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Abstract— Differential distributed space-time coding (D- accomplished by sending pilot (training) signals and using
DSTC) has been considered to improve both diversity and data channel estimation techniques, it is not feasible or efiicie
rate in cooperative communications in the absence of chanhe ;, relay channels as there are more channels involved in the

information. However, conventionally, it is assumed that elays icati M th tati | lexit
are perfectly synchronized in the symbol level. In practice this communication. Moreover, the computational complexityl an

assumption is easily violated due to the distributed natureof the ~Overhead of channel estimation increase proportionalty wi
relay networks. This paper proposes a new differential enading the number of relays. Also, all channel estimation techesqu

and decoding process for D-DSTC systems with two relays. The are subject to impairments that would directly translate to
proposed method is robust against synchronization errors iad performance degradation.

does not require any channel information at the destination . . L.
Moreover, the maximum possible diversity and symbol-by-sybol When no CSI is available at the relays and destination,

decoding are attained. Simulation results are provided to lsow differential DSTC (D-DSTC) has been studied in [6]-[8]. D-
the performance of the proposed method for various synchro- DSTC only needs the second-order statistics of the channels
nization errors and the fact that our algorithm is not sensiive at the relays. Also, the constructed unitary space-timee cod
to synchronization error. at the destination together with differential encodingviies

Index Terms—Distributed space-time coding, differential en- th tunity t | h t detecti ith
coding and decoding, synchronization error, OFDM, relay né¢ € opportunity to apply non-coherent detection withou an

works Sl.
On the other hand, due to the distributed nature of relay

. INTRODUCTION networks, the received signals from relays at the destinati

Cooperative communication techniques make use of the f&€ Not always aligned in the symbol level. This, so-called
that, since users in a network can listen to a source duripy’chronization error between relays, causes inter symbol

its transmission phase, they would be able to re-broaduast {iterference (ISI). For coherent DSTC, synchronizatiomer
received data to the destination in another phase. Thexdfor has been studied i [9]=[13]. However, their methods rexuir
overall diversity and performance of a network would beneffot Only the CSI of all channels but also the amount of syn-
from a virtual antenna array that is constructed coopeitiv chronization error between relays. Also, the preVIOl.JSIS.BJd.
by multiple users. on D-DSTC [6]-18] §1II assume that perfect synchronization i
Depending on the protocol that relays utilize to proced@€ Symbol level exists between relays. _
and re-transmit the received signal to the destinatiorayrel B2s€d on the above motivations, in this article, a differ-

networks have been generally classified as decode-andfgrn"tial encoding and decoding process is designed to combat

or amplify-and-forward [[1]. Among these two protoco|S'synchron|zat|on error when neither CSI nor synchronizatio

amplify-and-forward (AF) has been the focus of many studigielay are available at .the des.tination. We F:onsider the case
because of its simple relay operation. Moreover, dependiﬂbat a source _comm_umcates with a destination via two relays
on the strategy that relays utilize to cooperate, relay og¢wy 2Nd the received signals from the two relays may not be
are categorized as repetition-based and distributed dpraee aligned. All channels are assumed to be Rayleigh flat-fading

coding (DSTC)-based [2]. At the price of higher complexit)ff‘nd s_lowly changing over time. The effect of sync.hronizratio
the latter strategy yields a higher spectral efficiency tten error is modeled as the effect of frequency-selective calsnn
former [2]. and differential encoding and decoding are combined with

In DSTC networks([2]4]5], the relays cooperate to combin@’ OFDM approach to circum\{ent bo_th chann_el estimation
the received symbols by multiplying them with a fixed ofnd the I_SI. At the source, differential encoding and the
variable factor and forward the resulting signals to the- delflVerse Discrete Fourier Transform (IDFT) are employed. At

tination. The cooperation is such that a space-time code!§ relays, essential configuration and a protecting gueed a
effectively constructed at the destination. Coherent fiete applied as will be detailed later. At the destination, thedDéte

of transmitted symbols can be achieved by providing the iﬁ_ourier_Transform (DFT) and differen_tial dgcoding areimid_
stantaneous channel state information (CSI) of all tragsioi to obtain a symbol-by-symbol decoding with low complexity.

links at the destination. Although this requirement can bE'® Proposed method does not require any CSI or the amount
of synchronization error and provides significant perfanoea

This work was supported in part by the NSF Award CCF-1218771. improvement compared to cases with symbol misalignment.
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Fig. 1. Cooperative network under consideration, Sourcensonicates with lays over two time-slots, wherg, is the average transmission
Destination through two relays. power per symbol. The channel from Source to ttrerelay
(SR;) is assumed to be Rayleigh flat-fading and quasi-static

] ) ) ) during each transmission block. The coefficient of fig;
S|rr_1ulat|on results show the effectlveness_of this methad f@5nnel is represented lgy ~ CA(0, 1). The received signal
various values of errors. A performance difference of atbun; iheth relay and at theth time-slot is
3 dB is seen between our method and that of coherent DSTC
with perfect synchronization. TEJ]-C) =25 qz'S;k) + zl-(f), i,j=1,2, ©)

The outline of the paper is as follows. Sectfoh Il describes (k) _ i _
the conventional system model and the problem statemeffi€rézi; ~ CN (0, Ny) is the noise element at thith relay
In Section(Tll, the proposed method is described. Simutati@nd jth time-slot. The average received SNR per symbol at
results are given in Secti@mlV. Sectioh V concludes the papl® relays isfy /No.

Notations:(-)¢, (-)* and|- | denote transpose, complex con- Relays 1 and 2 configure their signals as

jugate and absolute value of a complex number, respectively xgk_) A rgk_)7 j=1,2
Iz and0y are theR x R identity and zero matrices, respec- (Z) e . ® (4)
tively. CA(0, 021g) stands for circularly symmetric Gaussian Ty = —ATy , Xy =Ary

random vector with ZEro mean and covariancd . E_{'} where A = /P,/(Po + Np) is the amplification factor and
denotes the expectz?\tlon op_erathjn.H denote_s the Euc_hdean P, is the average transmission power per symbol at the relays.
nhorm of a ve_ctor.® is the C|r9ular con\{olut|on operatiotE Here, the total poweP is allocated between Source and the
is the set of integer numbersnc(z) = sin(wz)/(7x). relays asPy = P/2, P, = P/4.

Next, in Phase Il,z1; and z,; are simultaneously trans-
mitted from Relays 1 and 2, respectively, to Destinatione Th
In this section the system model based on the conventiochhnnel from theth relay to DestinationK;D) is assumed to

D-DSTC system[[6] is recalled. The wireless relay networte Rayleigh flat-fading and quasi-static during each trasism
under consideration is depicted in Fig.. 1. There is one sgursion block. The coefficient of th&,;D channel is represented
two relays and one destination. All nodes have one antertha &y g; ~ CA(0, 1). The common assumption is that both relays
transmission is half-duplex (i.e., each node can only trans are perfectly synchronized in the symbol level. Howeveg du
or receive at one time). The wireless channels between tioethe distributed nature of relay networks, relays may have
nodes are all flat-fading channels. In the conventional Mifferent distances from Destination. Therefore, sigrfedsn
DSTC system, information bits are converted to symbols frothe relays would arrive at different times. Let us assume tha
constellation se (such as PSK, QAM) at Source. Let uDestination is synchronized with Relay 1 and the signal from
assume that two symbols, v € V are going to be sent from Relay 2 arrivesr seconds later at Destination. This is shown
Source to Destination. The transmission process is dividedFig. [2. It is assumed that < 7 < T, whereT; is the
into two phases and sending two symbols from Source $gmbol duration.

Destination in two phases is referred to as “one transmissio The received signal at Destination is passed through
block”, indexed byk € Z. First, symbols are encoded to aa matched-filter and sampled at integer multiples Taf

II. CONVENTIONAL SYSTEM AND PROBLEM STATEMENT



IEEE Globecom, 2014

where
y® = [y§k) yék)r,
hi1 = q191, h2o = ¢3920, h21 = @321,
wk) Mk) wgmr ’ )
ol =nl + 4 (gAY — g0z +gman )
wék) = ngk) + A (glzgg) + ggozg‘ik) - gglzgim) )

As it is seen, in addition to the desired signal, an addifiona

term appears in the system equation. Foe 0, i.e., perfect

synchronization, this term is zero and the equivalent noise
2

vectorw(®) is CN(0, 0°1;), whereo? = No(1+ A2 Y [gi[?)
=1

2
and the average received SNRqis= A2P 3" |g;|*/0?, for

-2

given g1, g.. However, forr > 0, this ternlf\llvould cause a
Fig. 3. Received signals from Relays 1 and 2 at Destinatiter #fe matched- sjgnificant ISI and the equivalent noise becomes correldted
filter using a raised-cosine pulse-shape with roll-off dagt = 0.9 andr = . . .
0.3, all the channel information and the delaywere available at
Destination, the transmitted symbols could be jointly dafszh
However, if the information is not available (system under
consideration), one can treat the ISI as noise. In this case,
The baseband signals from the two relays, assuminging [2) and assuming that channel coefficients are canstan
the raised-cosine pulse-shape and matched-filig) = during two consecutive blocks, the data symbols can be
sinc(t/Ty) cos(m Bt/ Ts) /(1 — 45%t2/T?), [14] with roll-off conventionally decoded as
factor 3 = 0.9, are depicted in Fid.]13. As seen in Fid. 3, the o . *) (k)< (k1)
sampled signal after the matched-filter is the super-mositf v1, U2 = atgmim [y™ = V®y I (8)
three signals. One signal from Relay 1, whose peak valuel_i|
at the sampling point, contributes in the sampled signaoAl
depending onr and p(t), two fractions of the signal from
Relay 2 contribute in the sampled signahe received signals I1l. PROPOSEDMETHOD
at Destination at block-indefk) can be written as

%Wever, the conventional D-DSTC performs poorly in case
of synchronization error as will be shown in Sectiod IV.

In this section, we propose a method for combating the syn-
chronization error in the above system. The method combines
*) (%) (k) (=1) (k) differential encoding and decoding with an OFDM approach
Y17 =91711° + 92072 + G21%9 (5) andis referred to as Differential OFDM (D-OFDM) DSTC. To
S =12 4 gooalt) + go1alt) 4 _establigg tdhe notation, first a brief review of OFDM systems
is provided.

h ) T ) 4 n® A. OFDM System

where = ) = s — ,and n;’ ~ . L
CN(0 ]%200) jp:(Tlg; g?é the gc()ise elgrgént at Dejstination Frequency selective channels are usually modeled wittefinit
Thus, the effect of synchronization error is collected imgnpulse_ response (FIR.) filters in the base-pand. The channel
quantitiesgao and go1. Note that, depending on the numbePutput is the convolution of the channel impulse response

of side-lobes of the pulse-shape filter, more terms may ap ggd inpgt sequence which Iead_s to ISI. OFDM is a lO\_N
in @). In our model, the small contributions of the sidedsb complexity approach to deal with the ISI encountered in
of p(t) are neglected frequency-selective channels as explained in the follgwin

o . ) . Let {z[n]}, n = 0,---,N — 1 represent the data sym-
By substituting[(B) and_{4) intd{5), the received signals g5 of lengthN and {ho, --- , hz_1} represent the discrete-

Destination in the matrix form can be expressed as time channel of lengthZ. The N-point IDFT defined as
N—-1
X[m] = IDFT{z[n]} = 1/VN 3. z[n]exp(j2rnm/N), is
n=0
W _ 4|51 —si| [ applied to obtain sequenceX[m|}, m = 0,---,N — 1.
Y Av2h |:82 s3 ] [hgo] Next, a cyclic prefix is appended to the beginning of sequence
(o) {X[m]} as{X[N — L], , X[N —1], X[0],-- , X[N 1]}
+ A\/2Pyhoy |71 Lo | T w® (6) and the result is injected to the channel. Let us assume that
952 the additive noise is zero. The channel output sequena, aft
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pET P The received signals at the relays forn =0,--- ,N — 1

v1[n] il are expressed as

> V[n| Diff. o
velnl | USTC 7| Encod. \ Rij[m] = /2Pog;Sj[m] + Zij[m], 4,j=12  (10)
$a[M o S2[m)] where Z;; [m] ~ CN (0, Ny) is the noise elements at Relay
and sub-blockj.
The received signals at Relays 1 and 2 form =
Fig. 4. Encoding process at Source 0...- N —1 are configured as

Xl][m]:Ale[m]v j:1725
removing the firstL received symbols, i[m] = h ® Xo[m]=—-A é;Q[mL (11)
X[m], m=0,---,N—1. Now, the N-point DFT defined as

y[n] = DET{Y[m]} = 1/VvN NE;::Y[m] exp(—j2mmn/N)

's applied to obLtziilry[n] = Hlplzln), n =0, N =1L e reversal [15] of Ry;[m] defined as
where H[n] = > hjexp(—j2nin/N). Using OFDM, the

_ =0 _ _ 5 o1 ) Ryylo], m=0
ISI is removed and thd.-tap frequency-selective channel is Raj[m] = {RQJ- [N —m], otherwise
converted toN parallel flat-fading channels.

In the next section, the proposed method is described
detail.

Xoo[m] = A Ry, [m],

where A is the amplification factor anégj [m] is thecircular

(12)

fore transmission, the lasf, symbols of sequences
ijlm]},i,7 = 1,2 are appended to their beginnings as the
cyclic prefix to obtain

B. Differential OFDM DSTC {XU[N - L], s ,Xij [N - 1], Xij [0], s ,Xij[N — 1]}

Using Eq. [(5), the effect of synchronization error is modelewith length N + L. Here, L is the cyclic prefix length
by a frequency-selective channel with two taps and the OFD#&termined based on the amount of delay between the received
method is utilized to remove the ISI. Similar to the conversignals from both relays and will be discussed shortly.
tional method, a two-phase transmission process is emgloye In Phase II, Relay 1 transmits sequende$,;|[m|} and
However, instead of two symbols, a sequence of symbdl&,[m]}, while Relay 2 transmitg§ Xo;[m]} and{ X22[m]},
will be transmitted during each phase. In Phase |, Sourfs m = —L,---,0,---, N — 1, during two consecutive sub-
encodes data information as depicted in Eig. 4 and transniilscks or2(N + L) symbols, to Destination.
2N symbols to the relays. Then, the relays apply a specialAt Destination, without loss of generality, let us assume
configuration, appen2lZ symbols and transm#(N+L) sym- that the received signal from Relay 2 (g7 + 7) seconds
bols to Destination in Phase Il. Finally, Destination rem®v delayed with respect to that of Relay 1, wherés an integer
the 2L symbols and decodes ttf2V symbols. Transmission number and) < 7 < T,. Thus, to avoid ISI, the cyclic-prefix
of 2N symbols from Source to Destination in two phases length is determined a& > d. If the delay, as shown in
referred to as “one block transmission”, indexed by Z. Fig.[2, is less than one symbol duratidn= 1 is enough. In
The description of each step is described in detail as falowpractice the relays do not need to know the delay and, based
Let us consideRN data symbols, to be transmitted fronon the propagation environment, the maximum value!l af
Source to Destination, into sequendes|n|}, {v2[n]}, n = the network can be estimated and used to determine the cyclic
1,---, N of length N. The two sequences are then encodeafefix length.

to USTC matrices based ofil (1) to obtafiVin|}, n = In this case, the received signals during two sub-blocks,
1,---, N. Next, matricesV[n|} are differentialy encoded asafter removing the first. symbols, can be expressed as
Y, =qnX X —d
S[n]®) = V] ®s[n)-D = [#1[ 1fm] = o Xubm] + 20Xl = )
sa[n]|’ 9) + g1 Xo1[m — 1 — d] + Wy [m]
sjn] =01 0, n=0,---,N—1, = g1X11[m] + (g2[m] ® Xa1[m — d]) + Wi[m],
m=0,---,N—1

to obtain sequencess [n]}*), {so[n]}*®), n=0,--- N — (13)

1 of length N. From now on, for simplicity of notations, the
block-index(k) is omitted.

Yo m] = g1 X12|m] + gooXoa|m — d
Then, the N-point IDFT is applied tdsi[n]}, {sz2[n]} 2lm] = g1 X1zlm] 920 Xon| ]

+ 921X22[m —1- d] =+ Wg[m]

sequences to obtai;[m] = IDFT{si[n]} and Sa[m] =

IDFT{s3[n]}, m =0,---,N — 1. The obtained sequences = 91X12[m] + (92[m] ® Xaz[m — d]) + Wa[m],
{S1[m]} and{Ss[m]} are then transmitted consecutively from m=0,---,N—1

Source to the relays over two sub-blocks, in Phase I. (14)
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1 20 : :
wheregs[m] = > gad[m —1]. =0&1
=0 fm————T=
By substituting[(Ill) and(10) into the above equations, 0 195 | T:g'j z 8'2 1
obtains, form =0,--- ,N — 1 b
----1=05
o 19 S L
= AV2P (h151 [m] — ha[m] ® S3[m — d]) @ Yo Tl LT
+A(manmpgmm®égm—ﬂ)+www,(w)EEE N T g :
18- \\ A 1
= AV2Fy (M Salm] + halm] @ 5;[m — d]) . ,
+ A (91 Z1alm] + galm] @ Zislm — d]) + Walm], (26) St
. . , _ Y7 14 21 28 35 42 49 56 63
where sequences,;[m| and Z,;[m] are the circular time- n

reversal of sequenceS;[m| and Z;[m], respectively, as Fig. 5. Average received SNR vs.andr, N — 64, I, = 1, P/No — 25dB,

1
defined in [@R).h1 = qug1, ho[m] = 3 hoidlm — 1], hog = 0= P/2,P; = P[4, |g1]* = |g2|* = L.
=0
45920, h21 = ¢3g21, and as defined in Secti. Il.
By taking the N-point DFT oft; [m sequences and Also, the received SNR per symbol, for given, g» can be

the properties of circular time- reveﬂaﬂequences fon = obtained as
0,---,N — 1, one derives B A2Py (|12 + |g2|2cln])
N ~y[n, 7] = 5 3 3 ) (22)
y1ln] = A\/2Py (hysi[n] — Ha[n)s5[n]) + @1[n], 17 No (14 A%(|g1]* + |g2[?c[n]))
ya[n] = A\/2Py (hysa[n] + Haln)st[n]) + wa(n), (47) With the raised-cosine filter defined in Sectlohp(r) = 1
andp(Ts — 7) = 0 for 7 = 0 and hence[n| = 1. Thus, the
with noise variance and the received SNR of the proposed system
Haln] = ¢3Gal[n], are the same as that of the conventional D-DSTCrfet 0.
However, forr # 0 the average received SNR is a function
Ga[n] = (g20 + g21e 32””/N) e d2md/N, of 7 andn. To see this dependencyjr, n| is plotted versus
. n and 7 in Fig.[3, whenN = 64,L = 1, P/Ny, = 25dB,
%l [TL] A(glzll[ ] GQ[TL]ZEQ[”]) +wl[n]a (18) Py = P/2,Pr _ P/4 and for SlmpIICIly|gl|2/: |92|2 - 1.
waln] = A(gr212[n] + Galnlzg [0]) + w2(n], As can be seeny|[r,n] is symmetric around its minimum at
z11[n] = DFT{Z11[m]}, z22[n] = DFT{Zs2[m]}, n = N/2—1. Also, overally[r, n] decreases with increasing
212[n] = DFT{Z12[m]}, 221[n] = DFT{Zy1[m]}, and reaches its minimum valuerat= 0.57. Then it increases
wi[n] = DFT{W,[m]}, ws[n] = DFT{Wa[m]}. With increasingr toyvardsTS such thaty[r, n] = v[Ts — 7, n]. _
This phenomena yields the same average BER for symmetric
Clearly, z;j[n] ~ CN(0,No) and w;[n] ~ CN(0,N,) for values ofr around0.5Ts, as will be seen in the simulation
i,j=1,2. results.

The received signals for the block-indék), y[n]*) = By writing (I9) for two consecutive block-indexé), (k —
[yiln] w2[n]], in the matrix form, for0 < n < N — 1, 1),using[9)and assuming that and H>[n| are constant over
can be expressed as two consecutive blocks, the differential decoding is aggbfior

W sl [ ] @]
k S1|n —52 n 1 w1 n
>—Avﬂ%Lm4 qm][&mJ+LhM} 1[n), 5afn] = arg min ly[n]® — Vin] y[n] V], (23)
19
It is pointed out that, for giveny, g, the equivalent (noi)se to decode th@ N data symbols. Because of the orthogonality
[@1[n] @a[n]]t ~ CN(0,02[n]I,), where of_ V[n|, symbols v;[n],ve[n] are decode_d independently,
without any knowledge of CSI or delay. It is easy to see that,
o?[n] = No(1 + A%(|g1]? + |g2)c[n]), (20) due to the structure of Ef.{119), the desired diversity of tsvo
c[n] = |p(r) + p(Ts — T)eijTrn/N|2. (1) achieved in this system.

IV. SIMULATION RESULTS

Uf S[m] = IDFT{s[n]} then S*[m] = DFT{s*[n]}. Also, circular . . . . L .

time-reversal operation converts DFT to IDFT and vice veisa, ifso‘*[m] is "_1 this sectlo-n the relay network "_1 FI ,l is simulated !n
the circular time-reversal of sequensé[m] — DFT{s*[n]} then$*[m] — Various scenarios. Through these simulations, the eftecti

IDFT{s*[n]} [A5]. ness of the proposed method against synchronization exror i
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Fig. 6. Simulation for BER of D-OFDM DSTC (proposed methdd, =

of around 3 dB is seen between coherent DSTC with perfect
synchronization and that of D-OFDM DSTC.

V. CONCLUSION

While collecting channel information is challenging, syn-
chronization error is also inevitable in distributed sp#oee
relay networks. Hence, in this paper a method was proposed
that does not require any channel information and is very
robust against synchronization error. The method combines
differential encoding and decoding with an OFDM-based
approach to circumvent channel estimation and deal with syn
chronization error. It was shown through simulations tiat t
method works well for various synchronization error values
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