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ABSTRACT

In the context of orthogonal frequency division multiplexing
(OFDM), most papers define OFDM symbol synchronization as
frame synchronization. In this paper, a frame is defined as a
block of severa OFDM symbols in the time dimension. The
main contribution of this work is to propose a novel, low-
complexity, frame synchronization method for multi-carrier
systems that does not require any transmission overhead; this
increases the channel capacity, power and bandwidth efficiency.
Also, it enables a flexible multiple-access scheme to be
implemented in OFDM, whereby each user can have different
frame size. The proposed frame synchronization method is
compared with a conventional method using a preamble. Power
compensation and frame averaging techniques are proposed to
improve the performance of the frame synchronizer. The
performance of the proposed frame synchronizer is evaluated
over a Rayleigh fading channel for orthogonal frequency
division multiple-access (OFDMA) and multi-carrier code-
division multiple-access (MC-CDMA) systems.

1. INTRODUCTION

Frame synchronization is an essential element in wireless digital
communication systems. It determines the boundary between
data frames so that the information can be recovered correctly
from a stream of data. Most papers [1,2,3,4] define OFDM
symbol synchronization as frame synchronization. In this paper,
aframe is defined as a block of severad OFDM symbols in time
dimension. In the context of multi-user environment, frame
synchronization in time dimension alows each user to have a
more flexible structure. Conventional frame synchronization
techniques typically require special symbols (preambles) to
precede an OFDM frame [5,6]. These methods decrease the
channel capacity, bandwidth and power efficiency due to the
presence of frame synchronization overheads. Therefore, a new
low complexity frame synchronization method for multi-carrier
systems that does not require any transmission overhead is
proposed here.

This paper is organised as follows: in Section 2 we describe
the novel frame synchronization method for single user multi-
carier systems; in Section 3 we then extend the proposed
method to a multi-user OFDM systems; in Section 4, frame
averaging and power compensation methods are described to
improve the performance of the frame synchronizer; in section 5,
the performance of the proposed frame synchronization method
is compared with the conventional frame synchronization

method using a preamble for both OFDMA and MC-CDMA
systems. Finally, we present the overall conclusions.

2. FRAME SYNCHRONIZATION

X

Fig 1. Model of amulti-carrier system over a
Rayleigh fading channel.

Figure 1 shows a model of a multi-carrier system operating over
a Rayleigh fading channel. Let x be an N random data symbol
vector, i.e.

X =[x X .. xnl' (1)

D={1,2,...,U}, x,0D wherend[1,N]

where " denotes the transpose and D is the data alphabet with
size U. Each data symbol is mapped to a signaling symboal, y,,
using the MAP operation. The mapping is such that each
possible data symbol is associated with one particular value of a
set of U distinct values

y = I[vi Y2 o Wi’ )
Yo = A(Xn) 3)

A ={A(1), A(2),...,AU) }, yoJA where nJ[1,N]

where A is the signaling alphabet with size U. Each vy, is
alocated a subchannel. The vector y is encoded by the frame
encoding block (FEN) only if it is the first symbol of a frame;
otherwise, y = y. Then, MOD modulates y to produce an
OFDM symbol vector s. OFDM breaks down the transmission
bandwidth into narrow subcarriers, which can be regarded as flat
fading channels; here, they are modelled as Rayleigh fading.
This is described by a diagonal matrix C(a), with the fading
coefficients, @, on the man diagona. Also additive
white Gaussian noise (AWGN), w, is combined with the signal.
Thus,

r=C(a): s+w 4)



The recelver consists of a demodulation block, DEMOD,
followed by a frame detection and decoding block, FDDE, a
signaling symbol decision block, SSD, and a signaling symbol
demapper, DMAP. In the receiver, perfect OFDM symbol and
carrier recovery and perfect channel estimation are assumed. A
linear equaliser is used to offset the effect of fading in the
DEMOD.

2.1. Proposed Frame Synchronization Algorithm

The frame encoder only encodes the firss OFDM symbol of
every frame. The total number of subchannels, N, in vector y is
divided into g groups of U subchannels for frame encoding.

y =[ vy y@ - y@ yr]T ®
where y(n) is a 1xU vector and yg isavector of size (N — qU)

containing the remaining signaling symbols. Here, q is defined
as the maximum group available for frame encoding and is given
by the integer part of the division of N by U. Notethat N > U is
required here. The vector yg is not involved in the frame

encoding process. Each vector y(n) iny is encoded as follows:

71 - yxl (6)
Y - 0 M
yn - Yn (8)

wheren/7[2,U], n #X;. Thex; and Y, correspond to the first
data symbol and the signaling symbol in the first subchannel in
each vector y(n) respectively. The first data symbol, X,
specifies the i subchannel which will replace the first
subchannel, ¥, . Then, thei™ subchannel is deleted and no signal
energy will be transmitted in i subchannel. Note that no
information is lost in this process because the information in it"
subchannel is conveyed via the first subchannel, and the
information in the first subchannel is specified by the position of
the deleted subchannel.

The frame detection and decoding block must first detect the
start of the frame before it can recover the data from a frame-
encoded OFDM symbol. Like the frame encoder, the received
OFDM symbol is divided into g groups of U subchannels:

V=l V0 V@ .~ Y@ Ve |T ©

where y(n) is 1xU vector of the received signaling symbols,
J, and yg is a vector of size (N — qU) containing the

remaining received signaling symbols. Again, the vector §R is
not involved in the frame detection or frame decoding processes.
In each f/(n) vector, a subchannel that has the minimum

absolute magnitude among the subchannels within the group is
selected. Then, the selected minimum absolute magnitude
subchannels from al the groups are summed, i.e.

q
E= ﬁz min(abs(y(n))  (10)

where min(.) is the minimum of a group of number n and

n 0[1,9] and abs(.) is the absolute value of the argument. E is
then compared with a predefined threshold. This threshold can
be chosen according to the required false darm and miss
detection rates, and the prevailing channel conditions:

Ha
E ~ T (11)

where T is the threshold for frame detection and Hg and Hp are
the hypotheses indicating the frame is present or absent
respectively. If al the elements in signaling alphabet set A have
similar energy and the consequences of afalse darm and a miss
detection are the same, then the threshold should be chosen as
half the maximum absol ute magnitude.

After the frame is detected, the subchannels in the frame
encoded OFDM symbol have to be rearranged to recover the
actual OFDM symbol. This is simply the reverse of the frame

encoding procedure. For each y(n) vector, the position of the

minimum  absolute magnitude subchannel among the
subchannels within the group is determined by

i = pos(min(abs(¥(n)))) (12)

where n0[1,q] , and pos(.) is the position of the argument in a
vector. Then, the signaling symbol in i subchannel is replaced
by the signaling symbol in the first subchannel, and the signaling
symbol for the first subchannel is the i element in signaling
alphabet set, A:

Vi < W% (13)
i< A(®) (14)
Vo < Yn (15)

where n/7 [2,U], n # i. This frame decoding procedure is
implemented only when aframeis detected, otherwise, y=V .

The proposed method shows that the frame information can
be embedded in the normal data stream without the need for a
specia preamble  sequence. Consequently, frame
synchronization can be achieved without transmission
overheads. Furthermore, the method has low complexity and is
simple to implement.

3. MULTIPLE ACCESS

The proposed frame synchronization scheme can be extended to
amulti-user situation. This is done by encoding the first symbol
in each frame separately for each user and independently of
other users, Each user will have their own frame encoding,
detection and decoding block which is independent of other
users. The frame encoding, detection and decoding techniques
for each user are the same as those described above for the case
of a single user. Consequently, a multiple-access scheme can be
applied to OFDM system. This is illustrated in Figure 2, where
each user can have a different frame size and different frame
start times. If the frame synchronization technique is applied to
all g groups of U subchannels, then the frame size is constrained
to be any multiple of N symbols. However, if it is applied say to
the upper half of the q groups independently of the lower half of
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Fig2. Illugtration of orthogona frequency division multiple access (OFDMA) scheme (Q=4).

the g groups, then the frame size can be any multiple of 0.5N. If
the upper half and lower half are further split into 2 subgroups,
the frame size can be any multiple of 0.25N.

Nevertheless, this can be done only if the division of N by
the number of subgroups, ns, yields an integer. Note that, as ng
increases, the number of subchannels that can be used for frame
detection in each subgroup, N/ng, decreases. Hence, the
flexibility in frame size is inversely dependent on the robustness
of the frame synchronization. The minimum possible frame size,
U, is achieved when ns = g, where U is the signaling symbol
alphabet size. Furthermore, the frame size can be varied during
data transmission without reallocating the subchannels for each
user, and still maintaining the same bandwidth efficiency.

This scheme provides a more flexible system than the system
where the frame allocation for each user is done in the frequency
dimension only over a single OFDM symbol. The frame size for
such scheme cannot be increased without increasing the
available bandwidth if all the subchannels are occupied; also, it
may not be possible to reduce the frame size without reducing
the bandwidth efficiency.

Since there are similarities between OFDMA and MC-
CDMA systems, the proposed frame synchronization techniques
aso been applied to MC-CDMA systems. In this paper, a
recently developed rotated Hadamard spreading transform
metrix [7] is used. The proposed frame synchronization
technique applied is still the same.

4. PROPOSED IMPROVEMENTS

Two methods are proposed to further improve the performance
of the frame synchronizer. The first is to increase the energy of
all the subchannels, except for the deleted subchannel, for frame-
encoded OFDM symbols in order to compensate the energy loss
due to the subchannel deletion. Note that the power efficiency is
still the same because the output power will be the same as for
non-frame encoded OFDM symbols. The second improvement is
to use an averaging filter to average the frame boundary
estimates. However, this requires the frame size to be predefined
before data transmission, and then fixed thoughout data
transmission. The proposed averaging method evolves from the
averaging method developed for modulation-derived symbol
synchronizers (MDS) [8]. It is modified here to achieve frame
synchronization, instead of the original symbol synchronization;
the frame averaging model is shown in Figure 3. The length of
the synchronization buffer is similar to the frame size. The
FDDE sends an impulse to the synchronization buffer when it
detects the presence of a frame; otherwise, it remains idle during
every other symbol period. The output of the averaging filter,
p(n), isrelated to the input, g(n), given by (16),
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Fig3. Frame estimate averaging filter.
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p(n) = g(n)+ HHa(n-iv)d (16)
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where L is the memory length of the frame synchronizer, v is the
frame size and j indicates the | frame. The present frame
estimate is summed with progressively lower weighted previous
frame estimates, in this case an exponentially weighted memory.
The frame synchronizer searches for the peak in the
synchronization buffer every frame period, and the position of
the peak gives the estimate of the start of a frame.

5. PERFORMANCE ANALYSIS

The smulation was set up according to Figure 1 for both
OFDMA and MC-CDMA systems. 8 users were simulated
where each user having 13 subchannels (N=13); each BPSK
(U=2) subchannel undergoes Rayleigh flat fading. The frame
size is chosen as 78 BPSK symbols. In the simulation, perfect
channel estimation, carrier and symbol timing recovery are
assumed. For the proposed frame synchronization, 6 groups of U
subchannels were used for frame coding and ns=1. The
threshold for frame detection was 0.5 of the maximum absolute
amplitude. A conventional frame synchronization method [5]
was used for comparison; the synchronization pattern chosen
was 13 bit Barker sequence. The threshold was chosen to be 0.9
to minimize false dlarms due to random data (i.e. random data
that resembles the Barker sequence) at high Ey/N,. Figure 4
shows the probability of bit error (P,); note that the P, here does
not take framing error into account. Figure 5 shows the frame
error rate (FER) per symbol; this is obtained by summing the
probability of miss detection and the probability of false aarm.
FER per frame can be obtained by multiplying the FER by the
frame size. The notations for the results are as follows: ‘of’ =
OFDMA,; ‘cd’ = MC-CDMA,; ‘B’ = Barker sequence; ‘F1' = the
proposed frame synchronization; ‘F2' = the proposed frame
synchronization with power compensation and frame averaging
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(L =2); 'NF = no frame synchronization.

The conventional frame synchronization with a 13 bit Barker
sequence has the worst performance for both OFDMA and MC-
CDMA systems because some of the energy potentially available
for data is used for the preamble. The proposed power
compensation and frame averaging techniques give a small
improvement in term of P,. For the OFDMA system, the
proposed frame synchronization with power compensation and
frame averaging (L=2) shows negligible performance loss as
compared with the case of no frame synchronization. The
performance lossis only approximately 1 dB for the MC-CDMA
system. The conventional frame synchronizer with a 13 bit
Barker sequence has the worst FER. This is because it is affected
by the false alarms induced by the random data, whereas the
proposed frame synchronization does not have this problem. The
power compensation and the frame averaging technique improve
the performance of the frame synchronizer significantly in term
of FER for both systems.

6. SUMMARY

A novel frame synchronization technique that does not require
any transmission overhead is proposed for multi-carrier systems.
Since it allows each user to have a more flexible frame size; it
can be implemented efficiently for multiple-access schemes. The
proposed method was compared with a conventional method that
uses a 13 bit Barker sequence as the synchronization pattern for
the preamble. The proposed method has a better performance
because dl the available power can be alocated to the data and
the false dlarms are not caused by random data that resemble the
synchronization pattern. The proposed power compensation and
frame averaging techniques improve the performance of the
frame synchronizer. Also, the proposed frame synchronization
with power compensation and frame averaging (L=2) has
negligible implementation loss for OFDMA system and
approximately 1 dB implementation loss for MC-CDMA system
as compared with the no frame synchronization case.
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