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Abstract—  Multiple Input Multiple Output—Orthogonal
Frequency Division Multiplexing (MIMO-OFDM) is one of the
key technologies in the next generation broadband wireless
communication systems. It is very sensitive to coarse
synchronization. With the distributed architecture, the coarse
synchronization becomes more difficult and more complex. The
goal of this paper is to analyze the statistical properties of coarse
synchronization for MIMO-OFDM with distributed antenna
system. It defines the coarse synchronization metric function
(autocorrelation synchronization metric function) at the receiver
and calculates its mean and variance. Finally, the statistical
properties of coarse synchronization are examined by their
applications to several existing algorithms.
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I. INTRODUCTION

MIMO-OFDM is one of the key technologies in the next
generation wireless communication systems, which includes
LTE, 802.16m (WiMAX) and 802.11n (WLAN). However,
one notes that, in MIMO-OFDM system, the superposition of
the signals from all the transmitting antennas is received by
the receiving antennas at the given time, and the position
differences between the antennas make the signals from
different transmitting antennas arrive at the receiving antennas
with time differences. Hence, timing synchronization''~
including coarse synchronization and symbol synchronization
is difficult to implement. Especially in distributed antenna
system®*! (DAS), the system performance can be greatly
reduced by an exiguous timing offset.

In a centralized MIMO-OFDM system'™ ®), there is no ITD
(inter transmitter delay). By contrast, in distributed MIMO-
OFDM system[7’ 8.9 transmitting antennas are sparsely placed
and receiving antennas focus on the same location or both
transmitting antennas and receiving antennas are sparsely
placed. There exists ITD, and delay matrix of the receiver is
T = [7; 75...7x]. So the timing synchronization estimation in
DAS is more complicated and challenging than that in
centralized MIMO-OFDM  system. To deal with
synchronizations in DAS, lots of works have been done.
However, in these works, there is not statistical properties
analysis of coarse synchronization metric function for
distributed system according to existing achievements.
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The goal of this paper is to analyze the statistical properties
of coarse synchronization for MIMO-OFDM with distributed
antenna system. It defines the coarse synchronization metric
function (autocorrelation synchronization metric function) at
the receiver and calculates its mean and variance. This paper
can serve as a theoretical reference for distributed coarse
synchronization to solve synchronization problem in
distributed MIMO-OFDM system.

II. COARSE SYNCHRONIZATION FOR MIMO-OFDM WITH
DISTRIBUTED ANTENNA SYSTEM

In N,;xN, distributed MIMO-OFDM system, the signal
transmitted by the antenna i can be expressed as:
1 & 2kn | N
xi(”)z_ Si,k'el !
V&
At the receiver, the signal received by the antenna j can be
expressed as:

0<n<N-1 (1

N .. . i i
r ()= > W ®@x,(n,e)- ™ 1w (n) ()
i=1
where N,, N,, N and S;; represent the number of transmitting
antennas, the number of receiving antennas, the number of
sub-carriers and the frequency-domain symbol carried by the
sub-carrier k transmitted by antenna i, respectively. 7'
represents the normalized delay from transmitting antenna i to
receiving antenna j. Since the receiving antennas are centrally

placed, the time delays from the transmitting antenna to all the

.. . ii Ji
receiving antennas are the same, i.e. 7' =t &/ represents

the frequency offsets from the transmitting antenna i to the
receiving antenna j. w;(n) represents Gaussian white noise.

This paper analyzes the statistical properties of coarse
synchronization method utilizing Preamble, which consists of
a number of identical training sequences. Suppose that the
training sequence is represented by P={p(0) p(I) ... p(N-D)}.
In order to simplify analysis, the MIMO flat fading channel is
employed and the frequency offset is neglected. Then, the
signal received by the receiving antenna j is:

@(n):pl(n—rl)+p2(n—2'2)+~~-+pM (n—rN[)+wj(n) 3)
In this paper, N, dimensional autocorrelation estimators are
used to capture the frame header of each transmitting antenna.
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Suppose that random variables (X Xy Xy )represent N,

The
receiving

dimensional autocorrelation estimators. conjugate
receiving signal  (d+k) and the signal
r(d+k+L)are independent. L is the length of the single
training sequence. The mean of the training sequence and
noise are 0. Their variances can be respectively defined as
2 2
o, =E[Re{p}’]=Hlmp}’] and o, = E[Re{w}’ ] = E[Im{w}’] -
One notes that all transmitting signals share the same
bandwidth. Hence, the SNR at a receiving antenna is
2/ 2
calculated as SNR= N, 0, / o,
At the receiver, the coarse synchronization metric function
of the i dimensional estimator is defined as:

4@ A
Ly—L,-1
A(d)y= D r(d+k+L) r'(d+k) (5)
k=0
Ly—Li,-1 o
R(d)= Y, |r(d+k+L,) (©)
k=0

The position of frame header capture of the transmitting
antenna i/ is given by:
d, = arg max(Q, (d)) ™)
Here, L is the length of Preamble sequence. L"Sp is the
period length of the training sequence from the transmitting
antenna i. The Lisp of each transmitting antenna is different and
no Lisp should be a multiple of another Lksp, k=1,..N, k#i

III. STATISTICAL PROPERTIES OF COARSE
SYNCHRONIZATION FOR MIMO -OFDM WITH
DISTRIBUTED ANTENNA SYSTEM

Because each signal and noise vectors are in different
directions, they can’t be simply superposed, which will cause
complex calculation. To analyze the statistical properties of
coarse synchronization metric function, we should
orthogonally decompose each signal and noise vectors into the
in-phase direction and quadrature direction of dominated
signal.

A. Mean of the Coarse Synchronization Metric Function

At the correct coarse synchronization, the shift
autocorrelation of the receiving signal is expressed
as:

Lk _
4@, )~ D P, 5 +hp(d, = +k+L,) ®
=0

opt

7 +p(d,, T +k+L )0 (d,H)+o (d, H)dd, H+ L))

opt opt opt opt

13571;1171 {p;< (d ()pt_zz + k)a(d +k + l;p)
_+_

where the direction angle of signal p/(d, ¢ +k)p(d, — +k+l;p)

opt opt

is defined as 0, which is in x axis direction. Subscript ) means
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that the component is in the in-phase direction. Rician
distribution can be approximated by Gaussian distribution if
the envelope of a signal with Gaussian noise is adopted, and
the in-phase part is much larger than the quadrature part, so
the envelope can be approximated by the in-phase part!'".

According to the central limit theorem (CLT), 4(,,)
Gaussian distribution and its mean is Eq 4.(dopj)=2(LS —L)o,.

obeys

The energy of the receiving signal R, (d ) is:

p[(dopt_z; +k+£ )

sp.

L 1| N A
R‘ (d()pl) = z +z{pe(dapt_7’-e +k +Esp) }ﬁ(dupf’?%*&p)
=0 p ’
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+{ad, +k+L )} 2
opt 507, (d,,ttheH L)
N, _ 2
1
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+ >
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Ay kL)Y e,
where subscript p,(d,,,—7, +k+L,)and p,(d,,, 7, +k+L,)

correspond the in-phase direction and

quadrature direction of dominated signal p,(d,, -7, +k+Lf;p),

component in

respectively. According to the CLT,R[(dopt) is also Gaussian
and its mean is B(R(d,,)=2(L,~L,)No; +02)- R(d,,)is
a Rician random variable with the mean much larger than the
standard deviation. In this case the Gaussian approximation
can be used!"".

Define the square root of Q,(d) as:

A.(d
0. = JTD) = Al

Ri (dopt )
Both the numerator and denominator of ¢, (d Upt) are Gaussian

(10)

random variable. Since their standard deviation are much
smaller than their mean, and linear operations on a Gaussian
random variable produces another Gaussian random variable,

hence ¢q,(d,, ) is Gaussian''". Similarly, Q(d,

opt
[10]

) can also be

approximated by a Gaussian random variable

0_2
u, =Elg(d,,)] NG 102 (11)

0,(d,,) ~(u, +n(0,62)] = +2u,n(0,62) (12)

4

—HO(d, )=
Ho, = Ak Gop _(N,O'f,+of,)2

At high SNR, the mean of O(d,,) is approximated by 1/ N, z.

(13)

B. Variance of the Coarse Synchronization Metric Function
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According to means calculated by equation (11) and (13),
the variance at the correct coarse synchronization is calculated
as:

2020, +20° + 1 200, + i 4o
O-qzl = D[q, (dopt )] = - = - .

2 (14
i 2 2\2
(L, -L,)2N,0, +20,)

, 20, [(1+ 1, )0, 0, +(1+2u, )0,
GQ; ZD[Qi(dt?pt)]z L Lz N 2 2\4
( s A‘p)( to-p +O—w)

At high SNR, the variance of Q(d,,) is approximately
expressed as 2(N; +1)/(L,, — L, )N, - SNR .

Hence, the statistical properties of coarse synchronization
based on Preamble for distributed MIMO-OFDM system are:

4 4 4

o) 200+4,)00, 1+ 24)0L) (1)

Qo) NG+ (L,~L )N +a)

As observed from above equations, the factors which affect
the performance are transmitting antenna number V;, adding
window length L SS—LZSP and SNR. The higher the SNR is, and
the smaller the variance is, which results in the performance
better.

Figure 1 shows the mean of coarse synchronization metric
function at the correct coarse synchronization. The distance
between solid line and dashed line indicates the standard
deviation. We suppose that L =256, Llsp =64.

(15)

Coarse synchronization metric

SNR(dB)
Figure 1. Metric value at the correct coarse synchronization
in MIMO flat fading channel

As shown in figure 1, the mean of coarse synchronization
metric function at the correct coarse synchronization is

approximated by 1/N? when SNR is high. The standard

t

deviation decreases with the increase of SNR.

IV. STATISTICAL PROPERTIES OF COARSE
SYNCHRONIZATION VERIFICATION USING DIFFERENT
ALGORITHMS

For several coarse synchronization algorithms for MIMO-
OFDM with distributed antenna system, simulations have
been done to compare their practical performances to their
theoretical counterparts. The simulation environment and
parameter settings are describes as follows: MIMO flat fading
channel; 2x2 antenna system; 7M bandwidth; 31.25KHz
carrier spacing; 8MHz sampling rate; 25KHz symbol rate; 16-
QAM modulation method. For UPSP algorithm, Zadoff
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sequence p\* with L, = 64 and Zadoff sequence i

with sz =63 are chosen as the training sequences of

transmitting antenna 1 and 2, respectively. The total length of
Preamble symbol is 256. For CAZAC algorithm, weighted

coefficients are @, =1landw, = j. The lengths of the cyclic
displacement for CAZAC sequence are ) =0 and D, =20. The

total length of Preamble symbol is 384. The total length of
Preamble symbol is 256. For OVPSP algorithm, lengths of

training sequences choose U’ =64 and U; =81 ,

respectively. We can also choose 121 and 100 two training
sequences. The number of training sequences of a preamble
symbol is k = {4, 3}. The total length of Preamble symbol is
256. The time delays are 7;=100 samples and z,=150 samples.
The simulation was done 10000 times.

As shown in figure 2 and figure 3, the simulation values
using three algorithms and the theoretical values of the means
and variances of coarse synchronization metric function are
contrasted at the correct coarse synchronization in MIMO flat
fading channel, respectively.

0.5 T

045 — —+— — —— — — R 1 H

Coarse synchronization metric function mean

40

SNR(dB)
The mean of coarse synchronization metric function using three
algorithms at the correct coarse synchronization in MIMO flat fading channel

Figure 2.
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Figure 3. The variance of coarse synchronization metric function using three
algorithms at the correct coarse synchronization in MIMO flat fading channel

Figures show the means and wvariances using three
algorithms are all very close to the theoretical values. Note
that the simulated variance is slightly higher than the variance
calculated by theory. The deviation is derived from the
simulation times and the mathematical approximation. The
reason is that there is a correlation between the signal terms

ry.n, andr, ., while the calculation supposes that
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they are independent. From the comparison, no matter what
kinds of coarse synchronization algorithms, as long as the
autocorrelation estimators are based on the Preamble sequence
in MIMO flat fading channel, the proposed statistical
properties of coarse synchronization for MIMO-OFDM with
distributed antenna system are applicable.

V. CONCLUSIONS

This paper analyzes the statistical properties of coarse
synchronization based on the Preamble autocorrelation
estimation for MIMO-OFDM with distributed antenna system.
The statistical properties are applicable in all algorithms based
on the matched correlation estimation using the Preamble in
MIMO flat fading channel. The factors which affect the
performance are transmitting antenna number N, adding
window length LAVSfLiSp and SNR. The higher the SNR is, and
the smaller the variance is, which results in the performance
better. The proposed statistical properties apply to existing
main algorithms UPSP, CAZAC, OVPSP etc.
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