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Abstract— The application of distributed space-time coding ~ Simulcast networks are, for example, employed for broad-
schemes in a simulcast network is considered, and a key chafige  casting or for paging applications, i.e., either when many mo
is addressed which arises in the downlink: Since the local odt&-  pije users shall be served simultaneously or when the positio

tors employed at the individual transmitting nodes may indg@en- n inale desired - K c ti I |
dently differ from the nominal carrier frequency, frequency offsets 0! @ SINQI€ desired User Is unknown. Lonventonally, severa

will occur between the individual transmission signals. Theriflu- S€rving nodes simultaneously transmit the same signagusin
ence of these frequency offsets on the performance of a spiicis- the same carrier frequency. In cellular networks, simuiogs
tributed space-time coding scheme is investigated, and dosimu-  may be used in areas that are served by multiple base stations
lative and analytical results are presented. Appropriate BCeVer- iy order to reduce the probability of shadowing. However, con-
sided counter measures are considered and possibilities edis- . - - - . : . ’
cussed to estimate the occurring frequency offsets at the ceiver. ventional Slmulqastlng does not yield a dlyerSIty gain [6]'.
In a relay-assisted network, the transmitted signal of tager
source node, e.g., a mobile station, is received by sevelaf r
nodes, which then forward the signal to a certain destination
node. Relaying may either be performed by fixed stations or by
other mobile stations, as in [8]. Application examples ideu
|. INTRODUCTION cellular systems, sensor networks, and ad-hoc networks.
N WIRELESS communications, system performance is Distributed STC techniques are suitable both for simulcast
often limited by fading, caused by non-constructive intepetworks and for relay-assisted networks. In particulae/ay-
ference due to multipath signal propagation. Counter nreasu assisted network may be viewed as a special type of simulcast
that exploit some sort afiversity, significantly improve perfor- network, if only a few transmission errors occur between the
mance. source node and the relay nodes and if the individual relays
In this context, the application of multiple transmit (Tx)simultaneously transmit on the same carrier frequency.
and/or multiple receive (Rx) antennas has recently gainethm  Within the scope of this paper, the focus is on simulcast net-
interest [1]. Utilizing the benefits afpatial diversity, multiple works. A key challenge shall be addressed that arises in the
antenna systems promise large gains over conventiona)-(1>xdownlink The local oscillators (LOs) employed at the individ-
systems with only one Tx and one Rx antenna - especially 4l transmitting nodes may independently differ from thenno
rich scattering environments. Spatial diversity resuitsrfthe inal carrier frequency., because a coupling between the LOs
fact that the individual transmission paths from the Tx mntecannot be presumed. Due to this, frequency offsets with réspec
nas to the Rx antennas are likely to fade independentlythe. to f. will occur between the individual transmission signals.
probability that all paths are degraded at the same timegis si The paper is organized as follows: Section Il introduces the
nificantly smaller than the probability that a single trafssion  topology of the simulcast network as well as the class of STC
path is in a deep fade. schemes considered throughout this paper. Focus is on the wel
In a multiple antenna system, signal processing is not orkpown Alamouti scheme for two Tx antennas [11],[12].
performed in the time domain, but also in the spatial domain, In Section Il itis shown that the orthogonality of the Alam-
i.e., across the individual Tx and Rx antennaSpace-time Outi scheme is lost in the presence of frequency offsets (see
codes (STCspr multiple antenna systems, such as space-tira0 [13]), which causes severe performance degradations if
trellis codes (STTCs) (e.g. [2],[3]) and space-time blookes Ccounter measures are a_tpphed. Three Qn‘ferent receiverepis
(STBCs) (e.g. [4],[5]), yield an additional diversity andtod- are ponsmjered and thelf performance is determined on #ig ba
ing gain compared to the (1x1)-system. With STCs, multipf simulative and analytical results:
antennas are only required at the transmitter, whereaspteulti () Conventional Alamouti detection using the hermitian con
Rx antennas are optional. jugate of the equivalent orthogonal channel matrix.
The concept of multiple antennas may be transferrezbto (ii) Zero-forcing detection using the inverse of the eqleva
operativewireless networks, in which multiple (single-antenna)  orthogonal channel matrix.
nodes cooperate in order to realize a joint transmissiat-sti(ii) Maximum-likelihood detection.
egy. Just as in a multiple-antenna system, the nodes may kxthis context, the following scenarios are addressed:
ploit spatial diversity by sharing their antennas in theteghof (a) The occurring frequency offsets are perfectly knownat th
adistributedSTC scheme (‘cooperative diversity’). Examples  receiver.
for cooperative wireless networks include simulcast nekkwor (b) Non-perfect estimates of the frequency offsets are -avalil
(e.g. [6],[7]) and relay-assisted networks (e.g. [8]-)10] able at the receiver.

Index Terms—Wireless communications, cooperative networks,
distributed space-time coding techniques, frequency oféts.



Throughout the paper, the normalized frequency offset

Txy CV = AfuT (2)

" is of interest, wherd" denotes the symbol duration. It is as-
sumed here that, | < 0.04 for all v, which appears to be rele-

vant for most practical wireless communication systems.

IIl. | NFLUENCE OF THEFREQUENCY OFFSETS

In this section, the influence of the frequency offsets intro
duced by the individual transmitting nodes shall be ingegéd
on the basis of a distributed Alamouti schemé=£ 2). To start
with, the Alamouti scheme is briefly reviewed. Throughout this
Fig. 1. Simulcast network wittV transmitting nodes and one receiving nodepaper, the equivalent complex baseband representaticeds u

Afip

(c) The frequency offsets are completely unknown at the r@- Review of the Alamouti Scheme
ceiver. The Alamouti scheme [11] was designed for quasi-static
Concerning scenario (b), two possible frequency-offset déequency-flatfading channels. In the Alamouti schefeary
timation techniques are discussed in Section IV: A traininglata symbols are processed as ppifg], z[k+1] ] and trans-
based estimation method and a blind estimation methduitted over two antennas according to
Specifically, it is illustrated that frequency-offset esdition in

cooperative wireless networks is more difficult than frequen 5 1 - z[k] ~ —2*[k+1] | ¢— Time index k
offset estimation in systems with only a single transmitting zlk+1]  z*[k] <— Time index k+1
node. Concluding remarks are given in Section V. 0 0

Antenna 1 Antenna 2 3)

Il. SIMULCAST NETWORK TOPOLOGY AND CLASS OF

DISTRIBUTED SPACE-TIME CODING SCHEMES where(.)* denotes complex conjugatibriThe Alamouti matrix

) . _ Alk] is orthogonal and
An example for a simulcast network witly transmitting

nodes and one receiving node is given in Fig. 1. It is assumed AU[E] A[K] = (|g;[k;]|2 + |z[k+ 1]|2) I, (4)
that all nodes employ a single antenna. If no shadowing oc-

curs, a diversity degree df may be achieved by means of afyhere AH[£] is the hermitian conjugate ak[k], andI, is the
appropriate distributed STC scheme f§r Tx antennas. For jgentity matrix of size 2 x 2).

instance, an orthogonal STBC [4],[5] may be employed. Ongijven a quasi-static frequency-flat fading channel, each
the one hand, orthogonal STBCs achieve full diversity imer transmission path from Tx antenma(v = 1, 2) to the Rx an-

of the number of transmitting nodes. On the other hand, thgshna can be modeled by means of a single complex-valued
have another property that is desirable for the applicatfufer channel coefficient, , which is constant over the duration of an
consideration [9]: Ifany subset ofn < N transmitting nodes entire data block. Taking into account the space-time nmappi

is completely obstructed due to shadowing, orthogonal STBggcording to the Alamouti matriA[#], the received symbols

still grant a diversity degree ¢fV —n). A drawback of these ;%1 andy[k-+1] are given by the following matrix equation [16,
STC schemes is, however, that f§r> 2 no orthogonal STBC cp. 7.3.2]:

exists with a temporal rate of one [14]. Fof = 2, the well-

known Alamouti scheme [11], which also belongs to the clas y[k] .

of orthogonal STBCs, provides a temporal rate of one; theret y*[k+1] | ~ ®)
fore the focus shall be on this case here. Even if there are mof—— ——

than two transmitting nodes available, it may still be uk&u ylk]

employ the Alamouti scheme — in conjunction witlselection hi  —hs z[k] n[k]
diversityscheme [15] choosing those two nodes that are associ- ¢ [ h h} ] [ o*[k+1] ] + [ n*[k+1] ]’
ated with the best transmission paths toward the receividg,no - -~ - ~ - ~ -
e.g., in terms of signal-to-noise ratio (SNR). Heq x[k] n[k]

In the following, it is assumed that theth transmitting node . o
(Tx,) of the simulcast network has a frequency offdef,,, Wherec>0is areal-valued normalization factaandn/[k] and
and the receiving nodeRf) has a frequency offset f, (cf. n[k+ 1] denote samples of a complex additive white Gaussian
Fig. 1). Then, the overall frequency offset associated with t

. . L Ln thi . the ti d of the original matrix [11]dsedi
transmitted S|gna4,,(t) is given by [13] n this paper, the transposed of the original matrix [11]de

2For a fair comparison with a (1x1)-system, the overall traitteoh power
should be normalized with respect to the number of Tx antensesd, i.e.c

Af, = Afy, — Af,. (1) should be chosen as= 1/+/2.



noise (AWGN) process with zero mean and variangetaken (b) Non-perfecestimates, of the frequency offsets are avail-

at time indexk andk + 1, respectively. The equivaler2 & 2) able at the receiver, where
channel matrixt,, is orthogonal, which is due to the orthog- L
onality of the Alamouti matrixA[k]. This property enables =0 + .

maximume-ratio combining (MRC) at the receiver by means of
the following simple matrix multiplication, provided thate
channel coefficients are perfectly known:

Then, the receiver may use the matrix

oo hy - ei2mCik —hy - @27k
zlk] = HY y[k] = cHE Heo x[k] + HY n[k], where CLE T py L eiznba(b) pr gmiznGi(k+D)
ngHeq _ (|h1|2 + |h2|2) L =0 6) fpr sympol detection. Dependlng on the quality of the es-
timates(,, the orthogonality loss may be more or less se-
=0 vere. The desired symbols are not necessarily combined in
) - ) a constructive way anymore, and the non-zero secondary
andz[k] =[z[k], z*[k+1]]" denotes the soft estimate »fk]. diagonal elements of the product matrix
As can be seen, the orthogonalityldt,, leads to a decoupling
of z[k] andz[k+1] in terms ofindependensoft estimates|k] ﬁ: JE HegK] = O[]

andz[k+1]. Due to the diagonal structure &, the desired

symbols are always combined in a constructive way, because may cause significant interference between the data sym-
they are multiplied by a sum of absolute terms. The noise, how- bolsz[k] andz[k+1].

ever, is combined incoherently (mater}q), which leads to a (c) The frequency offsets are completelyknown Then, the

diversity gain over the (1x1)-system. receiver will still use matrixHe, for symbol detection.
Depending ork, the diagonal elements of the product ma-
B. Orthogonality Loss Due to Frequency Offsets trix HLH ] = X0
The orthogonality of the Alamouti scheme is lost in the pres- eq Hea[k] = Y[k] _
ence of frequency offsets, (v = 1,2) [13]. This will cause can be close to zero whereas the secondary diagonal

more or less severe performance degradations, depending on elements can assume large values. This will cause severe
whether the receiver is able to exploit knowledge about the fre  performance degradations.

quency offsets. . In the following, two enhanced receiver concepts shall be dis
In the following, it is assumed that the receiver has perfeglissed, namely zero-forcing (ZF) detection (e.g. [17])d an

knowledge of the channel coefficierfis andh at the begin- maximum-likelihood (ML) detection, where the focus is on the
ning of each data block, so as to isolate the effects of the fighove scenarios (a) and (b).

guency offsets. Time-varying variables are in the sequel de

noted by(.). For the time being, a single data block shall bg; zero-Forcing (ZF) Detection

considered. . " . —
Due to the frequency offsets, the channel coefficients are as[nstead of using the hermitian conjugate of the mai ]

: : R : - In the case of perfect knowledge of the frequency offsets, as
sociated with a time-varying phase term, according to done in the conventional Alamouti detection scheme,ithe
hylk] = h, -e3270k =12, (7) versematrixﬁe_q1 [k] is used for symbol detection. This yields
the soft estimate
This leads to a modified channel matrix, which is now time- . .
varying: zzr[k] = Hg [k] y[k] = cx[k] + Hq [K]n[k]. (9)
= ha[k] —ho[k] The determinant oFL.,[k] is given by
Heal bl = | 5oty iy |- ® _ . )
det (Heq[k]) = |h1|? e 927" + |ho|? e 927¢2, (10)
Three different scenarios shall be considered here, regard o - _
knowledge of the frequency offsefs at the receiver (further Since it is assumed thig; |, [¢2| < 1, the condition ofHeq[]
details may be found in [13]): is virtually determined solely by the magnitude of the chelnn
(@) The frequency offsets aperfectlyknown. Then, the re- coefficients. If the frequency offsefs are zero, ZF detection
ceiver may use the above matii¥.[k], in order to per- IS equivalent to conventional Alamouti detection, where
form symbol detection according to (6). The product ma- . 1 n
trix H,, [k] = 5 Hegylk].
—H = L= g e
Ho,[k] Heg[k] = O[F]

does not exactly yield a diagonal matrix, as opposed to tggr'sfglm?%% rc[aZ\]/r|tten by using the Moore-Penrose pseudoin-
eq .

matrix ® in (6). However, this orthogonality loss tends to
be rather small for practical values @f and(s, i.e., ©[k] — e H —1__ g
is close to a diagonal matrix for &l H [k] = (Heq[k] Heq[k]) H,, (k]



Therefore, ZF detection may be interpreted as an add-omto cabout 20 floating point operations (flops) are required fahea
ventional Alamouti detection: soft estimatez[k], and for ZF detection about 30 flops (includ-
. ing matrix inversion). In contrast to this, the number of #op
2zelk] = H[K]y[k] = (ﬁi[k] ﬁeq[k]) ﬁ:l[k] y[k] ~ required for an ML estimaté k] grows with M. The ap-
u . proximate redcelv_le_zr SFTP,IA\EXIUES E)esultlng f(r)]r dlfferefltul_es 011: L
_ (T 0 M are stated in Table I. As can be seen, the complexity o
B (Heq[k] Heq[k]) z[H] (11) detection is well above the one for conventional Alamouti de-
ction or ZF detection, already fad = 4. In the following,

As can be seen in (9), ZF detection completely removes mt%i'l_ detection shall be used as a benchmark concerning system

ference (see termx[k]). However, it is well known that ZF s ; 5
detection may also lead to noise enhancement, depending?c;grrlformance' For a practical implementation, howevergifrse

the condition ofHey[k]. An improvement of ZF detection is etbeeé:tliisns(c?:trsagggghCliltlj-th)o the good results obtained with ZF
referred to as minimum-mean-square-error (MMSE) detactig ' '

(e.g. [17]), which is in this case given by TABLE |
__H . _l_H RECEIVER COMPLEXITIES PER ESTIMATE FOR DIFFERENT
zvmse (k] = (Heq[k] Hey[k] + o2 12) H,[k] y[k]. (12) CARDINALITIES OF THE SYMBOL ALPHABET

[ CardinalityM | Example || Conv. Alamouti]| ZF | ML |

MMSE detection yields the minimum overall distortion due to

. . . 2 BPSK 20 30 110
resu_jual m_terference and noise. Z OPSK 50 30 730

Simulation results (see Section IlI-G) show that the perforr 8 8-PSK 20 30 | 1700
mance of ZF detection is already virtually the same as that of 16 16-QAM 20 30 [ 7000
ML detection (see following section). Therefore, MMSE detec 64 64-QAM 20 30 | 110000

tion shall not be considered in the sequel.
Applying ZF detection in the case of non-perfect frequency-
offset estimates at the receiver means that, as opposed, to 9 Bit Error Probability in Case of Non-Ideal Local Oscillat®
the interference is not completely removed: In [13], analytical expressions for the bit error probatili
. o . (BEP) are derived, for the example of QPSK/ (= 4) and a
zzr[k] = H,, [k] y[k] = ¢ Ozp J[k] x[k] + H,, [k]n[k] quasi-static frequency-flat fading channel. These BEPesxpr
sions apply for conventional Alamouti detection as well as for

(cf. (5)), where ZF detection.
o 1 Let by andbsy, denote the first and the second bit mapped on
Ozr,[k] = Hey [k] Heq[k] # Lo the quaternary data symbelk], [bixbox] — z[k], and letz[k]
denote the corresponding soft estimate, either obtainexbby
D. Maximum-Likelihood (ML) Detection ventional Alamouti detection or by ZF detection. Gray mapping

In the case of perfect knowledge of the frequency offsets%{tthe bits is assumed according to

the receiver, the ML estimate afk] is given by [00] — exp[j /4] [01] — explj 37 /4]

g (k] = argmin | y[K] - cHealk] %8|, (13) [11] = expljsm/4]  [10] = explj7m/4].

*H Let dre[k] = Re{z[k]} anddim[k] = Im{z[k]} denote the real
where[k] denotes a hypothesis for thé-ary data symbol vec- and the imaginary part of[k] for E;/No — oo, respectively
tor x[k]. For each ML estimat&y [k], M? different metrics (Es denotes the average energy per data symboléndhe
have to be computed, corresponding to f#é possible hy- single-sided noise spectrql density). Sldgg[k] is the distance
potheses[k]. As opposed to conventional Alamouti detectioRetweerz[k] and the decision threshold for bit;,, the BEP for
or ZF detection, ML detection yields hard estimates, whieh ab1« is given by [18, Ch. 5.2]
therefore denoted by a vect&g,y, [k] rather than by a vector
zuvr[k]. If the frequency offsets, are zero, the ML estimate d2_[k] E,

%wr[k] is equivalent to a hard decision on the corresponding Poi[k] = Q[ 4/2 0 N | (14)
soft estimate obtained by conventional Alamouti detection o 0

ZF detection. Given non-perfect frequency-offset estisyatee o _

matrix Heq,[k] is used to calculate the metric (13) instead df the imaginary parts of[k] andz[k] have equal signs, other-
Hey[k], which leads to a systematic error. wise by

o a2 [k] Eq
E. Receiver Complexities Pou[k] = Q( 2 9 No |’ (19)

The receiver complexities for conventional Alamouti detec- _
tion and for ZF detection do not depend on the cardindlity whereQ(t) = 1 — Q(t). Along the same lines, the bit er-
of the symbol alphabet. For conventional Alamouti detectioror probability P,»[k] for the second bit may be calculated,
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Fig. 2. Performance results for conventional Alamouti di&te¢ given Fig. 3. Comparison between conventional Alamouti detectiasifed lines)
(a) ideal local oscillators (LOs), (b) non-ideal LOs, freqaemffsets com- and ML detection (dotted lines) for the case of non-perfettineates of the
pletely unknown at the receiver, and (c) perfect knowledgehefftequency frequency offsets at the receiver. The performance of ZEatien is virtually
offsets. the same as that of ML detection in all cases.

usingdy,[k]. Analytical expressions for the distancég.[k] perfectly known at the beginning of each block, i.e., the ob-
anddi, [k] as a function of the channel coefficients and the freerved performance degradations are solely due to the time-
qguency offsets are developed in [13]. It is straightforwsrd varying phases caused by the frequency offsets. The transmi

extend this to the case of ZF detection. power was always normalized with respect to the number of
The expectation of the bit error probabiliB;[k] (i = 1,2) transmitting nodes, in order to provide a fair comparison be
with respect to the channel coefficients is given by tween the distributed Alamouti scheme and the case when there
is only a single transmitting node (‘(1x1)-system’).
D (1] _ ) Fig. 2 presents performance results for conventional Alam-
Poilk] = /ph(h) Poi[k] dh, (16) outi detection, in terms of bit error rate (BER) \5, /N, in dB.

o ~ Moreover, analytical curves (dotted lines) are included, [1
wherepy,(h) denotes the joint pdf of the channel coefficientsgh, 14.4] fordiversity receptiorof uncoded QPSK over sta-
The mtegral is over all 'p.ossw)le realizationdoThe overallav- ftistically independent Rayleigh fading channels=(1, 2) with
erage bit error probability, given blocks & QPSK symbols, identical average signal-to-noise ratios (SNRs}Bf/Ny)/v.

results as As can be seen, the BER performance of the (1x1)-system is
Lo—1 slightly better than the analytical curve tot=1, which is due to
5 1 5 5 the line-of-sight signal component. Likewise, given ide@ld.
B = 2Lp kz_o Por [K] + Pho[k]. (17) (i.e., frequency offsets equal to zero), the BER perforreanfc

the Alamouti scheme is slightly better than the analyticateu
) ) for v =2. The dashed lines represent the two extreme cases of
G. Simulation Results unknown and perfectly known frequency offsets at the receiver
For perfect and for non-perfect knowledge of the frequendyhe corresponding analytical curves obtained on the bdsis o
offsets at the receiver, the performance loss shall beriitesd Section IlI-F are as well included. The average bit error prob
in the following, which results for the distributed Alamoutiability according to (16) and (17) was computed by averaging
scheme, given the different receiver concepts discussédrea over10.000 realizations of the channel coefficients. As can be
For the simulations, it was assumed that there is a signieen, simulative and analytical curves are in good acceedan
icant line-of-sight signal component between either trattsmFor perfect knowledge of the frequency offsets at the receive
ting node and the receiving node. In this context, a quasiest the BER performance is very close to the case of ideal LOs,
frequency-flat Rician fading channel model with a Rice facta@ince the loss of orthogonality is rather small (cf. Sectibn
of K =0 dB was used for both transmission paths. The simB8). When the frequency offsets are unknown, however, a huge
lation results were obtained by means of Monte-Carlo simulaverage BER of abouit 5 results for all values oE /Ng.
tions. Each block containeflg = 100 QPSK symbols{/ =4, A comparison between conventional Alamouti detection
Gray mapping used). Channel coding has not been applied. @ashed lines) and ML detection (dotted lines) is preseinted
outer channel code may, however, be added to further imprdvig. 3, for the case of non-perfect estimates of the frequenc
performance. offsets at the receiver. The performance of ZF detectiofiris v
To start with, frequency offset§ =+0.03 and(> =—0.012 tually the same as that of ML detection in all cases. Theegfor
were considered. At the receiver, the channel coefficients wéhe simulation results for ZF detection are omitted in that.pl



0.07

0.06 —

0.05 | Both frequency offsets +3% ‘

0.04

— BER (1x1)-System

Frequency offsets
perfectly known

o
W
0.03

0.02

0.01

Fig. 4. Performance results for ML detectiafi{/No = 10 dB), given frequency offsetg |, |{2| < 0.04 and (a) perfect knowledge of the frequency offsets at
the receiver, (b) non-perfect frequency-offset estimatehe receiver (both frequency offsets estimated with aor @fr+3%).

As can be seen, a performance loss of less than 1 dB occurseitvorks is more difficult than in systems with a single trans-
a BER of10~3, with respect to the case of ideal LOs, if onenitting node.

frequency offset is perfectly known and the other one is esti-

mated with an error of 5% or better. ML/ZF detection yieldg_ Training-Based Estimation Method

only small improvements over conventional Alamouti detec-

tion. However, as will be shown in Section IV, it is more re- If the frequency offsets are zero, (5) may be rewritten as

alistic to assume that a certain estimation error occurbdin v'[k] = cA[kh + n'[k] (18)
frequency offsets. In this case, the performance loss ie 1s@r ’
vere. Only if both frequency offsets are estimated with anrerrghere vk = [ylk],ylk+1]]T
of 3% or better, the system performance is superior to that of ’ ’
the (1x1)-system. In this case, ML/ZF detection yields’dB n'[k] = [n[k],n[k+1]]%,
gain over conventional Alamouti detection, at a BER0f?.
So far, only a single paif;,(> of frequency offsets has been h = [hy,h]T,

considered. Fig. 4 shows simulation results for the BER per- ) . ) .
formance in the case of ML detection, given frequency ofRndA[k] according to (3). Obtaining an estimate forgiven
sets|(1], |G| < 0.04 (E,/No = 10 dB). The case of perfectly known training symbols, is dual to obtaining an estimate for
known frequency offsets at the receiver is displayed as well ®&]. given known channel coefficients (cf. (6)):
the case, where both frequency offsets are estimated with an . . H , - ,
error of +3%. As a reference, the BER of the (1x1)-system is hlk] = cA7[k]y'[k] = h + cA7[k]n'[k],  (19)
also included. As can be seen, for large frequency offsets the
diversity gain over the (1x1)-system is lost. assuming:=1/v2 and|z[.]|>=1 (cf. (4)).

Within the scope of this paper, only receiver-sided coreept 'N the case ofnoq-zero frequency offsets, however, (18ghold
to compensate for the frequency offsets have been discus§QEW approximately:

Alternatively, a closed-loop scheme may be employed, where 1 = /

the receiving node feeds back the frequency-offset etisrtat y'lk] ~ c Alk]h{k] + n'[K], (20)
the transmitting nodes via a dedicated channel. The frexyueqynere

offsets may then be corrected directly at the transmitténs. hk] = [Au[k], Palk+1] ],

this case, significantly less accurate frequency-offdghates _
are required. For example, given a frequency offsat-e0.04  (cf. (7)). The error vectog[k] = y'[k] — (c A[k] h[k] + n'[k])
and an estimation error of 3%, the frequency offset may theg-given by
retically be reduced t¢(’| = 0.0012, which virtually leads to

the same BER performance as in the case of ideal LOs. hy g*[k+1] (ef?mCh — ei2mCa(k+1))

2] by orer - emsa)

(21)

IV. FREQUENCYOFFSETESTIMATION

In this section, a training-based and a blind frequencgenff Therefore, the corresponding estimatelik],
estimation technique are investigated. Specifically, itlis- N _
trated that frequency-offset estimation in cooperativesigss h[k] = hlk] + cA"[k] (0'[k] + e[K]) , (22)
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Fig. 5. Time-varying channel coeffi cieht [k] and the corresponding estimate

depicted within the complex plane, fét, /No —» oo and different values . Fig. 6. Relative estimation errors as a function of the numdjetraining

symbols,LT, concerning estimation @ and{y for E;/Ng — oo.

is erroneous even if the noise is zero. This fact is illustidan % e
Fig. 5, where the first channel coefficigit[k] and the corre-
sponding estimaté; [k] is depicted within the complex plane,
for Es /Ny — oo and different values of. The frequency off-
sets were again chosen @és= +0.03 and{; = —0.012. The
magnitude of4 [k] was set to one and all training symbaels ]
were+1.

In the sequel, explicit estimates for the frequency offgets
and(> shall be calculated. Typically, frequency offsets may be
considered time-invariant. Therefore, it is sufficient tsfprm
a one-shot estimation using a single blockigf training sym-
bols (Lt even). Essentially, estimates for the frequency offsets -
may be obtained on basis of several subsequent estimated ve

torsﬁ[k] by averaging over the associated phase differences:

10 q

M%&@W sg#ttacacsl

—10+ 4

=)

Relative estimation errors in %

)

ol 4

é_\ (L ) ]. LTZ2 { ﬁl [k] } 7500 10 0 % Nunfgeruflraa?ngsymlfg\s LT 7 8 % 100
i\br) = /% Ay =——— ¢ »
j4m S k=2 hy [k—2] Fig. 7. Example for the relative estimation errors as a fionabdf the number
k even of training symbolsL, given Es /Ng =20 dB.
1 e B[k
(L) = - Z arg{_A 2[K] } : B. Blind Estimation Method
jam S = halk—2] In the case of QPSK symbolgk] € {+1,+j,—1,—j}, a

common blind frequency-offset estimation method is toeais

whereS = L1/2 — 1. In Fig. 6 and Fig. 7, examples are glveﬁhe received symbolgk] to the power of four and subsequently
for the relative estimation errors perform a fast Fourier transform (FFT) [19, Ch. 6.3.1]. Gieen

) (1x1)-sys;tem;y4 [k] yields
(Lt) — ¢ _

as a function ofLt, for E;/Ny — oo and E; /Ny = 20 dB, h [k« [k] + nlk], (23)
respectively (frequency offsefs and¢, as above, magnitudeswherer[k] consists of five additive terms that are regarded as
of hy[k] angh2 [k] set to one, all training sgn;bolsl) ] noise in the foIIowmg Irrespective of the current realiaatof

As can be seenlt > 60 training symbols are required in 4
the caseF,; /Ny — o0, in order to estimate both frequency off- z[k], the desired ter’ [k] 2" [k] results as
sets with an error of 3% or better (dotted lines). In the case of 54[;“.] 2i[k] = (heﬂ“(’“) Zi[k] = htel? 4k (24)
finite E;/Ny, the required number of training symbols might
be greater, depending on the current realizations of theenot herefore, an FFT of the sequenég*[k]}r=o,... L1 Will
samples. yield a spectral line a4¢ plus noise. If the noise power is suf-

ey(LT) =



6 that the frequency-offset estimates are required to be quit
curate, in order to keep the resulting orthogonality losslsm
and thus the occurring performance loss. Finally, two diffe
ent methods have been discussed to estimate the frequéncy of
sets. It has been demonstrated, that frequency-offsetatitin

i is more difficult than in the case when there is only a single
transmitting node.
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