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Abstract—In this paper, we propose a distributed Alamouti on sources is transferred to the relay has been proposed in
space-time code (DASTC) for two-way relay networks employig  [9]. By assuming that the relay is equipped with two antennas
a single amplify-and-forward (AF) relay. We first derive closed- 514 each source is equipped with a single antenna, an upper
form expressions for the approximated average sum-rate of bound of symbol error probability has been obtained. As
the proposed DASTC scheme. Our analysis is validated by ) :

a comparison against the results of Monte-Carlo simulatios.  ¢an be observed from all the above schemes, either relay or
Numerical results verify the effectiveness of our proposedcheme source requires multiple antennas which may be prohibited i
over the conventional DASTC with one-way communication. practical implementations due to the high demand for lost-co
and small-size portable devices.

To alleviate this requirement and make the system realistic

Relay networking has been considered as an efficiemDASTC scheme which all terminals having only one antenna
approach to increase the communication range of wireldsss been presented for one-way AF relay netwdrks [L0], [11].
systems. However, dual-hop half-duplex relay networke lo$lowever, this system still faces loss in spectral efficiency
half of the throughput compared to the direct communicatigtence, in this paper, we propose a DASTC scheme for
due to the fact that the relay cannot transmit and receitgo-way AF relay networks which significantly recovers this
simultaneously. To overcome this drawback, a two-way (twss. More importantly, unlike the analysis work in [7]] [8]
bi-directional) relay network has been presented in [1]exeh where the bounds of average sum-rate have been shown, we
two nodes, namel$; andS, transmit simultaneously to thehave derived an asymptotically tight approximation for the
relay R in the first hop, and in the second hop the reRy average sum-rate of the proposed two-way scheme. The final
forwards its received signals to both termin&jsandS,. With  expression is given in the form of Fox’s H-function which
this strategy, this loss can be remarkably compensated. enables us to investigate the performance of the proposed

As a result, two-way relay networks have gained greatheme. In addition, we also provide the numerical results
attention in the research community (e.g., $ée [1]-[5]viéw to verify the correctness of our analysis.
of the related work of two-way relay networks, the upper and The rest of this paper is organized as follows. In Sedtibn I,
lower bounds for average sum-rate have been investigatedsvi@ introduce the system model of the proposed DASTC for
[1]. The performance of two-way amplify-and-forward (AF){wo-way AF relay networks. Then, in Section I1l, we derive th
relay with network coding has been investigated[ih [2]. Btight approximation for the average sum-rate of the progose
giving up the strict separation of downlink and uplink sifgna scheme. Numerical results are shown in Sedfidn IV to vadidat
through either time or frequency division duplex, a two-hofhe analysis. Finally, we conclude the paper in Sedfibn V.
relaying, namely space division duplex relaying, is pregbs Notation: Throughout the paper, we shall use the following
in [3]. The exact closed-form expressions of error prolighil notation. Vector is written as bold lower case letter andrixat
average sum-rate for two-way AF relays have been presentedvritten as bold upper case letter. The superscripend
in [4], [5]. 1 stand for the complex conjugate and transpose conjugate,

Distributed Alamouti space-time code (DASTC) with ARespectively.,, represents the: x n identity matrix. ||A||
relays originally applied for one-way relay networks [6]shadenotes Frobenius norm of the matdxand |z| indicates the
recently extended to two-way systems (see, eld., [[F]-[98nvelope ofc. E, {.} is the expectation operator over the ran-
In particular, a two-way relaying scheme where two source®m variablex. A complex Gaussian distribution with mean
equipped with two antennas transmit Alamouti code throughand variances? is denoted byCA (i, 0?). Let us denote
the help of an AF relay has been proposed_in [7], [8]. Upp&¥,, (m,X) as a complex Gaussian random vector with mean
and lower bounds of average sum-rate have also been derivedtorm and covariance matriX. I" (a, z) is the incomplete
for this particular bi-directional relaying system. Aneth gamma function defined aB (a,z) = f;o t*~le~tdt and
system in which the burden of deploying multiple antennds, (.) is thenth-order modified Bessel function of the second
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Fig. 1. System model.
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II. SYSTEM MODEL OF DISTRIBUTED ALAMOUTI
SPACE-TIME CODES WITH TWO-WAY AF RELAYING

In this section, we introduce the system model of the
proposed DASTC scheme with two-way AF relaying. Consider

Similarly, in the third phaseR transmit Gyg whereasS,
sends the second row of the Alamouti cod&{oThe received
signal at the sourc8;, y;, is shown as

®3)

wherez, = [ —z5 z7 ] is the second row of Alamouti code
andn; is the AWGN vector with zero mean and variangg.

The amplifying gainG is determined to satisfy the aver-
age power constraint between the relay and source,R.e.,
consumes the same amount of power as each source. In this
paper, we assume channel state information (CSl)-assigted
relay, i.e., the relay perfectly knows instantaneous \aloke
the channel gaing; and hy. Taking these information into
account, we have

E{lGyel?} =& {lsil2} =& {Jiwl }

yielding

Y, = hiGyg + hox2 + 11

(4)

1 —1
G* = (|hl|2 + |ha|? + 5) %)

a wireless AF relay network consisting of three terminals as

shown in Fig[ll. Two sources, namely andS,, exchange

the information through the assistance of an AF rdtajfach

terminal is equipped with a single antenna which operat@Q
in half-duplex mode. We also assume that the channel for

all links induces quasi-static fading, i.e., the channetams

wherey = P, /Ny is the average signal-to-noise ratio (SNR).
With sufficient large SNR, the amplifying gain can be tightly
proximated as

G? ~ ([ ]? + ha)?) ™ 6)

constant for a block spanning over at least six symbold-iS assumed that the two sources have perfect knowledge
intervals and varies independently for every block. Duehw t Of the corresponding channel coefficients to fully cancét se

channel reciprocity, we note that channel gainsfof— B
andB — A links, with A, B € {S;, S, R}, are identical.

The communications of the proposed two-way AF DASTC

scheme occur in three phases. In the first phase, $otnd
S, transmit the first row of Alamouti codé [12] tR with the

same transmit power per symbpl. The received signal at where h =

the relayR is given by
)

wheres; = [ s1 so ] andz; = [ 1 2 | are the two
first rows of the Alamouti codes generated By and So,
respectively. The channel coefficients for the link frémand
Ss to R, respectively denoted ds andhs, follow a Rayleigh
distribution, i.e.,hy ~ CN (0,91) and hy ~ CN (0,92).

Yr = h181 + hox1 + nR

The vectorng is the complex additive white Gaussian noise

(AWGN) with zero mean and variandgy.

In the second phas® amplifies the received signal, i.e
yr, With the same power constraint as in the first phase a
forwards toS, while S; sends the second row of the Alamout

code toS». The received signal at the soursg, y,, is written
as

)

where G is the scalar amplifying gain at the relagy ~
CN (0,9y) is the channel gain for the link betwe8n andS,,
SS9 = [ —SS
andn, is the AWGN vector with zero mean and variangg.

Yo = haGygr + hos2 +no

interference. Hence, the received signafatandS, given in
(3) and [2) can readily be formed, respectively, as follows:

y1=hX +2z (7)

Y, =hS + 2z (8)

[ Ghlhg ho ], z1 = GhlnR + Ny, 29 =

Ghong +n3, S = [ Sl* Sf }, and X = xl* xf }
—S2 51 —Ty Iy

Here, the new noise vecter, with i € {1, 2}, is the complex
Gaussian vector, i.ez; ~ No (0, No(1+ |hil? G2)Ig) tis
important to note tha$ andX are Alamouti space-time codes
constructed af; andS,, respectively.

IIl. AVERAGE SUM-RATE OF DISTRIBUTED ALAMOUTI
SPACE-TIME CODES WITH TWO-WAY AF RELAYING

In this section, we investigate the information-theorpgc-
formance of the proposed DASTC with two-way AF relaying

"Raesented in SectidnlIl. As mentioned above, since the @iann

model is assumed to be ergodic block fading, we can describe
the average sum-rate as follows:

2 1
—Ed Zlog,det (Io+ ———
Csum {3 0g, de < 2 + N0(1+G2|h2|2)
1
. A'R,A 9
No (1+ G2 ) )} ®)

where R, and R, are the covariance matrices of Gaussian

hTRsh>

2
+ 3 log, det <Ig +

sy | is the second row of the Alamouti codecodewords and the pre-fact@y3 accounts for the fact that

each source received information consisting of two symbols



over three time slots. Due to the orthogonality of Alamouf8y combining [IB), [(I4), and (15) withi (1L2), we obtain
codeword, it is easy to see thRt = E {SST} = 2P,I, and

R, =F {XXT} = 2P,I,. Then we can rewritd [9) as L=-Y Y "4, /Z" exp [~ (81 — a) 2]
u=1v=0 0
Csum: « H2’2 . ( 71) ( )3(1/2 1)
2 2 2
B 2108, 1+ 1oy Pkl + Thol? (1 * + hal?) 21 00,000, 0/2.1)
3 |ha|? + 2[ho/? - (1/2,1)
27,12 2 2 X Hiy |20z dz (16)
(14 2l lhal ol U2t e ]} (10) 12[ (v.1), (0,1 1
|ha|? + 2|h1|?

Then, the integral; can be calculated with the help of [14,
where [[I0) is established by the fact thatt (I + AB) = eq. (2.6.2)] as follows:
det (I + BA). For notational simplicity, let us denotg = -
29|h;|? with i = 0,1,2. Moreover, in the high SNR regime,; _ __3/2 —u—l
i.e., 7 is sufficient large, the average sum-réigm given in L= ZZA” (Br =)

, after some manipulations, can be tightly approximhate u:1v:10
ft I b htl fah (1+u,1)
as a+f1 )
7712022 (1/1,1);(0,1),(0,1),(1/2,1)
31n2 Y172 7172 1,[3:1],0,[3:2] o
Coum~E{In | ————— +E{In{ ——— 2a 1
§a! +2'72 ’72+2’71 atpBL (071)5(071) (§ ) (’U,l),(—’l},l)
n L 17)
_|_
+2E {lﬂ (1 + M)} (11)  whereH g v o M [1 is the generalized Fox'#/-function
n [14, eq. &2 1)] Slmllarly, we can obtain the closed-form
Is expression forls.

In order to calculate[{11), we first start our derivation by We next evaluate the integré} by utilizing the PDF ofl"
considering the similarity betweeh and I, in (I). To eval- derived in Lemmd12 given in the Appendix. From{32), we
uate the integral; we utilize the probability density function have

(PDF) of Z derived in Lemm&]1 given in the Appendix. From

(23), we have Zgn/ln A+t t+¢)~°
2 1 %
L = ZZ/A T557 Yexp(—f12)Ky (az)dz  (12) x o (3+n n+ 2, 2, _77) dt (18)
u=1v= OO
where Then we exchange the vanablé— = ILH and as-
sume that the relaying protocol is symmetric, i.§;, =
=9 /év B = 1 + 2 72, yielding n = 0. We next expresdn(l + (z) and
MRS T2 (1+2) 2R (a bic; 727 ) in terms of the Meijer's G-
Ao = a’, Ar=af function with the help "of [[I3, eq. (8.4.6.5)] and [13,

To further simplify [12), we will expressnz/(1 + z) and €d. (8.4.49.26)] as follows:

exp (—az) K, (az) in terms of the Meijer’s G-function with 1.1
the help of [13, eq. (8.4.6.13)] and |13, eq. (6.4.23.3)] as In(1+¢z) = Gys <§x ’ ) (19)
follows: ' 1,0

Inz bo [ ]0.0,1/2 a3 (1+2) " 3+n,n+%;%;%ﬂ)

— = —7ly’ z

142 3\ 0,0,1/2 —2-n,%

=Gy (x 2 ) (20)
) 14) 0,-2n

v, Y By combining [I9) and{20) witH (18), we have

where G} (+) is the Meijer's G-function[[13, eq. (8.2.1.1)].

exp (—az) Ky (az) = \/EGfg <2az

—9_n L _
Moreover the Meijer's G-function is a special case of the I = 25" /G%S . 2—-n,5—n
Fox’s H-function [13, eq. (8.3.2.21)] ’ 0,—2n
(ap) (G’P’l) 1.2 171
Gz =H™" |z 15 x Gy T dx 21
< } (bq) ] (1) (o) 22 (7] 10 @




The integral given in[(21) can be finalized in the form of Fox’s ‘TWO.way ‘DASTC (Ar;alysis)

H-function by using([15, eq. (7.811.1)] arid [13, eq. (8.313] 6l o Two-Way DASTC (Simulation) s
yielding I3 as follows: - o One-Way DASTC ./E/z//
T
2 0,1),(2n,1),(1,1),(1,1 %
_[3 _ ZgnHj’f < ( 3 )7( n? )17( 3 )7( 3 ) §: ’7} - O,O
n=1 7 (2+n71)a(n_571)3(171)3(071) ré ]/B/Z/Z/ e'@'
(22) g /D/D} = o
By substituting [ZI7) and(22) if.(11) and considering thet fac g, 3 J}} 1e° °
that I can be obtained in a similar form df, the sum-rate § 5 'O,,e"g
of DASTC with two-way AF relay can be shown as < o o7
or3/2 2 2 1 o lo uf; o Q=0,=0,=1
Cam= 20555 A () ;
k=1u=1v=0 0
- 0 5 10 15 20 25 30
aJrlﬁk (1+4+u,1) SNR (dB)
Hl,2,0,2,2 (1/111)7(011)7(011)7(1/2’1)
1,[3:1],0,[3:2] _ Fig. 2.  Average sum-rate of DASTC with symmetric relayingtpcol.
aio,ék (Ovl)a(071)3(%71);(1)31)7(_1)31) _ 9 ‘ ‘ ‘ ‘
oA el ©DeRD0D.0Y Tuotoy DASTC (Al
Pra— n 0  Two-Way DASTC (Simulation
324" (24 0,1), (n— 1,1),(1,1),(0,1) | | o OneWay DASTC %

(23)
IV. NUMERICAL RESULTS

In this section, we provide the numerical results to vettify t
proposed two-way DASTC and the correctness of our analysis
in two specific examples. The path loss of each link follows
an exponential-decay model: if the distance between the two
sources is equal td, then{)y < d~* where an exponent of

Average Sum-Rate (bps/Hz)
=
R
<)
S}
9

« = 4 corresponds to a typical non line-of-sight propagation o o =1

[7]. Here we assume that ttfs&8 — S, link has unit channel 1,;,@"@'@ Qf=92= 16

mean power, i.ef)y = 1. In the first example, we consider the ‘ ‘

symmetric relaying protocol, i.e = 21 = Q2 = 1. In the 0 5 10 15 20 25 30

second example, we assume that the geometry for locations of SNR (dB)

three communicating terminals is co-linear where the riday Fig. 3
placed half way between the two sources, €B.,= Qs = 16 o
andQy = 1.

Fig.[2 and Fig[B illustrate the average sum-rate of DAST®/e also derive the tight approximation for the average sum-
in two-way AF relay networks versus average SNR for theite of the proposed scheme. The closed-form expression
two considered examples. As can be observed from these #wp approximated sum-rate is given in the form of Fox’s
figures, the analysis is very tight from the middle to higiM-function which readily allows us to analyze the spectral

SNR regime. Specifically, from SNR=10 dB the analytical angfficiency of the proposed scheme. The numerical results
simulation curves perfectly match with each other whichfyer provided have validated our analysis.

the tightness of our approximation.

More importantly, the proposed two-way DASTC scheme
outperforms the conventional one-way system in terms of theThe following lemmas will be helpful in the paper.
spectral efficiency in the whole considered range of SNR.Lemma 1. Let~; andv; be statistically independent and not
In particular, at SNR=30 dB, the proposed scheme enhanté€sessarily identically distributed (i.n.i.d.) exporiahtandom
the average sum-rate to 3.8 bps/Hz in both Example 1 and&@iables with hazard ratg and?;, respectively. Suppose that
compared to the conventional one. It is interesting to oleserthe ratio of Z takes the form

Average sum-rate of DASTC with co-linear relayingtprcol.

APPENDIX

that with a fixed value of), the gain is unchanged, irrespective g (24)
of the relay’s location. Yi + 275
V. CONCLUSIONS Then, we obtain the PDF of random varialffeas

We have proposed a DASTC scheme for two-way AF pz(z) = azexp(—f;z) [aKo (az) + B:K1 (az)]  (25)
relay networks that circumvents the loss in spectral effitye
/=2 andg;
YiVi

. . . _ _ 1 2
inherently occurred in conventional one-way DASTC systerherea = 2 =5 *t3-

Vi Vi




Proof: Let us rewriteZ in a more tractable form as

Z=(X+Y)" (26)

whereX = 1/, andY = 2/v;. Then, after some algebraic
simplifications together with the help of [15, eq. (3.471.9)
the moment generating function (MGF) &f andY can be
expressed as, respectively

pw (w)

Following similar steps as in Lemna 1, we obtaif (w) as

2w

{ < 1 1 > ]
—exp|— | —+— |Jw
Y172 Y 2

2w 2w

() (e ()] o

By substituting [34) in[(33) and taking the derivative with

respect ta, we obtain the PDF of" as

Ox (s) =Ex {exp(—sx)} = 2\/§IC1 <2\/7€) (27)
Py (s) =Ey {exp (—sy)} = 2\/%’@ (2 ?) (28)

As can be seen fron_(P6), since/Z is the sum of two
statistically independent random variables, by using ¥
(28), the MGF of1/Z can be expressed as

Dy/7(s) =4 _2_ sKy (%/i) Ky <2 ?) (29)
YiYj Yi i

Then, the cumulative distribution function (CDF) df/Z,
Fy /7 (x), can be shown as

Fiz(r)=1- L7z (s) [s}i/e [3]

where£~1{.} stands for the inverse Laplace transform. From
(29) and [(3D) together with [16, eq. (13.2.20)], we have [4]

by

completes the proof.

(1]

[2]
(30)

Fz(z) =1— azexp(—Biz) K1 (az) (31)

[5]
wherea = 2 72—% andg; = % + 2. By differentiating [(31)

with respect tor and using the fact thé? 22l — i, | (2)— g
2K, (z) [15, eq. (8.486.12)], we obtaif (25) which completes
the proof. ]
Lemma 2: Let vy, 71, and v, be the three i.n.i.d. expo- [7]
nential random variables with hazard ratgs 7;, and 7-,

. a VL
respectively, then the PDF af = 'yo% is given by 8]

2
[9]
pr(t) =Y ngrdremaFi (B4 mn+ 11 40) (32)
n=1
where (10
4 \"T3B+n)I(3—n)
n=VTT —— @Wn
¢ \/_ (\/7172) r (7/2) -
_ 4 _ 21+ %)
W == W=
YoV17Y2 o (1172) [12]

_ 1 1 2 _ 1 1 2
C—’Yo<—+—+—), 77—’Yo<—+———>
T2 M2 T2 M2 [13]
and2F (a,b; c; z) is the Gauss hypergeometric function|[17j 4
eq. (2.12.1)].

Proof: SinceT = v, 2222, by definingV’ = 122, we (15]
have [16]
e wt
Fr(t) = / {1 — exp <——>} pw (w) dw (33) [17]
0 Yo

pr(t) = an

n=1

[rom[- (£ L) ]
wexp|—|—+—+—|w
0 71 Y2
0
xICn<

2w

dw
\/7172)

(35)

It is observed that the integral given in_{35) can be simplifie

using [13, eq. (6.621.3)] which results if_{32). This
[
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