Cooperative Space-Time Coded OFDM with
Timing Errors and Carrier Frequency Offsets

F. Sanchez, T. Zemeri, G. MatZ, F. Kaltenbergér, N. Czink*
*FTW Telecommunications Research Center, Vienna, Austria
fInst. of Communications and RF Engineering, Vienna Unitersf Technology, Vienna, Austria
Hinstitute Eurecom, Sophia Antipolis, France

Relative Desynchronization is perceived
sty : - i e oM Symbals
Abstract—The use of distributed space-time codes in coopera- \ b TN
tive communications promises to increase the rate and reliability }xﬂf i -
of data transmission. These gains were mostly demonstrated for ¢ [dp [ oFomsym[ cf OFDM Syfn... <~ fora
ideal scenarios, where all nodes are perfectly synchronized. T~

01

Considering a cooperative uplink scenario with asynchronous oo cp| OFoM sy Cf OFOM sy = fors
nodes, the system suffers from two effects: timing errors and — T Time
individual carrier frequency offsets. In effect, timing errors f%m AT
can completely cancel the advantages introduced by space-time
codes, while individual carrier frequency offsets provide a great
challenge to receivers. Indeed, frequency offsets are perged as
a time-variant channel (even if the individual links are static) in
distributed cooperative communications.

We show that using OFDM, space-time codes (STCs) becomecombine space-time trellis codes with the stack constrocti

tolerant to timing errors. Channel estimation and tracking takes concept from [6], however, their codes require high comipfex
care of frequency offsets. Our simulations demonstrate that th f . - '
or optimal decoding.

bit error rate performance improves by an order of magnitude, L
when using a cooperative system design, which takes these two Many current communication systems are based on or-
effects into account. thogonal frequency division multiplexing (OFDM). Promirie
Index Terms—Block codes, diversity methods, cooperative examples are LTE [7], WiFi [8], and DVB-T [9]. DVB-T single
systems, time-varying channels, OFDM, delay effects, channe$e  frequency networks use distributed OFDM transmissionchen

timation, collaboration, distributed algorithms, distributed space- . . L
time code, spatial diversity, virtual MIMO, asynchronous relay several television stations transmit simultaneously thees

Useful part

CP d
reg:o&/f of the signal

Fig. 1. OFDM distributed cooperative transmission.

transmission, transmit diversity, Slepian basis expansion. signal. OFDM uses the cyclic prefix (CP) to prevent inter-
symbol interference. It turns out that the CP provides atgo t
. INTRODUCTION means to make cooperative communication systems inhgrentl

. o . robust against timing synchronization errors.
Cooperative communications can help to increase both da?al’hus, it is our contribution t@ombine OFDM with STCs

rate and link reliability. Particularly when nodes are agtas S . . . .
a virtual array, large gains can be expected. Popular smenf% distributed _cooperatwe cpmmumcatlon scenarios this -
to utilize multi-node diversity are based on STCs, becaule rk, we consider a scenario where at least two nodes join

S . . L up to transmit a common message to a distant base station as
of their simple implementation. Many publications studg th"_" - P . :
, . > gutlined in Fig. 1. Using STCs, the nodes increase the diyers
advantageous effects of STCs in cooperative communication ; . .
. . _and the overall uplink SNR, leading to a lower bit error rate
but assume that nodes are perfectly synchronized, i.ethmt

signals have no carrier frequency offsets, and arrive atdhee at the base station. S .
. . ' We show that the combination of OFDM and STC is
time at the receiver [1].

. . advantageous when using a proper receiver architecture. We

However, the performance of STCs is deteriorated by syn- . . o . :
o . o emonstrate this using two STCs: simple delay diversity and

chronization errors [2]. Particularly, timing offsets imetorder

. tt}e Alamouti code. Since carrier frequency offsets intomitl
of the duration of a symbol can destroy the code structure,bl the individual transmitters (TXs) lead to an effectived-
the STC is not designed to be delay tolerant. Dareeral. Y

[3] and Sarkisset al. [4] adapted STCs to be dela tolerantvariant channel observed by the receiver, this effect mast b
) P Y tompensated by proper time variant channel estimation. We

however the authors did not investigate the effect of non- : : :
sample-spaced timing offsets. Li and Xia [5] proposed t%mploy a low-complexity channel estimator based on discret
' prolate spheroidal sequences (DPSs), which tracks thenehan
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Source of information Transmitteri Subsequently, &-point inverse discrete Fourier transform
ConvolutionalH Common ; (DFT) is carried out and the CP is inserted. An OFDM symbol,
coder bit sequenc including the CP, has lengtV + G chips at a chip rate of
1/Tc = (N + G)/Ts. This signal is denoted by;(k’). To
simulate non-sample-spaced timing offsets, we need tohgse t
(o~ RRS}~ oversampled domain. Therefore,(k’) is upsampled using an

OFDM modulato

mapper (STC),
pilot allocation

‘ difm, ] (k') Xi(k) oversampling factor of) = 4, obtaining X; (k).
eI foil/ (S2tc) To account fortiming errors and frequency offsetsve
introduce

T oo o aton b St o s eSS XI(8) = X,(k — ) - et o
where Rp = 1/Tp = QR denotes the sampling rate of the
Wc?versampled signal. By that, we assume that the relativaydel
offset is an integer multiple of theversamplecthip time.
Il. SYSTEM MODEL 2) Channel: The channel impulse response is calculated
H?éhg discrete convolutions as

simulations are presented in Sec. V. Finally, in Sec. VI,
draw conclusions.

The system model describes the cooperative space-ti
coded transmission from multiple ODFM TXs to the receiver. H;(k) = Hrx,i(k) * Heni(k) * Hrx(k), 2
In practical scenarios, relay nodes may assist a common
source. In our work we assume that these cooperating n088$
have received their data from the source beforehand.
first introduce the system model for the distributed OFD

taining the effects of the physical (non band-limiteldue-
Hpni(k), as well as the band-limiting root-raised cosine
RC) filters at the TX sideHr ;(k) and the receiver side

o k).
transmission. Rx( . .
For the physical channel, we use a block-fading, frequency
A. OFDM for distributed cooperative transmission selective channel model with a unit-power exponential powe

We consider the equalization and detection problem for &¢lay profile with 64 taps in the oversampled domain, having
OFDM link [10]. The OFDM system utilizesV subcarriers @ RMS delay spread @20 ns. Subsequently, the coefficients
and a CP with lengthi:. The transmission is block-oriented@re weighted to represent the path loss of the individualin
rate at the receiver side iBc = 1/7c = B. The OFDM Fig. 3. The received signal after downsampling, CP removal
symbol duration is given byls = (N + G)Tc and the and DFT can be written as
subcarrier freguency spacing ig(7cN). . ylm,n] = Zgi [m, n]d;[m,n] + wim,n, (3)

1) Transmitters: Fig. 2 shows the block diagram for co- p

operative transmission. For_ simplicity just théh TX is \pqre wlm,n] denotes symmetric complex additive white
shown, but in general multiple TXs can be used. At th&aussian noise with zero mean and covariante

source of information a binary informatiqn sequengeof The frequency responses of the channels from the individual
length 25, IS convolgﬂonally encoded with code rata( . TXs, g;m,n], include both the effects of the channels and of
After random interleaving and quadrature phase shift keYihe timing errors and frequency offsets. Either the individ

(QPSK) modulation with Gray labeling, the data symbolaal channelsg;[m. n], or the compound channelm,n] =

bi[m, n] are mapped on the OFDM time-frequency grid, Where~  1im, n), is estimated making use of the previously inserted
m € Iy = {0,...,M — 1} denotes the symbol time at

) ~ “pilots. We consider two types of channel estimation: block-
rate 1/Ts andn € Zy denotes the.subcamer index. This I%ding channel estimation and time-variant channel estima
done such that each block contaifscoded data symbols g i “astimators will be described in Section IV.
bilm,n] ¥ [m,n] € B, where3 denotes the two dimensional o the two space-time codes, we apply different equalizers
data symbol position index set in the time-frequency plangy gptain the estimated received symbols as described below
For [m, n| ¢ B we defineb[m, n] = 0. Note thath;[m,n] also  gpsequently, the received symbols are demapped, deinter-
depends on the STC used. leaved and decoded. In the decoding process we use a BCJR
In each data block/ pilot symbolsp;[m,n] ¥ [m,n] € P qacoder [11]. The decoding process can be further improved
are transmitted. The setsandP are disjoint. Form, n] ¢ P qing an iterative implementation exploiting the soft autp

we definep;[m,n] = 0. The elements of the pilot symbolSg.\"ihe BCIR decoder to obtain a better estimation of the
pilm,n] for [m,n] € P are randomly chosen from the QPSK 4 nel [12].

symbol set{+1 + j}/v/2. To build the OFDM transmission

block, the data symbols[m, n] and the pilot symbols;[m,n] B. Space-time codes

are added, giving We investigate the effect of delay and frequency offsets
using two basic space-time codes, the Alamouti and the delay
diversity STCs. Note that their combination with OFDM
All indeces not covered by andP are used as guard band.enable these codes to become delay tolerant.

di[m,n] = bj[m,n] + p;[m,n]. (1)



OFDM demodulato

to the frequency offset, the effective channel becomes time
variant. This can be interpreted as a Doppler shift on each of

Channel
Estimator

R ym, ] glm. ] ~ the channels. Then, all signals sum up at the receiver.
ECq*Lz’;;‘é'r BCIR rX To see the impact of the time variance on the frequency

responsegy;[m,n] in the signal model (3), we look at the
channel for each OFDM symbol individually. Hence, the time
variant channel affecting symbab can be written as

Hy(m, K, 0) =
= H;(m(N+G)Q+k" 1)
— Hi(é)égﬂ'foff,i(k'”*Z)To éQWfoﬁyi(m(NJrG))Tc

Fig. 3. Receiver model.

1) Delay diversity space-time cod®iultipath diversity, or
equivalently, frequency diversity can be exploited in atela ém%i...phase rotation
with time dispersion. It was shown that introducing artéici = H(K",0) - ™9,
multipath diversity by transmitting thesame signalfrom
different antennas with an artificially introduced cyclieldy Wwhere k" denotes the sample time index within theth
is advantageous [13]. OFDM symbol. The phase offset’®: only depends on the
Distributed cooperative transmission systems are seitalsymbol index, therefore it can be treated as a constant éor th
for this kind of STC since the delays from different nodegonvolution in (6).
are distinct in general. The CP turns such delays into cyclicWe make use of (i) the fact that the CP ensures cyclical
delays. This STC is completely transparent for the recgiveonvolutions in (6), (ii) the assumption that the bandlingt
which simply observes the compound radio channel subjectfiéers and the downsampling: (— ') remove all spectral
additional frequency dispersion. contributions outside the bandwidfh. Using the discreteV-
Channel equalization is done by a zero-forcing equalizerpoint Fourier transform of the channel, we obtain the time-
variant channel frequency response

bze[m,n] = y[m,n]g[m,n]*

: (4)

whereg is the estimate of the compound channel.

[g[m, n]P” gi(m.n. k") = Fi {Hi(K" £ = 6;)} - €.

. i ) Taking the assumption at the receiver that the frequencebff
2) Alamouti schemeThe well-known Alamouti STC em- of the subchannels is small, hengg; < B/N (i.e. we wil

ploy_s two trans_mlt gnd one receive antennas [1] to eprcH t observe intercarrier interference), it can be showhdhe
multi-antenna diversity at no rate loss. It must be noted th

the Alamouti scheme was initially designed for block fadingan neglect the dependence/df) hence the effective channel

. ) ) ecomes
channels. For time variant channels, the receiver needs to

be adjusted. We use a zero forcing implementation for time- gi[m,n] = J:(Z}[){Hi(f —5;)}) - @M, (7)
variant Alamouti equalization as discussed in [14].
This shows that carrier frequency offsets transform into a
[1l. 1 MPACT OF TIMING ERRORS AND FREQUENCY OFFSETS complex rotation of the channefsr every OFDM symbol.
To analyze the impact of timing errors and frequency offsets
of the multiple TXs we analyze their effect on the received IV. CHANNEL ESTIMATION

signal before downsampling, The Alamouti and delay diversity STCs need different

I _ implementations of the channel estimation and equalizatio

R(k) = Z [Xi(k — 6;)&*™fotih o] 5 1 (k) + W (k), (5) For theAlamouti STCwe estimate the effective subchannels
i=1 from each TXg;[m, n] individually, and consider the structure

wherel denotes the number of TXs adgdrepresents the sum Of the Alamouti code for equalization to decode the original

of the timing errors of theth TX and the propagation delaysymbols.

in the ith channel. By variable transform, one can show that For the delay diversity STCwe estimate the compound
this is equal to channelg[m,n] = >, gi[m,n], i.e. the superpositions of
the effectivechannels from all TXs. There is no additional

I o T
R(k) = ZZXi(k COH (kL —8) +W(k), (6) complexity in the channel equalization.
=1 /

A. Block-fading channel estimation
where . o .
Hi(k, 0) = Hi(g)é'Qﬂ-foﬁvi(kfe)To Given the insights from Section Il that frequency offsets

can be interpreted as time variant channels, block-fading
denotes the time-variant impulse response with delay tinseannel estimation is suboptimal. Since it is employed inyna
index ¢. Hence,both the delay and frequency offsets can beurrent communication systems, we include it just as a base-
shifted into the effective channél;(k, ¢). Also note that due line performance metric.



TABLE |

[T ITTTITTN

SYSTEM PARAMETERS l 2 EREEY
Parameter Symbol Value < u m TTTTT N
# of OFDM symbols in one block M 12 EENEEEEERZ
# of frequencies N 512 |
Cyclic prefix length G 128 samples m
Sampling rate Re 7.68 MHz
Sample time Te 130.21ns Fig. 4. Pilots are marked with diagonal lines. For the Alamaafieme,
Oversampling factor Q 4 orthogonal pilots are used (indicated by a different pajteblank squares
RRC roll-off factor p 0.2 correspond to data subcarriers. The subcarriers with {106, ..., 405} are
Convolutional code rate Ry 1/2 used as guard band.

For delay diversitywe use least-squares (LS) channel estath loss of the two channels e = 95.45dB and L, =
mation on the available pilot blocks (combined at the reegiv 90-70 dB.
and average the estimates for each subcarrier. B. Simulation results

For the Alamouti STCwe need to estimate both channels™”
independently. Hence, different pilot sequences are used f We simulated the system performance in terms of the bit
the two TXs, which are 0rthogona| in frequency [15] |error rate (BER) over different levels of receive Signahtﬁise
this way, the receiver uses LS channel estimation on tfti0 (SNR). The SNR is defined as the ratio of the average

(orthogonal) pilots for each TX. sum received power and the noise power, given in terms of
bit energy over noise power (Eb/NO).
B. Time variant channel estimation First, we investigate the effects of frequency offsets at th

¢ transmitting nodes. Fig. 5 shows the bit error rate (BER) as a
function of the frequency offset of TX 1 relative to the reesj
while the frequency offset of TX 2 is fixed to -250 Hz. As dis-
cussed, even with block-fading physical channels, tinmana
h@annel estimation is necessary to combat the time vamgtio
in the effective channel introduced by the frequency offset

discrete prolate spheroidal sequences (DPSs) that areinuse}ﬁvith time-variant channel estimation the system perforoean

the time -and frequency- domain. A DPS subspace projectilﬁqStablev for a Wide_ range of frequency Offs_ets. _
in the time and frequencylomain was used in [16]. A joint We observe that in general the results with Alamouti STC

time-frequency iterative solution is discussed in [12]itinig CUtPerform the ones of delay diversity, particularly atthig
on iterative soft-symbol feedback presented in [17]. Nb t SNR. This is due to the combination of the different types of

in Fig. 2 the soft output information from the BCJR decodecrhannel estimation u;ed for the delay diversity and the Alam
can be used iteratively to obtain a better channel estimati@Uti STCS, and the pilot pattern. For Alamouti, the channels
The channel estimation is performed using the minimum meJM the TXs are estimated and tracked independently. Since

squared error filter as described in [12, (4)], using exiziseft €ach channel has its individual frequency shift, the time-va
symbol feedback form the BCJR decoder. ation of each subcarrier can be easily interpolated. Faydel

For the Alamouti STC we use pilot sequences that apéversity, the compound channel, including a superpasitb

orthogonal in frequency [15], at each TX. Each of the chasnd}'© frequency offsets must be estimated at the receivectwhi
is estimated independently exploiting a time variant cleannlS MOt Supported by the pilot pattern.

estimator based on DPSs like in the case of delay diversity. For b_|0Ck fading channel e_stimz_ition, we can obs_er_ve an
interesting effect: the delay diversity STC has its minimum

V. SIMULATIONS BER aroundfot1 = —250Hz, while for the Alamouti STC
the minimum is at OHz. This is due to the different types
of codes. When in the Alamouti scheme one of the TXs has

We consider a distributed cooperative scenario with twao frequency offset, these symbols may be decoded correctly
TXs. The configuration of the ODFM system simulated ifom that TX, which improves the overall performance of the
similar to LTE in the uplink (see Table I). The pilot posit®n scheme.
are shown in Fig. 4. Investigating the impact of delay offsets, we change the

For the Alamouti scheme, in each subcarfiethe Alamouti relative delay of TX 2, while TX 1 has perfect timing
code is used on two consecutive OFDM symbols (skippirgynchronization. Fig. 6 presents the BER as a function of the
pilots), hence[m1,m2] € {[1,2],[3,5],[6,7],[8,9],[10,12]}, relative delay from TX 2, given in number of samples. By
where [m1, ms] denote the indices of the first and secondversampling, we also consider fractional delay offsetsteN
symbol used for the Alamouti code. that the CP of the considered system is 128 samples.

Note that the path loss and large scale fading of theThe results in Fig. 6 demonstrate that OFDM is robust
frequency-selective channels are different, reflectirg fdct to delay offsets due to the CP. Any offset just transforms
that the TXs are spatially distributed. We let the effectivinto a complex rotation in the channel, which is compensated

Due to the presence dfequency offsets the distribute
TXs, we require atime variant channel estimator at the
receiver in distributed cooperative transmission systesven
for scenarios wittblock fadingchannels.

For delay diversity all TXs use the same pilot pattern. T
time-variant frequency-selective channel estimator sedeon

A. System configuration



Impact of carrier frequency offsets

channel is static). Timing offsets may lead to the misaligntn
of the space-time code used.

We solved both problems by combining STCs with OFDM
transmission, together with time-variant channel estiomat
the receiver. The cyclic prefix of OFDM turns the timing offse
into a complex rotation, while time-variant channel estiora
takes care of the channel variability. By this system design
we improved the bit error rate performance by an order of
magnitude.
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