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Abstract

It is widely recognized that the differential amplify-and-forward (DAF) transmission scheme is capable of
providing a superior performance compared to classic direct transmissions employing differential detection in slow-
fading channels and in fact it may even outperform coherent detection aided systems relying on realistic imperfect
channel estimates. However, in reality the channels connecting the multiple nodes of a cooperative system typically
become time-selective due to the relative mobility of the cooperating terminals. Hence, the performance gain achieved
may erode as the environment becomes more time-selective. Hence in this paper, we specifically design the multiple-
symbol based differential sphere detection (MSDSD) for the DAF-aided cooperative system, which is capable of

achieving a significant performance gain for transmission over time-selective channels.

. INTRODUCTION

Multiple antenna aided diversity techniques [1] constitute powerful arrangements of mitigating the deleterious
effects of fading, hence improving the end-to-end system performance, which is usually achieved by multiple

co-located antenna elements at the transmitter and/or receiver. However, it is often impractical for the mobile to
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employ a large humber of antennas for the sake of achievingeasity gain due to its limited size. Furthermore,
owing to the limited separation of the antenna elements; theely experience independent fading, which limits
the achievable diversity gain and may be further comprodntse the detrimental effects of the shadow fading,
imposing further signal correlation amongst the antennasach other’s vicinity. Fortunately, in multi-user wirste
systems cooperating mobiles may share their antennas a&r twdachieve uplink transmit diversity by formig a
virtual antenna array (VAA) in a distributed fashion. Thus, so-called cooperatiliversity relying on the cooperation
among multiple terminals may be achieved [2, 3].

On the other hand, in order to carry out classic coherenttiete channel estimation is required at the receiver,
which relies on using training pilot signals and exploite fiact that in general, the consecutive channel impulse
response (CIR) taps are correlated in time as governed byethieular speed, i.e. the Doppler frequency. However,
channel estimation for af/-transmitter,N-receiver MIMO system requires the estimation (@ x N) CIRs,
which may impose both an excessive complexity and a high pNerhead, especially in mobile environments
associated with relatively rapidly fluctuating channelditions. Therefore, in such situations, differntially eded
transmissions combined with non-coherent detection remuno channel state information (CSI) at the receiver
becomes an attractive design alternative, leading tordiffital modulation assisted cooperative communicatidhs [

It is widely recognized at low mobile velocities that DAFdad cooperative transmission [4] is capable of
outperforming classic direct transmission using cohedetg¢ction. However, the performance of the former scheme
rapidly degrades, as the channel connecting the multipteitals becomes more time-selective and/or dispersive.
Recently, in order to mitigate the error floor encountereddifferentially encoded direct transmission combined
with conventional differential detection (CDD) employiag observation window size of N;.q = 2, a multiple-
symbol based differential sphere detection (MSDSD) tespimiusingN.,ina > 2 has been proposed in [5, 6]. In
the light of the above observations, in this paper we spatlifidesign the MSDSD scheme for the DAF-aided
cooperative cellular uplink, improving its robustness itoe-selective propagation environments induced by the

relatively high-speed mobility among multiple coopergtimsers.

Il. SYSTEM MODEL

Now we consider &/ -user cooperation-aided system, where signal transmigsiolves two transmission phases,
namely, the broadcast phase-lI and the relay phase-Il. Im jpoases, any of the well-established multiple access

scheme can be employed by the users to guarantee orthogamsinission among them. In this paper, TDMA is
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Fig. 1. Multiple-Relay-Node-Aided Cooperative Commuitiima Scheme.

considered for the sake of simplicity. Furthermore, dueh® symmetry of channel allocation among users, we
focus our attention on the information transmission of tbarse terminall’s seen in Fig. 1, which potentially
employs(U — 1) relay terminalsl'g,, Tr,,- -, Tr,_, in order to achieve cooperative diversity by forming a VAA.
Without loss of generality, we simply assume the employnwérd single antenna for each terminal, and a unity
total powerP shared by the collaborating mobiles for transmitting a s;@vhnbamely,szz_l1 P., =1—- P, where

P, and P, represent the power consumed by the source node andtheslay node, respectively.

In order to avoid channel estimation in the user-coopemagioed systems considered, the source node differen-
tially encodes its information symbolsy[n] € M. = {e/?™™/M ;1 = 0,1,--- , M — 1}, each of which contains
log, M-bit information, as:ssq[n] = ssa[n — 1]vsq[n]. For the sake of mitigating the impairments imposed by the
time-selective channels on the differential transmissfoame-based rather than symbol-based user-cooperation i
carried out, which is achieved at the expense of both a hidbtction delay and increased memory requirements.
Hence, the source continuously broadcdstsdifferentially encoded DPSK signalgs[n], (n =0,1,---,Ly —1)
during phase-Il, while the destination as well as the relayitgals receive and store them. In the ensuing phase-Il,

the DAF scheme [4] is employed by the relay node. Specifictlly amplifed signal transmitted by theh relay
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1 ) T Y j2mm /M j2mm /M
S, = diag{s.a[n], - - ,ssa[n]} = diag{e’ Ly, ed H, X [ /Psh.aln], \/Psfan,, hary [nlhraln +1- Ly,
U elements U elements -
sV Psfaryey  hery g Inlhey _yaln+ (U —1) - Ly] ®)
wherem =0,1,--- , M — 1.
T
W, = |:wsd[n]7 fary wery In]hryaln +1- Lyl +wryaln+1- Ly, - famy, | Wsry g [0lhry_qaln+ (U = 1) Lyl + wry_qaln+ (U - 1) - Lf]:|
6
node can be expressed as:
STud[n + ULf] = fAM'ru Ysry, [n]a (1)
= fam,, (V/ Psssa[n]hsr, [n] + wer, [n]), 2

whereys,,, [n] is the received signal at theth relay node andf4xs,, is the gain provided by theth relay node
in order to ensure that the average transmit power ofutterelay node becomeB,. , which is given in [4] as
P,

T with 2. and N, being the variance of the channel’s envelope between thesaund the

fam,, =\ Pz Ty

uth relay node and the noise variance, respectively. We nawtoact asingle-symbol system model for the souce

node’snth transmitted symbol in the context of the TDMA-based usssperation aided system of Fig. 1 as:
Y,=S.H,+W,, 3)

whereS,,, H,, and W,,, respectively, are given by (4), (5) and (6) at the top of tketrmpage, which represent
the equivalent transmitted user-cooperation signal matrix, the equivalent channel matrix and theequivalent noise
matrix, respectively. The former one h&§ x U) elements, while both of the latter two ha{€ x N,.) elements,
where N, is the number of receive antennas.

Then, based on (4), (5) and (6), we can also construcedhiavalent multiple-symbol system model as:
Y=SH+W, )

where the received signal block mat&, which containsN,,;,q user-cooperation based received symbols cor-
responding toN.,,;,q consecutively transmitted differentially encoded symsbal;[n], (n = 0,1, -+, Nyina —
1) by the source node, namel}y, = [Y Y7, --- Y |7, and the channel's block matrid as

well as the AWGN block matrixXW are defined likewise a#l = H} H],, --- H] , _]7, andW =

Wl wl,, - Wl |7, respectively. Moreover, the diagonal block matrix of thensmitted signal is
constructed a8, = diag{S,, Snt+1, -, SntNuima—1}-
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Fig. 2. PDF of the received signd in (7).

I11. MUTIPLE-SYMBOL DIFFERENTIAL SPHEREDETECTION DESIGN FORDAF-AIDED COOPERATIVE

TRANSMISSIONS
A. Principle of Multiple-Symbol Differential Detection

We note that most terms iW,, andH,, of (5) and (6) do not exhibit a standard Gaussian distriloutidowever,
our informal simulation-based investigations suggedt e resultant noise processes are near-Gaussian disttibu
As a result, the probability density function (PDF) of theeiwed signal in (7) is also near-Gaussian especially for
low SNRs, as seen in Fig. (2). Hence, under the simplifyirguasgption that theequivalent fading and noise are
zero-mean complex Gaussian processes, the PDF of the menect receiver’s outpuY can be approximately
obtained based on its counterpart derived for the singlesmit-antenna scenario [7] as:

exp(=Tr{Y"¥'Y)

Pr(Y|Sy) ~ 8
T(_|_d) (T(UN’wind det(i))Nr ) ( )
where the conditional autocorrelation matrix is given by:
T =E{YY"|8,}, ©)
= S.&{HH"}8," + £{WW'}. (10)

Note that we consider Rayleigh fading having an autocdieidunction oft[x] £ E{h[n+k]h*[n]} = Jo(27 fak)

according to the widely-used Clarke model, whéeig:) and f; represent the zero-order Bessel function of first
kind and the normalized Doppler frequency, respectivehusl in the context of the DAF-aided user-cooperation
system of Fig. 1, the autocorrelation matrices of the chibane the noise are given by (11) and (13) at the top of

the next page.
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r'(0) (1) <+ T(Nwina — 1)
Hn
r(-1) r'(0) <o T(Nwina — 2)
e{HH"} =¢ [H; e H:L+N,wind71:| = . . . . )
Hot Nying—1
(1 — Nyina) T(2— Nwina) - r(o)
where
() 2 diag { Popbalud, Pofing,, @y ety alely o Pufine,, | @l oty alel} - 12)
S{WWH} =1IN,;nq ® diag {NUv (”fldfiMrl + 1)No, -, (JiU71deM"'U71 + I)NO} . (13)
With the aid of Bayes’ theorem [8], the decision metric of #e-MSDD can be expressed as:
Sy =arg min TT{XHi_ll}, (14)

SeCNwind
whereC is the user-cooperation based signal constellation sé tiat due to the use of the Gaussian approximation,

(14) becomes suboptimal in the context of the DAF-aided-useperation aided system of Fig. 1.

B. Multiple-Symbol Differential Sphere Detection Design

The equivalent user-cooperation based transmitted signaditix S; as constructed in (4) for the DAF-aided

cooperative system is a unitary matrix, hence we have:

S, '=s8,". (15)

Additionally, since the noise contributions imposed at tetay and destination nodes are both temporally and

spatially uncorrelated, thus the autocorrelavfc{r\NWH} is a diagonal matrix. Hence we can reformulate (10) as:

U = Sy(e{HH"} + e{WW'})s, ", (16)
= 84C84", (17)

where we have
C 2 e{HH"} + £{WW"}, (18)

which is defined as th€éU N4 x U Nyinq)-elementchannel-noise autocorrelation matrix. Then, the metric of

the ML-MSDD can be reformulated by substituting (17) ch&ezing ¥ in (14) and using (15), thus we arrive at:

Sy = arg min TT{XH(SdCSdH)_IX}, (29)
SeCNwind e
—arg min Tr{Y"S,C'S,7Y}. (20)
§ECNwind - -
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In the following discourse, we will transform the ML-MSDD nie of (14) to ashortest-vector problem by
assuming the employment of a single antenna for each terrfuinghe sake of simplicity, which in turn can be
efficiently solved by the multi-dimensional tree searchedidphere detector (SD) proposed in [9]. First of all, let
us now introduce a transformation operafi(-) for a single-column matriB constituted byN,,;,« number of

(U x 1)-element sub-matriceB,,, (n = 0,1, -+, Nyina — 1), which can be expressed as:
B=[Bj Bf --- By, " (21)

When the transformation operatidfy(-) is applied toB, we arrive at:

Y, 0 --- 0
0 0 - Ynyu1

where Y,, £ Iy.y ® BT, which has(U x U?) elements. Consequently, the resultant maffixB) constains
Nuwina block matricesY,, (n = 1,2, , Nyina) along the main diagonal of (22), leading (@ Noing X U2 Nuwind)

elements.

Consequently, given the operatBy(-) defined in (22), we can reformulate the ML-MSDD metric of (28}

S/t =arg min Tr{(Td(X)s*)HC_le(X)s*},

s—8SeCNwind

—arg min  Tr{sTT;(Y)?C'Ty(Y)s*}, (23)

s<—>§eCNuwnd
where

s = [vec(Sn)T vec(Sny1)T -+ vee(Sninga-1) ] . (24)

Then, by further constructing @ Nyina X U?Nyinad)-€lement upper-triangular block matri¥ as:
U 2 (FT4(Y))", (25)

where the(U Nying X UNuyina)-€lement upper-triangular matri®, which satisfiesF?F = C~! with the aid of

Cholesky factorization, we finally arrive at:

>

v =arg min  ||Us|?, (26)

s<—>§€CNwind

which completes the process of transforming the ML-MSDDrioeif (14) to ashortest-vector problem. Due to

lack of space, the well-established SD algorithm will notdegailed here, please refer to [9, 10].
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IV. SIMULATION RESULTS AND DISCUSSION

It is well-understood that the DPSK-aided non-cooperasiystem employing the CDD suffers from3adB
performance loss in comparison to its coherent-modulad&sisted counterpart in the context of slow fading
channels, i.e. when experiencing a normalized Doppleruiaqy of f; = 0.001, as seen in Fig. 3, where an
identical normalized Doppler frequency is assumed to babéed by each link of the user-cooperation aided
system. Thanks to the DAF scheme, the two-user cooperati®ed system, which attains the maximum achievable
diversity order of two, is capable of outperforming both bé tabove-mentioned non-cooperative systems without
requiring high-complexity channel estimation. Howevkg time-selectivity of the fast-fading channel may severel
impair the achievable performance of the CDD at the destinatode. More explicitly, observe in Fig. 3 that the
BER curve of the two-user cooperation-aided system levatsjust below10~3, as P/N, increases. For the
sake of exploiting the correlation between the channeliied phase-rotation experienced by multiple consecutive
transmitted DPSK symbols and hence to reduce the detrimiempact imposed by the time-selective channel on
the DAF-aided system considered, the proposed MSDSD udipg,; = 11 was employed by the destination
node at the expense of a higher computational complexitsndrieably, the error floor encountered by the system
employing the CDD in fast-fading channels was essentidilgieated. For example, the BER curve corresponding
to the MSDSD-aided cooperative system obtainedffo+= 0.03 coincides with that of its CDD-aided counterpart,
which was recorded for a relatively slowly-fading channgdaciated withf; = 0.001, resulting in a performance
gain of more thanl0 dB, at a target BER ofl0—3. Furthermore, the former system operating in a fast fading
channel havingf; = 0.01 is capable of outperforming the latter, even if the lattepjeerating in a slow fading

channel havingfy = 0.001.

fd,sa | fasr | fdrd
Scenario | 0.03 0.03 | 0.001
Scenario |1 0.001 | 0.03 0.03
Scenario 111 0.03 | 0.001 | 0.03
TABLE |

DOPPLER FREQUENCY ALLOCATION OF THREE DIFFERENT SCENARIOS

In Fig. 4 the BER curves corresponding to the three diffessr@narios of Table | are bounded by the two

dashed-dotted BER curves having no legends, which werénglotdy assuming an identical normalized Doppler
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Fig. 3. BER performance improvement achieved by the MSDSBleying N.,;»q = 11 for the DAF-aided DQPSK-modulated two-user

cooperative system in a time-selective Rayleigh fadinghoka
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Fig. 4. The impact of the relative mobility among the sourmsday and destination nodes on the BER performance of the-&idéd

DQPSK-modulated two-user cooperative system in Rayleggling channels.

frequency off; = 0.03 and f; = 0.001 for each link in the user-cooperation aided system, readygtin all the
three situations, only one of the three nodes in the two-cgeperation-aided system is supposed to move relative
to the other two nodes at a speed resulting in a normalizegofrequency 0f).03, while the latter two remain
immobile relative to each other, yielding a normalized Diepfirequency 0f.001. Since the channel quality of the

direct link characterized in terms of its grade of time-sBlity predetermines the achievable performance of the

May 2, 2009 DRAFT

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on June 22, 2009 at 14:06 from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

10

DAF-aided user-cooperation system employing the MSDSI} dbserved in Fig. 4 that the system is capable of
attaining a better BER performance in Scenariofl] {; = 0.001) than in the other two scenariog,(;q = 0.03).

On the other hand, the MSDSD-aided system exhibits a simpéaformance in Scenario | and Scenario lll, since
the source-relay and relay-destination links are symmatrd thus they are exchangable in the context of the DAF
scheme, as observed in (12).

V. CONCLUSION

A MSDSD scheme was proposed for mitigating the error floorentered by the DAF-aided user-cooperation
aided system in time-selective channels, leading to afsigni performance gain over the system using the CDD.
For example, given a target BER @03, a performance gain of abou® dB can be attained by the proposed
MSDSD employingN,...q = 11 for a DQPSK modulated cooperative two-user system in aivelgtfast-fading

channel having a normalized Doppler frequency)®f3.
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