brings about diversity gain. Ampli-
fy-and-forward (AF) is one of the relaying proto-
cols, where the relay amplifies and transfers the
signals sent by the source to the destination. For
its simple implementation, AF has been widely
employed in cooperative communication.

Space shift keying (SSK) activates only one
antenna to transmit information at any time slot,
so that the need for transmit antenna synchroniza-
tion and inter-channel interference can be elimina-

ted™ "

dex is the unique way to convey information.

In SSK, the active transmit antenna in-
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Thereby, the optimal detection at the receiver on-
ly needs to detect antenna indices. For lack of the
symbol detection, the receiver complexity of SSK
is decreased "7,

Considering the low complexity of SSK and
the diversity gain brought by cooperative rela-
ying, the combination of SSK and cooperative
communication has been proposed to further en-
hance the performance ™*'. In Ref. [6], the co-
operative SSK system with AF and decode-and-
forward relaying was presented, and the average
bit error rate (BER) expressions are derived.
Based on the conventional AF protocol, Refs. [6,
7] proposed an opportunistic AF relaying scheme
for the cooperative SSK system, where the best
relay is chosen to transmit signals. Spatial modu-
lation (SM) is an extension of SSK that simulta-
neously exploits antenna indices and constellation

symbols to convey information . In Refs. [9,
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107], SM is introduced into the cooperative sys-
tem, and the corresponding BER performance is
analyzed. The above works all assume that the
channel state information (CSI) is accurately esti-
mated at the receiver, while in particular the in-
fluence of channel-estimation error needs to be
considered. The performance of cooperative DF
and cognitive radio system with SM are studied
under the assumption that the imperfect CSI is a-

(12l How-

vailable at the relay and destination
ever, these literatures focus on the SM system
with DF and only consider single antenna at the
destination for convenient analysis. There are
few works addressing the study on the perform-
ance of the AF aided SSK ( AF-SSK) system,
especially in the presence of imperfect channel
estimation.

Therefore, in this paper, we will study the
performance of the AF-SSK system with multiple
receive antennas under imperfect channel estima-
tion, and analyse the effect of channel-estimation
error on the performance of AF-SSK system.
With the performance analysis, the probability
density functions (PDF) and the moment genera-
ting functions (MGF) of effective signal-to-noise
ratio (SNR), as well as the pairwise error proba-
bility (PEP) are derived. Thereby the closed-
form expression of average BER is achieved by a
union upper bound. Moreover, the asymptotical-
ly approximated BER at high SNR is also ana-
lyzed. Using this approximation, the diversity
gain of this system is further derived for the per-
formance evaluation. Simulation shows that the
theoretical BER results can match the simulated
values well for different channel-estimation er-
rors, which verifies the correctness of theoretical
analysis, and can provide the effective evaluation

for the system performance.
1 System Model

The AF-SSK system combining cooperative
AF relaying and SSK is shown as Fig. 1, which
consists of a source with N, transmit antennas, a
single-antenna relay and a destination with N, re-

ceive antennas. At the source, the SSK mapper

utilizes log, N, bits to determine the active trans-
mit antenna index i, 7 &€ [1,N,] . At the destina-
tion, with the channel estimate, the optimal de-
tection algorithm based on the maximum likeli-
hood (ML) principle is employed. The output of
SSK mapper is given by

%, =[00 « 1 0] D

=
/\/

ML
detection .
Bits

Channel SSK | output
estimation| ~ |de-mapper|

Bits
input

Source Destination

Fig. 1 Cooperative AF-SSK system model

where x; is an N,-dimensional symbol vector, and
the unique nonzero element is in the +~th row,
which means that the +~th antenna is activated.
Based on the basic idea of cooperative communica-
tion, the transmission process is divided into two
phases. In the first phase, the source transmits
the signal to the relay and the destination. The
received signals of the relay and the destination

are respectively given by

ysr:vpsh;ixi+nsr (2)
Y =« I)s Hsdx,' +n5d (3)

where P, is the transmission power of the source,
h,. a N, X 1 channel vector of source-to-relay link,
and Hy a N, X N, channel matrix of source-to-des-
tination link. In the second phase, the relay am-
plifies the received signal y,, and transfers it to the
destination, thus the received signal at the desti-
nation is expressed as

Vo =h, (Ay,) +ny 4
where h,y is a N, X 1 channel vector of relay-to-
destination link. The entries of h,,» H, and h,q are
zero-mean complex Gaussian random variables
with variance of 6%, 6% and 8%, respectively. The
variance is defined as 6> =d “, where d is the dis-
tance between two nodes and a is path-loss expo-
nent. nys Ry and n,y are zero-mean complex
Gaussian noises with the variance of N,. A is the

amplification factor and can be written as A =

P . .
——~ 1, where P, is the transmit power at
P&, +N,’ P
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the relay. Let P, be the total transmit power, P, +
P, = P,, then the corresponding average SNR is
P,
No.

In practice, it is hard to achieve the perfect

expressed as Y =

channel information due to the estimation error.
For this reason, we will consider imperfect chan-
nel estimation in the performance analysis. Let
ho represents the estimated channel coefficient,
m,n & {s,r.d}, thus the relation between the ac-
tual and estimated value can be given by'"

R =R + € (5)
where ¢,,, is the channel-estimation error, and it
follows the complex Gaussian distribution with
zero mean and variance ofm The estimate ﬁ,,m 1s
independent of e,, . and modeled as a zero-mean
complex Gaussian distributed variable with vari-
ance 62, =02, *me . According to Refs. [14] and
[15], the variance of estimation error, afm can be
set as a decreasing function of SNR.

(3) and (1),

the received signals y and y.q can be respectively

Substituting Eq. (5) into Egs.

expressed as

y\d:VPsilicl+«/Pseitl+nsd (6)
——
"sd

yu=A/P_ huh, +
A ﬁ(ilrde; Jre“lili' + efdeif) JrA(;’rd teq) n, +ny

n

rd

7
where hiy, €', are the i-th column of H and the
channel-estimation error matrix Ey » and k', , ¢,
are the i-th elements of h and e, , respectively.
-+ N,. For the
convenience of analysis, the variance of n, can be
~ A||hy|} (Pl + No)+

Using this result, the normalized

The variance of ny is o} .= anf‘l

approximated as afnl
Pl + N, M.

signals can be written as

ﬁsd:ﬁﬁid‘knl (8)
;rd:\/(j’;,d];ir+n2 1))
where T'= 1? , G—A P, . n =M 0d nzznrd
" o. o, o

n
sd rd sd

With the received signals and the channel es-

timates at the destination, the detection algo-

rithm based on the ML principle is written as "'

= argomin (7],

2 —2/TRe{y"h,} +

Glhali | hL | —2/GRe{ylhhl} ] (10)

Therefore, the estimate of active transmit

2
F

antenna index : can be attained.

2 Performance Analysis of AF-SSK
System

In this section, the performance of coopera-
tive AF-SSK system in the presence of imperfect
channel information will be analyzed, and the
closed-form expression of average BER will be de-
rived. Using the detection algorithm in Eq. (10),
the antenna index is detected by minimizing D, ,

which is expressed as
D, =THﬁf;d |t — 2T Re{ylhly} +
Glh|i | hl |? —2/GRe{yh hly  (11)

If the +th antenna is activated at the source

and the estimate of antenna index at the destina-

tion is j, j # i, then we can obtain
D, = THil’id P ZrRe{f(h’d)”h 4+ n »d} +

— 2 J/GRe{ /G (Wi ||k, | ini, +
nélhrdhsr} (12)

If the detection is correct (i. e, j=1), then

Gln

Llhl|®

rd

Eq. (12) can be simplified as

D, =Tl | —2/P. Ref/T iy |2 + nlthy ) +
G ﬁrd Sl hL 17— 2/GRe(VG | |3 L |2+

ni kbl (13)

With Egs. (12) and (13), the conditional

PEP given by { ﬁsd .h. .h, } is written as
pep(i > j \INid,E r,ilrd):Pr(Dj/, <D,_) =
Pr(T|hiy — k| +G|h Rl —hi |* <n)
14

2
rd || F

where
n=2TRe{n{' (hiy —hiy) } +2/GRe{nl' b, (hi, —
hi)} . and it can be approximated as a zero-mean
Gaussian random variable with variance
o, =2(T ki, Ft
Gl h. ) (15
Utilizing the PDF of 7 , which is f, (z) =

7hf~'dxq

- ~
L hlx, —hizx,

2
exp(* Zt?) , Eq. (14) can be rewritten

1
J2wol

as
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pep(i —>J \ﬁsd,fl“,ilrd):fo ) 1 exp(— L:j dt =
Tl GGl 1 R 1 /2762 20,
T|hiy —h, |} + G|, L —hi|?
qH» hi| \M A j:
Qumﬂ, — Bl l[f + Gl [ [ — i, | j:
~ - ‘h E{r :
Q| Pty — il At =
2(Pwi, +No) P.|hy %(Pso—ir+1VO)+(P1'O-EHI+NO) (P.6% + No)
flrd ]2: ~sr 7E{r ’
P, ﬁid _ilid : P,O'Zn{ + No Z(P 62 + No) (16)
2(P.oi, + No) (Pr h. j
————+C
+ No
. (P85 + No) Based on the definitions in Eq. (17), the
where C = —————"-"—,
(P + No) PDFs ofyy. 7. and Y.0ver Rayleigh channel are
. P, |k, — i} ively given b
Us Ly = el Ry i respectively given by
siIng Y 5 (Psade TN Y X o
Pellbali ) _ Pl —hil® Jr =Ny (ﬁl] eXp(i lj b
ol N T 2Pl + Ny T Ly
fr, (V) = ( ) exp( ) 22)
. . . TNV \V
pep(l_’Jym»Vﬂd):Q( 7’5d+y”_).i"'cj: iz _ B
Y fr D =exp(— 7/74) /7 (23)

QMW7+ V) an
where ¥4 = y):rirdc . Then, with Eq. (17), the

average PEP is given by
PEP(G —j) :Jo JO pep(i > ‘ Yed»Vea) X
Fra O fr, DAV gadra =

| [ Qura vy fa 0, D dvdr.
(18)

/2
Based on Q(x) :WHL exp( m) 49,

we can obtain
1 1 1
PEP (i = j) = i Jo My, (ZsinzﬁjMy‘“' (ZSinzﬁj 40
(19

where M, (+) and M,  (+) are MGFs of 7, and
Yerd o respectwely.
Let t = sinf and using the transformation of

variables, Eq. (19) can be rewritten as

1
PEP(i — j) = %JOM dr =

1 1 1
Ysd (2252 j Myml (2252 j m

Np

ZM (1/2¢2M, (1/2¢2)  (20)

u=1

where ¢, =cos((2u — 1)n/(2N,)), and N, is the
order of the Chebyshev polynomial "%,

Correspondingly, the cumulative distribution

function (CDF) of ¥, is obtained by

F, (1) =1—exp(—7/7) (24)
where ¥ :P*—g\id y :P~—5\Zr
Y (Pel, N T (Pl + N
and 5’”; = P.0w

(Pro‘frd + NO) '
With the PDF of 7., the corresponding MGF

can be derived as

M, () =Lf, (D} =0 +7ya) Y (25
Using Eqgs. (22) and (24), the CDF of 7,4 is
given by
o Y Vrd _
F, —Pr(iyrd c < yj

J Fy, (Wj Lo, V) dva =
0 : rd

2 ([ \" [ C j
1—= e | [=1= Ky |2 |-
F(N') ( ysr)/rdj \r YV

(26)
where K,(+) is the v-th order modified Bessel
Then the MGF of

function of the second kind 7.
Y«a 1s derived as
Myn(l (s) = S‘T{Fyml

Salsr;/rd er
C

=

1— N D ’/Ze‘”W,(NrA] > /2N, /2 (2)

27)



1042 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35

where Z{+} represents Laplace transform, =z =
C/[Vu (7« +1)Js and W, , (2) is the Whitakker
function''",

(25) and (27) into Eq.

(20), the average PEP can be written as

Substituting Eqgs.

i]<1+ (‘)\ X

u=1

PEP(i > j) =

Yo¥uaNe Aix i1 b A
|:1 o 7;2:’021(1‘ et l>/“e"2W—<.\'r4 b2 (z)}

(28)
~ 2C§Di
where ¢ = ——— 5 .
T e (et 260 ]
the average BER can be obtained by a union upper
bound"'*

N NGE—>G) ey
<2 /N log (N PEPG ) =
NJZ)PEP(z—»j) 29

where N (¢ = j) is the number of error bits be-

With this result,

tween the actual active antenna index : and the es-

timate j, and Z EN(Z 9])—*logzN

j=1 i=1

Substituting Eq. (28) into Eq. (29), the
closed-form BER expression of the AF—SSK sys-

tem with channel estimation error can be derived

as
N N, _
t YSLl —N
< ! r e

Pe<iN 2(1+2€0ﬁ>

. r]\[ ,\\+1 .

|:1 757(1 ez W (N+ D/2,N,/ z(Z):| (30)

250“(/

Based on Eq.

BER can be achieved, and it is shown to have a

(30), the theoretical average

good agreement with the corresponding simula-
tion for both imperfect CSI and perfect CSI (i. e. ,

2 2 2
0., =0, =o. =0).

3 Asymptotic BER Analysis and Di-
versity Gain

In this section, the asymptotic performance
of the AF-SSK system under large SNR is ana-
lyzed, and asymptotically approximated expres-
sion of average BER is derived. With this approx-
imation, the diversity gain of the system is at-
tained.

Using the  series  representation  of

K,(*) (which is Eq. (8. 446) in Ref. [17]),

K, (22) with small x can be approximated as

v—1

K, (21)’\“*2( g—L_]]‘,'_l ! x4

(— v 2 [mm— Loy — ¢<v+1>]
! 2 2

3D

where ¢(+) is the psi function'"’
Plugging Eq. (31) into Eq. (26), and con-
sidering C & 7., , the approximate CDF of 7.4 can

be expressed as

ZF(N 7}/)k_
k=0 F(/erl) Y

W (V)=

FAT -
F(Nr+1)(ln(7rdj D ‘/J(N”Ll))

5 e DN =) 7y
I'(N,) 2 r(k+1) 5

s (1n<7>—¢<1>—¢<z\1 +1>) ~

Y ZF(N —k)( ])“_
Y F(N) I'(k+1) Y

k=1

W@n(

j g1 — ¢<N,+1>)

I'(N, + D
(32)
where the third approximate equation is obtained
based on the approximation that exp(f 5/}’ ) ~1—

;/)/ and exp (— 5/}/ j ~ 1 for very large SNR 7.,.

sr sr

With the Laplace transform, the MGF of 74

is approximated as

N.—1

[ZF(N k) (— )

Ty S @) Loy 3D
Substituting Eq (33) and the approximation
L= (Y )

age PEP as

“Neinto Eq. (19) yields the aver-

2Nr Jm’Z 2
Tf;’sd Ny 0 |:ysr

NFIF(Nr*k) (*Z)k 3 2N +2k [
2T T Ny i) (

2N + 2
T

N
4 j %
Y

PEP(i > j)~
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I'(N) ¢(1) + InC > ) — 2Insind | | df

34
With (3.621.3) and (4.387.4) in Ref. [17], we

can obtain

PEP(i»]‘)%(,Zj“"[l N, + 1)1

va) Lre @N.+2)11 "
\i (—2)"'I'(N. —%) N, +2k—1)11
£=1 I'(N,) (;/rd)k (ZN, +2k) !
C2\% (4N, — 11! _
( Vj 2I'(N.) (4N,) 1! (n@ra+
TORENESSS 35)

For N, =1, the average PEP expression of
Eq. (35) under high SNR can be rewritten as

PEP(G —j) =
s 1
47 L7«

(ln(z?’rd)vst(l) — 7) } (36)
Thus the approximate average BER is ob-

tained by
3N, 1 1 - 7
P~ 77712r+177”
T RGO IO
(37
For N, = 2, the average PEP can be further

simplified as
PEP(G —j) =
(72)‘\‘\ (2N, +1) ! [71 + 1 }
Y N, +2) !l [ve (N.—1)7a
(38)

Then the average BER is approximated as
Ve (No—1)7u

N\[Z)Nr (ZN,+1) ! [1 1 ]
P. =~ — S 2= —
2 \Ya

(39

(2N, +2) 1 *

With Egs. (37) and (39), the asymptotically
approximated BER expressions for N, = 1 and N, =2
are attained, respectively. It is shown that they
have values close to the corresponding simulations
under high SNR.

In what follows, we will give the analysis of
Let P, =nr P, P, =r,P,,

wherer; +7, =1 andr,, r, € [0,1] , we can ob-

the diversity gain.

s rJ’de by rlyg\fr o
tain Yu = ——=5 = Yo = =5 — and Y. =
Yol 1 ry: +1 '
r,70° L L
A Considering that the estimation error
r;)’a Jrl

is a decreasmg function of SNR, in terms of Ref.

1 .
[15], we haveaf‘ =0, =o., :7, where ¢ is the

length of training sequences. Based on this, Egs.
(37) and (39) can be respectively rewritten as

3N rn+rtrri+rt
87 Tladf[

e

rlgfrf

r+T er 2y
Vzgilf(lrl(r + )+¢(1) j] (40)
P 2NN, LN A1) ! (rlfrj N, .
« N 2N, +2) 11 \r Ut
rite 1 r,t+
(rlg\zrf NI rzéfdrj (4D

With the results above, we can evaluate the
diversity order Gy, which is an important error
performance indicator. G4 is defined as the slope
of average BER curve for average SNR approac-
hing infinity, and can be derived as [

[ log(PO]
(Jd*}/LI{}[ Tog(r) }—Nr—i—l 42)

Therefore, with the estimation error mod-
eled as the decreasing function of SNR, the AF-
SSK system will obtain the diversity order of N, +
1. As a result, the system performance will be-

come better as the N, increases.

4 Simulation Results

In this section, the BER performance of the
cooperative AF-SSK system with imperfect chan-
nel estimation over Rayleigh channel is assessed
by using the derived theoretical expressions and
computer simulations. The number of transmit
antennas at the source, N,=2 or 4, and the path-
loss exponenta =3. dy. d. and d., are the nor-
malized distance for source-to-destination link,
source-to-relay link and relay-to-destination link,
=1:0.5:0.5. The
order of the polynomial N, in Eq. (9) is 5, and
P.,=P,

respectively, and dy * d., * d.

= P,/2. The variance of estimation error

2 2 __ 2 J—
o, =o, =0, =
or

sd rd

o>, The simulation results are re-
alized by Monte Carlo method.

In Fig. 2, we plot the average BER of AF-
SSK system with estimation errors for different

=1, 2, N.=2. The

receive antennas, Where J\fr

variance of estimation error is given by ¢ = o
T
with 7=3. The theoretical BERs are calculated by
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Eq. (30), and they can agree well with the corre-
sponding simulations. The asymptotical approxi-
mated BERs are calculated by Eqs. (37) and (39)
for N,=1 and 2, respectively, and they have val-
ues very close to the simulated ones for large
SNR. From Fig. 2, we can obtain the diversity
orders of the AF-SSK system by computing the
slopes of BER curves, i. e. , they are 2 and 3 for
the system with N, =1 and N,=2, respectively.
These results accord with the derived theoretical
orders of N, +1 shown as Eq. (42). Moreover,
the BER of the system with two receive antennas
(N,.=2) is lower than that with single receive an-
tenna (N,=1), which means that the BER per-
formance becomes better with the increase of re-
ceive antennas due to higher diversity gain. The
results above indicate that the theoretical analysis
is effective, and the deduced expressions can eval-

uate the performance of AF-SSK system well.

10° /< —

N o N=1 (simu.)
10" R * N=2 (simu.)
10° — Theory

——- Asymptotical approx.
107+
2

10*f
107
10°H
10‘7 f f L

0 5 100 15 20 25 30 35
SNR /dB

Fig. 2 Average BER of AF-SSK system with different re-

ceive antennas (N,=2)

Fig. 3 illustrates the BER performance of
AF-SSK system with different receive antennas in
the presence of imperfect estimations, where N, =
1, 2, and N,=4. As shown in Fig. 3, the results
similar to Fig. 2 can be found. Namely, the sys-
tem with N,=2 has better performance than that
with N, =1 because the former has larger diversi-
ty order than the latter. Moreover, the theoreti-
cal BERs can match the corresponding simulated
ones, only small performance gap is observed at
very low SNR. Besides, the approximated BERs
are also close to the simulations at large SNR. All
these results further show that the derived theo-

retical expressions are valid, and can provide good

performance evaluation for the AF-SSK system

under imperfect channel information.

0
10 S o N=I (simu.)
10" * N=2 (simu.)
10° — Theory
. s~ Asymptotical approx.
x 1071
m
ST
10°F
10°f
107 . . h L

0 5 10 15 20 25 30 35
SNR /dB

Fig. 3 Average BER of AF-SSK system with different re-

ceive antennas (N,=4)

0
10 o ¢=0 (simu.)
10" o o’=1/(37) (simu.)
10° * o.=1/7 (simu.)
. Theory
107 |
&
mMm 10%F
10*5 -
10°}F
10’7 L 1 1 L
0 5 10 15 20 25 30

SNR /dB
Fig. 4 Average BER of AF-SSK system with different es-

timation error variances

Fig. 4 shows the theoretical results and simu-
lations of the average BER of AF-SSK system
with different estimation errors. The number of
transceiver antennas is N, =N, =2, and the vari-

— and 3% In

Fig. 4, the theoretical BERs are consistent with

ances of estimation errors are 0,

the corresponding simulations for both perfect
and imperfect CSI, which testifies that the de-
rived theoretical expressions can accurately de-
scribe the BER performance of AF-SSK system

under perfect and imperfect CSI. Besides, the av-
erage BER of ¢° :3% is lower than that of ¢° :%

because of smaller estimation error variance, and

the average BER of ¢ =0 is lower than that of 6> =

1 . . .
— due to no estimation error. These results illus-

3y
trate that the BER performance of AF-SSK sys-
tem degrades with the increase of estimation error

variance, as expected.
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5 Conclusions

Considering imperfect estimation information
in practice, we have investigated the performance
of cooperative AF-SSK system over Rayleigh fa-
ding channel. In the presence of estimation er-
rors, the PDFs and MGFs of the effective SNR
are respectively derived for the performance anal-
ysis. Based on this, closed-form average BER and
the corresponding asymptotical BER are also de-
duced. Using the asymptotical BER, the diversity
order is analyzed. As a result, the AF-SSK sys-
tem can achieve the diversity order of N, + 1.
Simulation results illustrate that the derived theo-
retical BERs can match well with the correspond-
ing simulations for imperfect estimation informa-
tion, and thus the correctness and effectiveness of
theoretical analysis are validated. Thereby, the
system performance can be evaluated well. Con-
sidering that the SM is the extension of SSK, in
the future works, we will study the performance
of the cooperative SM system with AF in the
presence of channel estimation error so that the
corresponding system performance can be well

analyzed.
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