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Performance Analysis of Two-Way AF MIMO
Relaying of OSTBCs with Imperfect Channel Gains
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Abstract— In this paper, we consider the relaying of orthog- precoding matrix at the users and/or relay, is considereds@
onal space time block codes (OSTBCs) in a two-way amplify- techniques require complicated MIMO precoder designs, at
and-forward (AF) multiple-input multiple-output (MIMO) r elay  jifferent nodes; moreover, the spatial multiplexing resul
system with estimated channel state information (CSl). A simple . to high lexity ML d di On the other hand. th
four phase protocol is used for training and OSTBC data Into high comp eX'Y ecoding. ©n the other _an » the
transmission. Decoding of OSTBC data at a user terminal is Orthogonal space time block code (OSTBC) achieves full
performed by replacing the exact CSI by the estimated CSI, diversity without any channel information at the transenitt
in a maximum likelihood decoder. Tight approximations for and provides low complexity symbol wise ML decoding. The
the moment generating function (m.g.f.) of the received sital- OSTBC based relay system does not require global CSI at

to-noise ratio at a user is derived under Rayleigh fading by .
ignoring the higher order noise terms. Analytical average gor the source and/or relay contrary to the existing schemes [8]

performance of the considered cooperative scheme is deriveoy [9]; hence, it can be easily implemented in practice. In [10]
using the m.g.f. expression. Moreover, the analytical divsity [11], transmission of OSTBC in decode-and-forward (DF)

order of the considered scheme is also obtained for certairystem  protocol based two-way MIMO relay system is studied with
configurations. It is shown by simulations and analysis thathe o fect information of the CSI, required for decoding the
channel estimation does not affect the diversity order of tk transmitted data at the users and relay. The schemes of [10]
OSTBC based two-way AF MIMO relay system. - : . - '
[11] avoid the need for the CSI at the transmitters in two-
. INTRODUCTION way MIMO relay system, contrary to [8], [9]. However, due
Two users can exchange their information by using a relay the erroneous relaying in DF protocol, the OSTBC based
node, in a two-way cooperative system. The spectral efigientwo-way DF MIMO relay systems [10], [11] loose diversity.
and diversity gain of the two-way relay system can be inSince the AF protocol does not have this problem, it can be
proved by employing multiple antennas [1]-[5]. However, ased for improving the OSTBC relaying in two-way MIMO
key problem in two-way relay system is that the channel statglay system. Further, the existing works [10], [11] do not
information (CSI) of all links is needed at both the usersacilitate deriving important performance metrics suchttes
for self-interference cancellation and decoding of theadagymbol error rate (SER) and achievable diversity, for the
transmitted by each other. The problem of channel estimatiQSTBC based two-way MIMO relay system. In this paper,
in two-way relaying is not simple because each user needsiaie address the problem of fixed gain relaying of OSTBC in
estimate the channel in between itself and relay node as wgltwo-way AF MIMO relay system, witimperfectCSI. It
as the channel in between the other user and relay. Optirgldeduced by using the ML decoder metric of the OSTBC
channel estimation and training design fsingle antenna data that OSTBC relaying in two-way AF MIMO relaying
based two-way amplify-and-forward (AF) relay networks isystem requires a complicated channel estimation pratasol
discussed in [6]; a rate efficient two-phase training protéar compared to existing two-way AF relay systems.
cascaded channel estimation, required for maximum likelih ~ Our contributions in this paper are as follows: 1) Closed-
(ML) detection, is proposed in this paper. Comparison @érm approximate expression (by ignoring higher order @ois
different channel estimation schemes like cascaded chanteems) for the moment generating function (m.g.f.) of the
estimation and individual channel estimation is perfornred received signal-to-noise ratio (SNR) at a user in OSTBC
[7], for a two-way multiple-input multiple-output (MIMO) based two-way AF MIMO relaying system with estimated CSI,
relay systems. The mean square error (MSE) and bit erigrderived. 2) The performance of the considered two-way
rate (BER) performance of these two schemes are comparedafh MIMO cooperative system is quantified by deriving the
this work. In [8], lower bounds on the sum rate of informatiomnalytical average error performance fd-PSK and)/-QAM
transmission in AF MIMO relay system with estimated CSkonstellations. 3) The analytical expression of diversitgter
using a precoding matrix at the relay, are obtained. Tl the considered system with imperfect CSI, for some specia
problem of joint source and relay optimization for AF MIMOcases, is also obtained. Some useful insights into prattica
two-way relay systems, with imperfect CSI, is considered iway AF MIMO relay system implementation are obtained by
[9]; however, no analytical performance of the AF MIMOQusing the analytical diversity order.
relay system is provided. Il. SYSTEM MODEL
Motivation and Our Contributions We consider a two-way cooperative system with two users
In the existing works [8], [9], the transmission of theand a single relay, as shown in Flg. 1, where User-=
spatial multiplexed data vector, by using imperfect CSledas 1,2, and the relay haveV; and N, antennas, respectively.
. _ Both users act as source and destination as well. Since the
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http://arxiv.org/abs/1407.1106v1

whereW; with vec(W;) ~ CN (On,7,In,7) is the AWGN
noise matrix. From[{1) and(3), we have

Y =aG;C; +aG, ;C; + cH; W, + W, (4)

where G; = H;H] e CV*Vi and G;; = H;H] €
CNixNi An ML decoder ofC; can be obtained by maximiz-
ing the conditional probability density function (p.d,fi)e.,
f(yilgi, i, Hi, Ci, Cj)—wherey; = K;l/QYi e CNiTx1,

. . = vec(Y; CNTx1 g = ved Gy (CNEXI,
so that the reverse channel matrices are the transpose ofthe B (Yi) € NN, x1 g - 20( ) € H
. . . i = VeC(Gi_’j) e C J s Kz = a (IT (24 HzHl ) +
forward channel matrices. If channel reciprocity does rodd h I € CNTXN.T | o denotes the Kronecker product, and
then the derived results are not applicable. et be the (.JslhT represents th’e Hermitian—as '
N; x N, relay-to-User: MIMO channel matrix containing P 120 T -
independent and identically distributed (i.i.d.) compé@eular - Cj=argmin )'.Yi_aKi {Ciely,) gi+(Cj ®@In,) gij}

J

Gaussian elements with zero mean and unit variance, which (5)
corresponds to the case of i.i.d. Rayleigh fading. Transimis whereA'/2 denotes the matrix square root of matAx From
of data occurs in two phases; during first phase, both usg®y, it can be seen that we need to estimHe (in order to

transmit their data to the relay. In the second phase, theMIMalculateK;); and cascaded channel matri€@s andG, ;, to
relay amplifies the received signals with a fixed gain, and thglecode the OSTBC matri; at Users.

broadcasts to both users. There is no direct link in between

Fig. 1
TwO-WAY MIMO RELAY SYSTEM.

2
)

the users. Throughout the paper, we assume thatiiseeds !/l DECODING OFOSTBCIN Two-WAY AF MIMO
to decode the OSTBC data transmitted by Ugej-= 1,2, RELAY SYSTEM WITH ESTIMATED CSI
i # 7. Since the proposed ML decodét (5) requires individual and

It is assumed for analytical simplicity, that the sourcedlds cascaded channel estimates, we use a modified version of the
Jj) employs linear OSTBC encoding. In particular, groupsprotocol of [6] (which only allows for cascaded channel esti
of M; complex symbolséj),cgj),...,cg{}j are mapped to mation) for channel estimation and OSTBC data transmission
an orthogonal matrixC; € CNixT, N; < T, whereT this protocol consists of four phases. In the first phase, the
denotes the number of symbol intervals used to send edetay broadcasts training data to both users. In the second
OSTBC codeword. A detailed structure of the linear OSTB@hase, one of the users (Usgtransmits pilot symbols to the
is given in [12, Chapter 7]. Since it takds symbol periods relay and relay broadcasts the received signals with uity.g
to transmit M, symbols, the code rate i®;, = M,/T. Another user (Usej) transmits training data and the relay
We can writeC; = [c;(1),¢;(2),¢;(3),...,¢;(T)], where broadcasts the received signals, in the third phase. W&erea
c;(m) e CVN¥l m =12, ... T, E{|lc;(m)|*\ =5,, E{} N the fourth and final phase, two-way relaying of the OSTBCs
of the users takes place. It is assumed that the users ad rela
transmit unitary pilot matrices.

In the first phase, the ML estimate ®f; at User: can be
obtained as . R

Y, =Y HIC,+ W, (1) H; =R.S; (S,S;) =H, +N; e C"*¥  (6)

i=1 whereR; = H;S, + N; € CN*P P = M,N,, M, €

whereY, € CV-*T denotes the received signal matrix)’” 7+, denotes the data matrix received by Usatue to the
denotes the transpose; aWl, € C¥*7 with vec(W,) ~ pilot matrix S, € CN-*P broadcasted by the relay, and

CN (On, 7, In,r)-Where veg-) is the column wise vector- N, with vec(N;) ~ CN (On,p,In,p) is the AWGN noise

ization operatorQ, v represents an all ze, 7" x 1 vector, matrix received at User- Note that the pilot matrixS,

andCN (-, ) denotes the complex Normal distribution—is theontains A, transmissions of anV, x N, unitary matrix.
additive white Gaussian noise (AWGN) matrix at the reIa),'I Q H HY~L X
urthermore,N; = N;S.’ (S,S with vec(N;
containing zero mean complex Gaussian noise elements wiff foo (S,S;') . Y
. . o ) . . (On;,N,,In,n,) is the channel estimation noise HE;.
unit variance. The relay multiplies this received signal dy PN SN - . .
. : . = In the second phase of training, the data received at {ser-
constant gain matribdG = aly, prior to broadcasting it to is qiven b
both users. In particular, the selection @fensures that an g o T
average power constraitf | ||GY,|% | < b, where||-| . is R; N, EjHi Cp. + H;Ui +N;, N ()
i S - where C,, € CY** L = N,N,;, N,, € Z*, denotes
the Frobenius norm of the matrix, is satisfied at the relag Thy,o unitary training matrix transmitted by UserU; with

denotes the expectatiof;| stands for the Euclidean norm,
and®; is defined as the average SNR of Ugeifhe received
signal at the relay in thezfirst phase is given by

~

value ofa is given as vec(U;) ~ CN (On,.r,In,z) and N; with vec(N;) ~
b CN (ON].L,IN].L) represent AWGN noise received at the
a=y/ m, beRT, (2) relay and Usey;, respectively. By applying the vectorization
" operator over[{[7) and performing whitening of the noise,

wherep = 7; + 7;. The data received at the Userduring we obtain¥; = K;lﬂf«j = K;1/2 (Cgi ®In,) g + 0y,
broadcasting from the relay, is given by wheret; = vec(f{-) K. = (I, o H,H¥) + I, ~.. and
Y, =aH; Y, + W, (3) J 7 ) TR ( L R ) LNj»



n;; ~ CN (ON].L,IN].L) is the AWGN noise vector. By and additive colored Gaussian noisdI,w,(m) + w;(m),
which has the following conditional covariance:

2
minimizing ‘ P — K;l/z (CI @ln,) gj.i ’ with respect to .
(w.rt) g = vec{G,;} = vec{H;HT} € CNiVixl, we Ki:E{(aHin(m)+Wi(m))(aHin(m)+wi(m)) |HZ}'
get the estimate og; ; as L . o (15)
e . 1 . B Therefore, the ML decision variable at Usewill be
. .—=((C* - * - ‘ y 2
81~ ((Cp, T, K (€], 5L, ))(C;, Ly, K vealR,). A=min [7,(m) ~ K[ (Gue(m) + G ey ()| a6)
J

N . (8)
where K; = (IL ® HJHf> + Iy, and (-)" denotes the wherey,(m) = K; "/?y;(m). It can be observed froni{lL6)

matrix conjugate. By substituting the value ®f from (7) to that the decision variable depends upon the exact value of

(8), and after some algebraic manipulations, we get the effective channel matrices. However, the destinatieer u
- utilizes estimated channel matrices (gained during theitrg
5. —o. . 1 (C* @Iy )KY?n,, 9) . . . -
8ji =8ji T ( pi © Nj) 5 Wi phases), in place of the exact channel matrices in the decisi

The data received at Usérin the second phase, is given byvariable. Therefore, from[(16), the decision variable with
R, — G.C,, +HU, + N,, (10) estimated channel matrices can be written as

where U; with vec(U;) ~ CN (On,z,In,z) andN; with  A=min
vec(N;) ~ CN (On, 1., In,1) represent AWGN noise received i
at the relay and Usei-respectively. From[(10), after someyhere G, and G,; denote the estimate of; and G, ;,

§i(m)—aK; > (éici(m)+éi7jej(m))‘]2, (17)

manipulations, the ML estimate gf; f:an be obtained as respectivelyy, (m) = K; /?y;(m), and

g =g +(C, ©Ly,) K, n;, () ) A i
wheren; ; ~ CN (On,,In,) is the AWGN noise vector. Ki—E{(aHiWr(m)+Wi(m))(aHiWr(m)+Wi(m)) |Hi}
Similarly, the channel estimates; ; andg;, in the third phase (18)

of training, can be obtained. By replacing the exact chanriglthe estimate oK;. From [6) and[(18), we have
gains with their estimated values il (5), we get a decoder of . _ p { (aHin(m) + aNyw,.(m) + Wi(m))
the OSTBC matrixC; at Users:

yi-aK; (Ol oLy gH(C] @ly,) i}

o X o (12) By ignoring the higher order noise in{19), we hde ~ K;;
wherey; = K; “y;, Ki = o*(Ir @ HFH/) + In,1, & 1S hence,y;(m) = K; "/?y;(m). Since the higher order noise
given in [11), andg; ; can be obtained froni(9) by swapping terms have very small value as compared to other noise terms,
and;. From [12) and [12, Eq. (7.4.2)], and after some algebrgyese terms can be ignored for simplifying the analysiss It i
we get the following symbol-wise decoder of the OSTBC datghown in [13]-[15] that this approximation works very well
in channel estimation based two-way AF MIMO relay systenor performance analysis of different communication syste
5 5 2 Moreover, it will be verified by simulation in Section V that
G _ Re (Tr {YiHXAn })—J'm (Tr{YfIXBn }) the analytical results, derived under this assumptionyarg
¢¥) =min |V .
i =i o X2 accurate. A ) L
(13) Let us observe th%i_ vec(Gi) andg; ; = vec(Gm),

In @), n = 1,2,..,M;, A,, andB,, are N; x ' OSTBC therefore, we can writ€; ; andG;, in terms ofG, ; andG;,
specific dispersion matrices given in [12, Eq. (7.1.1)],(Re by using[®) and[(Il1), respectively, after some straightéod
and Im(-) represent real and imaginary parts, respectivef§igebra. Substituting these values@f and G; ;, and value
of a complex quantity, Tf-} denotes the matrix tracg, = Of yi(m) (given in [13)) in [I¥); and after some algebra, the

2
)

. H
Cj:argnéi_n ‘ X (aHiWr (m) + aN;w,.(m) + Wz(m)) |Hz} - (19

1/2

o a -1/2 . . . decision variable at the Usérean be written as
V-1, X = (HlHjH + INI.) G, ;, and vec(Yl-) =y — ,
L —1/2 i 120 _a ‘
(c; o (HIY + 1) > c. A= min |[aK; Gy (e5(m) = & (m)) + w(m)||" (20)

where = Iu{fl/Q{ H,w,(m) + w;(m) — (fl“

IV. PERFORMANCEANALYSIS w(m) ! abLiwr(m) +wi(m) —a{ fsi(m)

We analyze the performance of the two-way AF MIMO?i(m_) +ni"j_(m)cj (m)) g7 fii(m) andny,;(m) are the es-

relay system with estimated channel gains, in this section.imation noises ofg;(m) and g; ;(m), respectively. From

is assumed tha€, C¥ = Iy, and C;CH = Iy.. Letb (k) (20), we can write the ML decision variable for transmitted
i ~pi i g i .

denotes thé-th column of a matrixB: therefore, we can write c0dewordC; at User: as

the m-th column of Y; from (4) as
vi(m)=aG;c;(m)+aG, jc;(m)+aH;w,(m)+w,;(m). (14)

From [TI3), it can be seen that the overall input-output ietat - 12 . .
ship is equivalent to multiple access channels based teo-ul! @) W =K, {aHiWTJF‘jVi_a (chi‘FNi,jACj)}
MIMO system with effective channel matric&s; and G; ;; is the additive Gaussian nois&N{; € CNixNi and N,; €

o ~ 2
A =min HaK;l/QGi,j (ci-¢)+ WH . @
J



CNixNi peing the estimation noises ¢&; and G, ;, re- From [28), for BPSK |/ = 2), we can write the BER of
spectively) present in the decision variable with conditib Users as
covariance matrix

Ki = B{K; "/ (aH;W, + Wi~ a (N, Ny, C; ) ) Pihsk = %/Om M, <ﬁ> (27)

o o H_ 1
X (GH'WT+W'—G (NuC-JrNuC‘)) K" IHi} Forg =1 (q is defined after[(24)), fron{{26)(B5), and {36),
—K;'? (211y, + Z,HHT) K12, (22) “ehave
(@) _ -1
where Z; = 1+ a®(1/N,, +1/N,,) and Z, = a*(1 + Pppskx = m/o AP Texp(—A)
1/Np, + 1/N,,). From [21), the instantaneous SNR of the P , —1
n-th symbolc!! encoded in the OSTBE;, can be written y l/ 14 a 02%')\ - a0\ an  (28)
T Jo Zi(1+ FA)sind

after linear OSTBC processing, using [16, Eq. (11)], andraft
some algebraic manlpulatlons as ,
HaK_l/2 K. G H } With help of [17], the inner integral if{28) can be solved as
-1
_ /2 =
= a3a*Tr{GI (Zily, + ZHHI) ' Gis |, (23) / / (1 N aza,ZnM _ ) &0
herea; = 1/(R;N;). Since the right hand side of_(23) is 0 21+ Z—l)\)smze

independent ofi, hence, we drop subscript and denote the 1 N1 (k) (1 + %)\)k V(@277 Z1)

) . . (i) i =—|1-
:)(;cpeé\r/ed instantaneous SNR at Useas ~'", in rest of the 5 2(:) (1 + %(1 T+ a2,/ Za) N2

A. Expression of M.G.F. From [Z28) and[{29), using binomial series expansion of the

The following theorem provides a closed-form expressiqgrm (1 + Z: )\) and with help of [18, Eqg. (3.383.5)], we get
for the m.g.f. of the SNRy(",

Theorem 1: The m.g.f. ofy() is given as

. (29)

Lk (2k) (k 207
_ i T(p+1+1/2)\/a’a;7,/Z2
Mo (s) = n~" det (3(s)). @4) Phhsi=s]1 —ZZ’“ -~
i k=01=0 (é) (1 + a2a7y; | Zo)PHit1/24k
where det(-) denotes the determinant, x = z /
[, Tp—1+ 1Dl (g—1+1), p = max(Ny,Ni),q = 1 k1 Z1
min(N,, N;), and J(s) is the ¢ x ¢ Hankel matrix with ><F(p)U pHF1/2ipHl=k=1 (Zy + a’a;7;) )] (30)

(t,v)-th entry
N

Joo(s) = () Z (Nj) (a sajwj)
! (%)mv(1+ﬂ%ﬁ)wu+% = \k 22 2) M-QAM Constellation:The SER of Uset-for the M-
QAM constellation can be obtained as [19]
Z

XU | Vo Vi +1 — K, , (25) (4) gMQAM
Z (1 + “250‘”]) Prigan = 2 \1 = 757 Myo\ “gnZe )

/4

wherevy, =t +v+p—q—1, T'(-) is the Gamma function, — 4 <1 — L) / M) (M)d& (31)

andU(-,-,-) is the confluent hypergeometric function of the i VM sin” 0

second kind. wheregaroan = 3/ (2(M — 1)). The SER for theM-QAM

Proof: A proof of Theorem 1 is given in Appendix I. constellation at Usei-can be found by usind(24) and (31).
It can be seen from{24) an@{25) that the m.g.f. hasThe finite integrals in[{31) can be evaluated numerically.

direct dependence aN;; however, the dependence &f and

N; is through their maximum and minimum valugsand g,

respectively. C. Diversity Order
B. Average Error Performance In the high SNR region, the diversity order is a key param-
1) M-PSK Constellation:The SER of Usei-for the A/~  €ter, which dictates the system performance. This paramete
PSK constellation is given by [17] can be derived by focusing on the asymptotic expansion of
@ 1 [° gMPSK the m.g.f. of the instantaneous received SNR. By uding (24),
Pylpsk = —/ M) < 20 >d9 (26) we can find the diversity order of the OSTBC based two-way
mJo sin” AF MIMO relay system with imperfect channel knowledge,
where ¢ = w(M — 1)/M and gypsx = sin’(w/M). for some special cases, as given in Theorem 2.

Therefore the SER of the channel estimation based two- Way'rheorem 2: The d|vers|ty order of the channel estimates

AF MIMO l’elay System can be Ca|Cu|ated fr0m24) am (26based two- Way AF MIMO re'ay Systemps if p < N and
The integral in [2B) can be numerically computed with they,, if p > N;; for min(N,., N;) = 1.

help of MATLAB. Proof A proof of Theorem 2 is given in Appendix 1.
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ANALYTICAL AND SIMULATED BER/SERPLOTS OF THE TWOWAY AF
MIMO RELAY SYSTEMWITHN1 = Na = N, =2, Np, = Np, = 1,

ALAMOUTI CODE, PERFECT AND ESTIMATEDCSI,AND BPSK a =1, ALAMOUTI CODE, BPSK, QPSK, 8-PSK, 16-PSKND 16-QAM.
CONSTELLATION; AND SIMULATED BERPLOTS OF THE EXISTING

TWO-WAY AF RELAY SYSTEM WITH ESTIMATED CSI [6].
The analytical and simulated performance of the ML de-
V. SIMULATION AND ANALYTICAL RESULTS coder is obtained folN; = Ny = N, = 2, N, = Np, = 1,

A three node two-way cooperative system shown in[Big. 1= 1, Alamouti STBC, BPSK, QPSK, 8-PSK, 16-PSK, and
considered for simulation and analysis. We present numlerid6-QAM, in Fig.[3. The simulation results closely follow the
results fory, = 5, = 75, which we call the SNR, in analytical BER/SER values, as seen in Fiy. 3. In Elg. 4, we
Figs.[2,[3,[%, and]5. All results are shown for one of theave plotted the simulated and analytical error perforreafc
two users. the ML decoder with estimated CSI fa¥,, = N,, = M, =

In Fig. [, simulation results of the two-way AF MIMO 1, N1 = N2 =2, N, =1, a = 1, BPSK, and QPSK. It can be
relay system using the ML decoder with perfect CSI (give$een from Fig[¥ that the simulated and analytical values of
in @) and imperfect CSI (given if_{12)) are obtained fofhe BER/SER have a close match. Further, the diversity of the
Ni =Ny =N, =2 N, =N,, =M, =1,a =1, considered two-way AF MIMO relay system is two as seen
Alamouti OSTBC, and BPSK constellation. It can be sedR Fig.[4; this observation corroborates the analyticabdity
from Fig.[2 that the ML decoder with perfect CSI outperform@rder given in Theorem 2.
the ML decoder with imperfect CSI at all SNRs considered We have plotted analytical BER of the two-way AF MIMO
in the figure. For example, for BER8~%, the ML decoder relay system withN; = N, = N, = 2, N, = N, =
looses approximately 5 dB due to the usage of imperfect CH,, = 1,2,4,8,16, a = 1, perfect CSI, BPSK constellation,
Moreover, Fig[P also presents the analytical BER curve ef tiand Alamouti code. It can be seen from Hi§. 5 that the BER
two-way AF MIMO relaying with perfect and imperfect CSlperformance of the ML decoder using estimated CSI improves
for BPSK modulation; analytical curves are generated baseith increasing number of training blocks. Fof, = 16, the
on the closed-form expression, given[in](30). It can be edtic ML decoder with estimated CSI performs very close to the
from Fig.[2, that analytical and simulated curves are cjoseML decoder with perfect CSI, as seen in Hig. 5.
matched for all SNR values considered in the simulatiors thi
indicates that neglecting higher order noise does not lead t VI. CONCLUSIONS
any serious degradation in the analytical performancehEur
the slopes of the analytical BER versus SNR plots at high SNRThis paper has discussed the transmission of OSTBC in
in Fig.[2 indicate that the diversity order of the considered- @ two-way AF MIMO relay system with estimated channel
way AF MIMO relay system with perfect or imperfect CSI isgains. We have investigated the statistical propertiesnef i
four; therefore, the quality of CSI does not affect the dbitgr Stantaneous received SNR of a user, utilizing an ML decoder
order of the ML decoder of two-way AF MIMO relay systemwith imperfect CSI, by using the tools of finite-dimensional
with estimated CSI. We have also plotted the simulated BERNdom matrix theory. The performance of the scheme has
performance of the same rate existing optimal training thaseeen discussed in terms of BER, SER, and diversity order
AF two-way relaying system [6], in Fi§l 2. It can be seen frorfPr some special cases, by using the tight approximations of
Fig.[d that the considered training based two-way AF MIM®.9.f.; simulation and analytical results have demonstt état
relay system significantly outperforms the existing singlée diversity order of the two-way AF MIMO relay system is
antenna and optimal training based two-way AF scheme [6ot affected by the use of estimated channel matrices.
Therefore, the proposed four phase training protocol @hou
appears to be rate deficient) enables the OSTBC based two-
way AF MIMO relay system to significantly outperform the
same rate single antenna based two-way AF relaying scheme
which uses optimal training sequences. The m.g.f. ofy() can be expressed as
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M., (s)=FE {exp(—sy(i))} wherex = J[{_; T(p — [+ 1)I'(¢ — 1 + 1) andJ(s) is agx g
Hankel matrix with(¢, v)-th element

— EHl.Hj<8XF(—a25aj7yjTr{ij(ZlINi—l-ZgHiHlH) _1Gi.,j})>'

N,.
o e) )
| - 8D ()= [ e | e
SinceH; has a matrix variate complex Gaussian distribution, 0 1+ %,\ (1 + GSEM) A
by using the results given in [12, Proof of Theorem 4.1], we ! ? (38)
have After solving the integral in[(38) by using [18, Eq. (3.388,5
My m, () we obtain [Z5).
_1 —N;
= det(INY-i-aQaﬂ]stI(ZlINl +ZQH,I‘IlH) Hz) (33) APPENDIXII

Now we need to averagel. . g, (s) overH;. By performing PROOF OFTHEOREM 2

the singular value decomposition (SVD) Hf;, we haveH; =
X;D;V;, whereX; ¢ CVixNi andV; € CN~>*Nr are unitary
matrices, and; € RY:*"N~ js a diagonal matrix with singular
valuesl; > ly--- > I, (¢ = min(N;, N,)). From [33) and
SVD factorization ofH;, we get

It can be seen from [21, Egs. (13.5.6), (13.5.9),
and (13.5.12)] that the confluent hypergeometric function
U(a1, b1, z) of the second kind can be asymptotically approx-
imated forz < 1 (small z) as

Mo ip,p7 (5) ACESE it by > 2
N\ N aq ’ . = 4,
= det (INi+a2aj’7jsDiD;TF(leNi—i—ZgDiD;Tr) 1) U(al, b1, Z) ~ _—F(zlzl) g(n Zb—|—) \Il(al)) , if by =1,
1— .
q aZscu:7:12 —N; F(lTl—lbl) , if b <0,
=11 (1 + ) (34) (39)
o] Z1 + 2ol

. where ¥(-) is the digamma function [21] and; > 0. We
Lelg A1,..., A, denote the ordered non-zero eigenvalues Qf sider the case when MiiNi,, N;) = 1 andp < N;. In this
HH; (A1 > X2 > -+ > \p); we can rewrite[(34) as case, the m.g.f. of the received SNR of the ML decoder can

" - q , a?sa 95\, —N; - be expressed usinf (24) as
'y(l)‘A(S) - H Zl + ZQ)\ 9 ( ) p—l N,
7 o Zk:o (ka S)+¢(pa S)+Zk;p+1 ¢(ka S)

ji=1
M. ) (s)= 5 40
where \;, = [ and A = diag(\i,A2..., ). The joint 70 (9) (1+ aZSam)erNj (22)” (40)
; Zs

distribution of the eigenvalues di”H; can be written as Z
[20, Eq. (2.22)]

2 ~\k 1
q ‘ where p(k, s) = (3 )(—p F<p>U<pv ml—k,%)
fa O xe o A=kt TT u=2i)? TT A “exp(—Ae). g ( “ ) 1+
J1<j2 k=1 (36) Let us assume thaf; = % = 7 (all links are identically
; distributed) andb = 37, 8 € RT, for diversity calculations.
where\; > Xy > -+ > X\, > 0. By averaging[(35) oveA, 5
with the help of [[36) and [16, Corollary 2], we have It can befhown fron({2) thfn - B/QNTI;)’ for very large
values ofy. Therefore, fors|y > 1 (largesy), from (39) and

M (s) = k™" det (J(s)), (37) (@Q), we have



> otk =~ (S5) T e -,

S (k. s)

k=p+1

2_
o(p, s) =~ (a ajys) Z])VJ —V(p)+Ina;+Ins+In Z_v)

>

k=p+1

_ k
(41)

whereq;, a, Z;, and Z, are independent of and~. Taking

the

(40), can be approximated for large as
wheren; is a constant independent efand 5. Hence, the

most dominant power ofy in (41), the m.g.f., given in

M. ) (s) ~ (S”—l

)P ?

diversity order of the ML decoder is for min(N,, N;) = 1
andp < Nj. Formin(N,, N;) = 1 andp > N,, we can obtain
the approximate m.g.f. by a method similar to thatgot N

as M7

o (8) = na/(s7)Ns

, Wheren; is a constant mdependent

of s and#, resulting in a diversity order ai;.
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