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Synchronization in MIMO OFDM systems
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Abstract. In this paper, an overview of carrier frequency off- quency offsets have been subject of intensive research in the
set (CFO) estimation algorithms for Orthogonal Frequencylast decade. But it has not been investigated extensively in
Division Multiplexing (OFDM) systems is presented. It is systems with multiple antennas at transmitter and receiver
well-known that multicarrier systems suffer from their high site. Recently, such MIMO systems have become attrac-
sensitivity to mismatches of transmitter and receiver oscilla-tive since the capacity was proven (under ideal conditions)
tor frequencies. The performance degrades since the CF@® scale with the minimum number of transmit and receive
destroys the orthogonality of the subcarriers. Hence, extenantennas (Foschini and Gans, 1998). Therefore, the contribu-
sive research has been done on the estimation and corretion introduces thoroughly a MIMO system model that con-
tion of the CFO in_$hgle-Input Sngle-Qutput (SISO) sys-  siders CFOs. Furthermore, it gives an overview of important
tems. Mainly, the proposed algorithms can be categorizedxisting estimation algorithms for SISO systems and exten-
into data-aided and blind techniques. Several estimatiorsions to multiple antenna systems.

techniques have been extended to they®-Input Multiple- The remainder of the paper is organized as follows. Sec-
Output (SIMO) case where multiple receive antennas cartion 2 presents the OFDM system model for the SISO and
be utilized to gain diversity. However, less attention hasMIMO case as well as impacts of frequency offsets on the
been paid on synchronization in the attractivaltiple-Input ~ system performance. In Sect. 3, important classes of SISO
Multiple-Qutput (MIMO) case which is topic of tremendous algorithms are reviewed. Extensions of these algorithms to
interest in current research. The present paper concentratesultiple antenna systems are discussed in Sect. 4. To illus-
on aspects of this new scenario. Starting with algorithms fortrate some important aspects, Sect. 5 presents a brief simula-
SISO and SIMO, this contribution reviews briefly proposed tion example. Finally, in Sect. 6 conclusions are drawn.
carrier frequency synchronization techniques which could be

implemented in forthcoming MIMO systems. .
2 OFDM signal model

We start with the OFDM model formulation for the SISO
1 Introduction case. Subsequently, we extend the model to a MIMO system
(see Fig. 1).
In recent years, OFDM has become increasingly popular for
future high data-rate wireless communication systems be2.1 System modelin SISO
cause of its advantages in a multipath environment. It has ) ) . .
been standardized for Digital Audio Broadcasting (DAB), In OFDM, information data are transmltye.d blockwise. A se-
Terrestrial Digital Video Broadcasting (DVB-T) as well as quence of complex.data symbols is split into blocks and fed
for broadband wireless local area networks (WLAN) i.e. (© different subcarriers. For theth block, an IDFT opera-
Hiperlan/2 and IEEE 802.11a/g. However, one of the maintion on the symbols of all carriers is carried out, which can
drawbacks is its high sensitivity to frequency offsets sinceP® €xpressed as
the orthogonality between subcarriers is destroyed thus lead- Ny—1
ing to a considerable system performance degradation (Pollet; (k) = — Z sn (k) d&ni , 0<i<N-1, (1)
et al.,, 1995). Hence, the estimation and correction of fre- VN n=0
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Fig. 1. Block diagram of transmitter and receiver in a MIMO
OFDM system.

where N, Ny (< N) ands, (k) denote the IDFT-size, the
number of used subcarriers and data symbols of ttiesub-
carrier, respectively. INy, < N, the residualV — N, subcar-
riers referred to aaull or virtual subcarriers are filled with
zeros. With the defined vectors

s(k) = [sok), 1K), ..., sn-1(0)]" )
x(k) = [xo(k), x1(K), . ., xny-1(K), .., xn—1 ()]
and the IDFT-matrix

1 1 1

1|1 &% ... dFm
W = —F= )
WEUN | . :
1dFWN-)  JdFN-D(Vu-1)

thek-th block can be written in a more compact way:

X(k) = Wy, s(k) . ©)

Subsequently, a cyclic prefix of lengthis preceded, which
is just a duplication of the lagk samples:

ch(k) = [foG(k), LRI fo]_(k), xo(k)7 D)
cyclic prefix

xn-100)1"

In order to avoid interblock interference (1Bl must be
chosen larger than the lengthof the channel impulse re-

sponse. After passing through a pulse-shaping filter with th
impulse responsg(¢) (e.g. root-raised cosine), the transmit-

ted time-continuous waveform yields
oo N-1
@ =Y. Y xepirc®eglt —kNoT —iT),  (4)
k=—oc0i=—G

whereT is the sampling period antl, = N + G denotes the
length of one OFDM block.
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At the receiver, mismatches between transmitter and re-
ceiver oscillators as well as Doppler effects result in a fre-
quency offsetf,. Usually, the most dominant frequency off-
set arises from oscillator imperfections.

Assuming a frequency-selective channel with the time-
invariant impulse responsie;(t) and a receiver filter with
gr () which is matched to the transmit filter, we can write for
theeffectivechannel impulse respongér) = gi(¢) * he(t) *
gr(t). The received time-continuous waveform containing a
frequency offset yields then

oo N-1

r(t) = @O N N xepiva(h(t — kNpT —iT),
k=—c0i=—G

where noise contributions are omitted afpds an arbitrary
phase. Without loss of generality, we get= 0.

Sampled at time instants= k' NpT + i’T* and using the
normalized offset = f,/Af related to the carrier subspa-
cingAf = 1/(NT), one obtains with Eq. (1)

oo N—-1 Ny—

o X Z sn (k) -

k=—oc0i=—G n=

—NpT + (' = D)T) .

rir(k') = g e(WNoti') _~_ 1

7 (K (5)
Furthermore, we assume that the duration of the combi-
ned channel impulse response is limited such that =

0 Ve\[O, LT], whereL < G. Hence, the only nonzero con-
tribution in Eg. (5) comes frorm = ’:

i 2w ’ v 1 Nuzl =L i2m .
rp(k) = N eENot) 2 N g k) S R (i — i) VL
N n=0 i=i’

The sampling period” was omitted for notational conveni-
ence. Using the combined channel transfer functifyn=

YL o h(i)e 1M, the k'-th received OFDM-block for’ e

[O, ..., N — 1] after removal of the cyclic prefix is given by
i 27 ’ - 1 Nu=1
ro (k') = & e Noti )_N };) su (k') -
L . .
Z h(i/ _ i)efj%n(i’fi) é%m"
i'—i=0

Hy
_ el N F(k Nb+l,) |DFTl/ {Sn(k/)Hn} . (6)

Alternatively, in matrix formulation if’ is substituted by

eand a block fading channel is assumed, we obtain

r(k) = &7 M C, Wy, H (k)s(k) @)

1For reasons of simplicity and space limitation, in this paper,
perfect timing synchronization is assumed. Timing synchronization
in OFDM systems involves finding the optimal position of the DFT-
window for demodulation. Due to margins between the length of
guard interval and channel impulse response in practical systems,
requirements with respect to timing synchronization are relaxed.
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Fig. 2. Effects of a CFO4{ = 0.2). Fig. 3. Lower Bound of SINR (Moose, 1994).

with C, = diag(l,ei%g,...,eizﬁﬂgw’l)) denoting the 2.2 Extension to MIMO
diagonal N x N carrier frequency offset matrix and

Hk) = diagHo(k), ..., Hn,-1(k)) representing the dia- M; receive branches share the same oscillator, respectively.

ghonthNu X ];/uhchanngl r(rj]atnx. IA ClFO tlljms_ ?]Ut_ to rq;atg With this practical assumption, still only one CFO emerges.
the phase orthe received samples linearly with time. To e'Hence, theé-th signal block at the:,-th receive antenna after

modulate, we left-multiply (k) with the DFT matrifoV’u: cyclic prefix removal can be written as

In the following, it is considered thad/; transmit and

i 21
rorr(k) = &N FNoWH CoW y H(k)s(k) . (8) . Mi—1
’ Fng (k) = € FNC Wy, > Hy i (K)Sm (K)
If the matrix WﬁquWNu is non-diagonal, the orthogona- my=0

lity between subcatrriers is lost, thus resulting in inter-carrier
interference (ICI). To analyze this further and using some
straightforward derivation, we can find

wheres,, (k) denotes the block vector transmitted from the
mye-th transmit antennad ., ,,,, (k) is a diagonalV, x Ny ma-
trix describing the frequency channel characteristic from the

rorr(k) = ei%s"NbBH(k)s(k) ) m¢-th transmit antenna to the,-th receive antenna. Stacking
blocks from all antennas together,
with _
(k) = vec(so(k), ..., sp—1(k)) (12)
bo . bN-1 F(k) = vec(ro(k). ... Fa—1(k)) . (13)
B= oo , (10)
we can find the following compact notation:
b_Nyi1--. bo
where F(k) = &7 FMC Wy, diag(Ho(k), - .., Hy,—1(k)) $(k)
sin(n(e + n)) einNT’l(s—i-n) . (11) F'(k)

n = T . -
Nsin(% (e +n))
with M;MiNy x 1 vectors(k) = vec(3(k), ..., 3(k)) and
Equations (9)—(11) indicate two effects of CFOs: The am-

plitudes of thedesiredsubcarriers multiplied byg are re- Ce=1ly,®C, (14)
d_ucgd and cross terms.(fm;é 0) are introdgced thgs con- W L=y, @ Wy, (15)
firming the above mentioned statement. Figure 2 |Ilustrateﬁ_|

both isSUeS. e (k) = [Hine0®), - Hon pgm1(0)] (16)

In his work (Moose, 1994), MosEeinvestigated the im-  pere, g denotes the Kronecker product and the K x K
pact of a CFO analytically. He calculated a lower bound ofigentity matrix. Taking the DFT by left-multiplicatiofi(k)
the signal-to-interference-and-noise power ratio (SINR) Vi-\yith WH — Ly, ® W yields
sualized in Fig. 3 for different signal-to-noise power ratios Nu ' Nu
(SNR). It can be clearly seen, that_ especially at high SNR .re7D|:T(k) _ ei%akzvbwz CEV\/NUH(k)é(k)
gions, the performance degradation caused by synchroniza- . u 3
tion errors becomes considerable. = e'W's"Nb(IMr ® BYH(k)5(k) . a7
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Fig. 4. Preamble structure consisting of two identical halves Fig. 5. OFDM block structure with cyclic prefix.
(Moose, 1994).

It can be seen that the influence of a CFO is the same fofhe training structure is still preserved (if a cyclic prefix is
all receive antennas. Similarly to Eq. (8), to restore the or-preceded).
thogonality between subcarriers, the unknown parameter ~However, one major drawback of this method is its short
in C, needs to be estimated, preferably before carrying ou€stimation range ofe| < zin caused by phase ambigui-
the DFT. The estimat& can be used to derotate the received ties. Shortening the length of the training symbols increases
samples before demodulation. the acquisition range, but lowers the estimation performance
Algorithms that find an estimaté can be mainly clas- as well. Several researchers have investigated possibili-
sified in data-aidedand blind methods (dependent on the ties to extend the range by modifying the preamble — how-
information that is available). Although also possible in ever, mainly by cost of some increase in computational load.
the frequency-domain (after DFT processing) (e.g. SantellaMoreover, two-step procedures with two different training
2000, and references therein), this paper only deals witlsequences consisting of a course and fine estimation step
methods working on time-domain samples. have also been proposed as well as symbols with more than
two identical halves. The interested reader is referred to e.g.

Schmidl and Cox (1997), Morelli and Mengali (1999), Li
3 Frequency synchronization in SISO systems etal. (2001).

3.1 Data-aided approaches 3.2 Blind approaches

In many data-aided synchronization approaches, algorithmsn van de Beek et al. (199A)aN DE BEEK et al. proposed to
are based upon the observation (e.g. in Eq. 6), that CFOgxploit the cyclic prefix which is essential anyway to prevent
only cause linear (related to time) phase shifts of the re-IBI and furthermore helps to simplify the channel equaliza-
ceived symbols. Hence, frequency offsets can be estimatetion. Originally, the authors found an optimal joint estimator
by “measuring” the phase rotation (unless the phase rotatioffor both timing and frequency synchronization. With the cor-
does not exceed an angle ot To follow this approach, relation between received symbols of the cyclic prefix and of
MoosE proposed in Moose (1994) two identical training its duplicate for the-th block (signal powevsz)
symbols as a preamble (see Fig. 4). _

From one symbol to the other, the phase changesdy=  E{rf(0rizn()} =027, i=0,...,G-1, (20)

2 )
~ Npe: the ML estimate of the CFO in an AWGN channel yields
j 2 Npe . —
Fian. =r€88Y 4 i=0,...,Ny—1, (18) 1 1 G-1
PHNe T : P t= (R ==L rforin)) . (21)
i 2 2 —
whereNp denotes the length of one training symbol. In the i=0

original work, MOOSE proposedV, = N und used sam- In order to enhance the estimation performance, averaging

ples in the fr.equer?cy domain. Foy representing addi_tive over subsequent OFDM blocks is beneficial. Besides the
white Gaussian noise (AWGN), he calculated the Maximum-g, o4 smajl estimation range of half of the carrier spacing,

Likelihood (ML) estimator: the estimator in Eq. (21) — in contrast to the data-aided ap-

Np—1 proach — suffers from considerable performance degradation
5= ilAR _ iﬁé Z PN (19) in frequency-selective fading channels. At high SNR, it ex-
2w Np 2 Np = ' P hibits a large error floor. Recently proposed methods try

to adaptvAN DE BEEK’s approach to multipath channels.

where/ R denotes the angle of the complex correlation sum.The idea is to use statistical properties of the received signal

The fact that some timing synchronization techniques relyto weight contributions in the correlation sum dependent on
upon computing the correlation sum in Eq. (19), argues forhow heavily they are corrupted by IBI.
the practical usefulness of this algorithm. Furthermore, al- Another important class of blind estimation methods uti-
though mathematically shown only for an AWGN channel, lizes redundancy introduced hyrtual subcarriers. These
the estimator in Eqg. (19) turns out to perform well even in carriers can be regarded as spectral guard regions that are of-
frequency-selective fading channels since the periodicity often used in practical OFDM systems to relax requirements of
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the analog radio frequency (RF) front-end. Additionally, a N, N, Transmitted or

major advantage of these algorithms is the larger acquisition' 1 o

range. Payload Tx #1
The basic idea was found byl and TurReLl (Liu = o e,

and Tureli, 1998) first: Let us assum®& — Ny vir-
tual carriers, thus the “full” IDFT-matrix becomed/ = Payload X 42
[Why Wyt -oowy ] e e
Due to the orthogonality property of column vector8\éf
we obtain in absence of CFO and noisef 1, ..., N — Ny) Fig. 6. Modified preamble suitable for MIMO transmission (Schenk
and van Zelst, 2003).

Wi L r k) =wh Wy, HE)sk) =0. (22)

This basic observation leads to the following problem formu- approach. He found out that the optimum of any linear com-

lation to estimate: bination of uncorrelated received signals leads selection
K—1N—Ny 5 combing(SC) concept, where only the strongest branch sig-

J(e) = Z Z Wﬁ +nCe_1r(k) nal passes. However, if a non-linear operation is performed

k=0 n=1 first, also information from other antennas can be advanta-
& = argminJ(e) . (23) geously utilized by a method similar tbaximum ratio com-
€ bining (MRC), in which branch weights are set in order to
The estimator in Eq. (23), similar to the (in array process-maximize the SNR.
ing) well-known MUSIC algorithm, is equivalent to the non- A synchronization unit for MIMO systems based upon
linear least squares (NLS) solution. Under some uncriticalMOOSEs and VAN DE BEEK’s approach was suggested by
assumptions, the cost function in Eq. (23) is shown to yieldMoDY et al. (Mody and Siiber, 2001). But diversity con-
a unique minimum. However, Met al. have proven in  cepts have not been sufficiently explored in this proposal.
Ma et al. (2001) the loss of identifiability in case of “chan- The main novelty was the modification of training sequences.
nel nulls”. To guarantee channel-independent identiafibi-Generally, the same training sequences as for synchroniza-
lity, hopping virtual subcarriers (positions of these carrierstion are also used for channel estimation. Hence, additional
change from block to block) have been suggested. requirements have to be met. The authors suggested the us-
Yet another blind synchronization algorithms proposedage of chirp like orthogonal sequences proposed by Suehiro
by BOLCSKEI that also has got a large acquisition range (Suehiro and Hatori, 1998).
is based upon the second-order statistics of OFDM signals. Recently in 2003, SHENK et al. (Schenk and van Zelst,
BOLCSKEI has shown in Blcskei (2001) that cyclostatio- 2003) analyzed a MIMO extension of Moose (1994) also
narity is introduced by a cyclic prefix, pulse shaping or by the from an analytical point of view. In this approach, they used
use of different transmit powers on the subcarriers such thagonstant-envelope orthogonal codes with good periodic cor-
the second-order statistics contain information on the synrelation properties, such asRENK-ZADOFF codes (Frank

chronization parameters. and Zadoff, 1962). Training sequences on different antennas
The interested reader is referred tél&kei (2001) and are cyclically shifted as illustrated in Fig. 6 fof; = 2.
Gini and Giannakis (1998). Instead of averaging estimates on different antenna signals

which is equivalent tequal gain combiningEGC), the esti-
mator is calculated

4 Frequency synchronization in SIMO and MIMO sys- (Mr 1 )

tems gziﬁué 1N

Il
N~

(24)

As stated before, if transmitter and receiver branches share ]
a common oscillator, respectively (which was consideredWhere R», denotes the complex correlation sum of each

throughout this paper), evidently still only one frequency off- @nténna branch.r,, is composed in the same way as in

setin Eq. (14) must be estimated. Thus in principle, all theEd- (19)- In a frequency-selective fading channel, the esti-
described algorithms can be also used for such a MIMO sceMator yields a MRC-like performance since antenna signals
nario. Howeverspatial diversitycan be exploited in order to  With @ higher SNR contribute more to the estimate.

enhance the estimator performance. For an AWGN channel, the Cramer-Rao bound (CRB) is
Schenk and van Zelst (2003)

4.1 Data-aided approaches . N
varé > (25)

- 2. N3. . ’
Unfortunately, for the synchronization unit, channel state in- (27)%- Ny - Mr - SNR

formation is not available which complicates any diversity Clearly, the CRB depends on the number of receive antennas
approach. This general problem was investigated byLC rather than on the number of transmit antennas. We will see
WIK in Czylwik (1999) for SIMO systems; the synchroniza- later, however, that in a fading channel also transmit diversity

tion algorithm used in his paper was based upooddes can enhance the estimator performance.
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10° ‘ : , AWGN and frequency-selective fading channel. The mul-

g < feecs tipath channel is implemented as a tapped-delay line with
o = ng;m;; I Raylei.gh fgding coefficients and a power delay profile given
— cre by typical indoor models used for WLANs at 5 GHz (Medbo

and Schramm, 1998). Impinging signals at different anten-

nas are assumed to be uncorrelated. We choose the DFT-size

N = 64, the sampling period = 50 ns (e.g. in IEEE

802.11a) and periodicity lengthi, = 16. As a cyclic prefix,

one period of 16 samples is preceded. The relative CFO error

in all simulations i = 0.2. To study the influence of multi-

ple antennas, the mean squared error (MSEM&Tsus SNR

, , per receive antenna for a different numberddf and M; is

w07 : j Ny simulated.

‘ ‘ In Fig. 7, the simulation results for both a flat and

i i - i i 1 frequency-selective (Model B for typical large open space

SNR per receive antenna (in dB) and office environment (Medbo and Schramm, 1998), aver-
age rms delay spread of 100 ns) fading channel are depicted.

Fig. 7. CRB and simulated MSE of the CFO estimation for different For reference, also the CRB for AWGN is displayed.

combinations offy and Mr = 1 (solid, —) andM; = 4 (dashed, As expected, we can observe a performance degradation in

——) averaged over 20000 realizations. fading channels compared to the CRB (as well as for a simu-

lated AWGN channel which is not displayed here), especially

at low SNRs. (At high SNRs, apart from the SISO flat fading

case, the MSE approximates the CRB, which reveals a ML

. . . estimator.) The degradation decreases with increasing delay
Again motivated by Czylwik (1999), BINAN et al. also ex- spread due to the gain @lequencydiversity. It is interest-

tended the blind estimation algorithm based on virtual sub-in to note that the estimator does not suffer from multipath
carriers to the SIMO case (e.g. in Honan et al., 2003). Pat 9 P

gains|y | are introduced in the cost function: since the periodicity of training symbols is preserved.
e ' However, performance improvement is also achieved by

spacediversity. The effect ofransmitdiversity becomes ap-

Mean Squared Error (MSE)

-6 I I

4.2 Blind approaches

K—1M,—1N—Ny

2 . .
Je=> Y > Yo |* ‘W%u—i—nce_lrmr(k)‘ parent forM; = 4 versusM; = 1 in a flat fading channel
k=0 my=0 n=1 using only a single receive antenna. Neverthelessgive
& =argminJ(e) . (26) diversity plays the dominant role since fof, > 1 the esti-
e

mator is less sensitive to fading and furthermore lowers the

The authors proved that the weiglis, | facilitate estimator bound of the MSE. This simulation example shows that fre-
MRC diversity gain when selected proportional to the branchduency offset estimation in MIMO systems is more robust
SNR. They validated also in an experimental setup the suYnder different fading conditions, which can be explained by
perior performance of this approach compared to EGC espet_he space diversity introduced by multiple antennas.
cially at low SNRs. At higher SNR, EGC and MRC coincide.

The cost function in Eq. (26) can also be used in MIMO g conclusion
scenarios. In Honan and Tureli (2003) it is shown that the
CRB in AWGN channels does not change with the numbera MIMO OFDM system model including a carrier frequency
of transmit antennas. However, the frequency offset estimaopffset has been developed and the effects of such offsets
tor benefits from transmit diversity which leads to an essenon the system performance in OFDM systems have been il-
tial performance improvement at lower SNR. In addition, the Justrated. Basic SISO data-aided and blind estimation al-
MIMO diversity gain helps the estimator to be less SenSitiVEQOrithms using time-domain samples have been reviewed.
in case of channel nulls. Moreover, some extensions to a SIMO and MIMO scenario
that efficiently exploit spatial diversity have been presented.
Finally, a simulation example has been shown to demonstrate

5 Simulation example the main aspects.

Due to space limitation, only a short simulation example of
the MIMO estimation algorithm proposed by S8ENK is fol-
lowing to demonstrate the main aspects.

To have a fair comparison, the total power radiated from
M; transmit antennas in MIMO s restricted t;g2 which
means that the transmitted power per antenna is reduced by
the factor M;. Simulations have been carried out for an
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