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ABSTRACT
Targeting IEEE 802.16d systems, this paper presents a new
approach for coarse time synchronization and carrier
frequency offset estimation. In contrast to the previous
architecture that usually computes both of them jointly
within a unified auto-correlator, the proposed one performs
them separately to achieve more reliable frequency
synchronization and to reduce the overall hardware
complexity by optimizing them individually. Experimental
results show that the proposed architecture leads to better
frequency synchronization compared to the previous joint
estimation, and is more efficient in both respects of silicon
area and power consumption.
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1. INTRODUCTION
IEEE 802.16d, known as fixed WiMAX, is a promising
technology for wireless MAN due to its high data
transmission rate and scalability. It is based on the
orthogonal frequency division multiplexing (OFDM) that
modulates the data distributed on a number of sub-channels
by using orthogonal bases. The OFDM technique is robust
to the frequency selectivity problem mainly caused by
multi-path fading.
The purpose of the coarse time synchronization is to
detect the preamble. Since this synchronization has a
significant effect on the overall performance and power
consumption of the receiver, it is one of the most important
processing steps in the receiver. A failure in this
synchronization leads to the missing or false alarming of a
preamble. All of the subsequent processing steps in the
receiver will be nothing if the synchronization fails. The
power efficiency of this synchronization is also important in
IEEE 802.16d systems, as the time to search for a preamble
can be long [1]. During the search time, the synchronization
block is active, whereas all the other blocks in the receiver
can be deactivated to save energy. Thus the synchronization
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block should be turned on for quite a long time, making its
power efficiency significantly important in achieving a low
power receiver.
This paper deals with the coarse time synchronization
and the carrier frequency offset (CFO) estimation, and
proposes a new architecture for the coarse time
synchronization in IEEE 802.16d systems. As the symbol
timing offset is usually estimated more finely in the
following processing, the resolution of this synchronization
can be coarser [2], [3]. To reduce the power consumption
and the area, the proposed architecture employs two
decoupled data-paths each of which is optimized for its
associated functionality. In addition to the architecture, a
new synchronization schedule is also proposed to achieve
more accurate synchronization.
The rest of this paper is organized as follows. In Section
II, the previous architectures presented for the coarse time
synchronization are analyzed. The proposed architecture is
described in Section III. In Section IV, we evaluate the
hardware complexity and the performance of the proposed
architecture. Finally, concluding remarks are made in
Section V.
2. PREVIOUS WORKS
Most of the previous synchronization schemes proposed for
OFDM systems are based on the correlation between
received samples and the training sequence. In this section,
they are briefly explained along with their merits and
drawbacks.
2.1. Auto-Correlation for Joint Estimation [4]
A data frame of IEEE 802.16d starts with a preamble like
other burst-mode OFDM systems. As shown in Fig. 1, the
downlink preamble consists of 4 short training sequences
and 2 long training sequences [1]. The main objective of the
repetitive short training sequences is to detect the preamble
by performing auto-correlation between received samples
[1]. To make the auto-correlation independent of the
channel environment, the normalized
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Downlink preamble structure of IEEE 802.16d

Fig. 1.

auto-correlation defined below is usually employed for the
synchronization [2-6],
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where r is a received sample and W denotes the length of a
short training sequence, which is 64 for the downlink
preamble of IEEE 802.16d. The auto-correlation between
the repetitive training sequences makes ȝn prominently high
in the time domain, forming a magnitude plateau as shown
in Fig. 2. In the receiver, the plateau is searched to detect the
preamble. Searching for the plateau is usually achieved in
practice by comparing the auto-correlation magnitude to a
threshold. In addition, ȝn can also be used to estimate the
CFO. If there is a CFO between the receiver and the
transmitter frequencies, the phase difference is linearly
increasing in the time domain. Therefore the phase
difference between rn-i and rn-i-W is constant and proportional
to W times the CFO if the CFO is assumed to be timeinvariant. To estimate a more reliable CFO, we take the
average of the phase differences of W received sample pairs
as follows.
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Fig. 2.

Normalized auto-correlation of received samples for
coarse time synchronization

Therefore, the CFO can be contaminated by some samples
in the incorrect estimation window that are out of the same
training sequences, if estimated jointly with the plateau
detection. Some works have revised this problem by
detecting a peak instead of the threshold comparison, but
such an approach entails a considerably increased
complexity [6]. Second, maintaining the same precision in
the two estimations may be wasteful. In general, the time
synchronization requires much less precision than the CFO
estimation does. The coarse time synchronization can be
successful even with reduced hardware exploiting this
property [2].
2.2. Cross-Correlation for the Estimation of Symbol
Timing Offset



This joint estimation based on the auto-correlation of
received samples is attractive because it is simple and robust.
However, this scheme has some drawbacks to be improved.
First, the previous architectures do not take into account the
samples involved in the auto-correlation seriously. Most of
them use a unified auto-correlator to obtain both of the time
synchronization and the CFO estimation jointly at the same
time [3], [5]. In other words, the auto-correlation used for
the CFO estimation is also compared to a threshold in order
to detect the plateau boundary for the coarse time
synchronization. This can lead to a significant degradation
of the CFO estimation. Let us assume that the autocorrelation magnitude becomes greater than the threshold as
the received samples are serially fed into the auto-correlator.
In this case, that point may be near the plateau but not
exactly in the plateau. Examining the estimation window
involved in the auto-correlation, we often find that some of
the samples in the window are out of the training sequences,
as depicted in Fig. 2. This can occur even if the timing is
achieved by detecting the falling edge of the autocorrelation. Only in the plateau, we can guarantee that the
estimation window corresponds to the training sequences.
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In this scheme, the cross-correlation between received
samples and pre-determined training sequences is performed
to obtain the time synchronization by detecting the peak of
the cross-correlation [7], [8]. The accuracy of this approach
is fairly good even in a very low SNR. However, it can be
applied only to the time synchronization, not to the CFO
estimation. Moreover, the cross-correlation is very sensitive
to the CFO, making the time synchronization unreliable if
there is a small CFO. In general, this approach can be
applied to CFO-corrected samples, and is appropriate for the
fine symbol timing offset estimation to be performed after
the received samples are corrected by compensating the
CFO.
3. PROPOSED ARCHITECTURE
In contrast to the previous joint estimation, the proposed
synchronization developed for IEEE 802.16d systems
consists of two separate data-paths each of which is
dedicated for its function.
3.1. Overall Synchronization Procedure

The overall flow of the proposed synchronization is depicted
in Fig. 3, which works according to the following sequence.
i.
ii.
iii.
iv.

Coarse time synchronization using autocorrelation
CFO estimation using precise auto-correlation
CFO correction
Fine symbol timing

The symbol timing synchronization is achieved in two steps.
The symbol timing offset (STO) is coarsely estimated by
performing auto-correlation for the received samples, and
then the fine STO estimation is performed for the CFOcorrected samples. In the coarse time synchronization, the
received samples can be quantized to a few bits in order to
reduce the computational complexity. The normalized autocorrelation performed for the quantized samples is
compared to a threshold for this synchronization. The CFO
is estimated by performing a precise auto-correlation only
for W samples coming after the coarse time synchronization,
and then is used to correct the received samples by using the
CORDIC-like processing proposed in [10]. To determine the
boundary of the short training sequences, the CFO corrected
samples are involved in the fine STO estimation that
performs cross-correlation for 2W samples. Since the fine
STO estimation follows the CFO correction step, this paper
focuses on the first two steps, the coarse time
synchronization and the CFO estimation.
Let x be the point detected by the coarse time
synchronization. To work properly for the 4 short training
sequences, x must satisfy the following relation when W =
64,
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where ta is the computational latency of the CFO estimation.

The CFO can be estimated in no more than 16 clocks by
using the architecture in [10].
3.2. Decoupled Data-Paths
In the previous architectures, the coarse time
synchronization and the CFO estimation are jointly
performed based on the unified auto-correlator [3], [5]. This
approach is inefficient as the precisions required in the two
auto-correlations differ from each other. Through a number
of the fixed-point simulations the bit-widths can be
determined. The bit-width of the CFO estimation is about 10
bits to obtain a reasonable performance, while only 4 bits is
sufficient for the coarse time synchronization. According to
this observation, the proposed architecture has two separate
data-paths to optimize each auto-correlation individually, as
shown in Fig. 4. The upper part is for the coarse time
synchronization expressed in (6), and the lower part is for
the precise auto-correlation required for the CFO estimation
defined in (7).
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Both of them calculate auto-correlation, but their bit-widths
are different. In other words, rn in (6) is represented in a
smaller bit-width than rn in (7) is.
3.3. Auto-Correlator for Coarse Time Synchronization
To derive a more efficient computational structure, the autocorrelation is transformed to a recursive form [4] as follows,
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The recursive auto-correlation requires 2W sample
buffers, which is equal to 128, for the short training
sequences of the downlink preamble. This is implemented
as a circular buffer in the proposed architecture, as shown in
Fig. 4. In the coarse time synchronization, ȝn is compared

Overall flow of the proposed synchronizations
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Fig. 4.

Proposed architecture for the coarse time synchronization and precise auto correlation used for the CFO estimation

to a threshold, which can be efficiently implemented with no
division as follows,
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Fig. 3. It can be calculated with a complex multiplier and an
accumulator more efficiently than the recursive form that
needs two complex multipliers, as shown in Fig. 6. Though
the recursive form is effective in computing many autocorrelations for a sequence of samples, it is not needed in



where Th means the threshold. If the threshold is a power of
two, the multiplication of the second term can be replaced
with a shift operation. Through a number of simulations, the
threshold is determined to 1/4. As stated before, the coarse
time synchronization can be successful even if the samples
are represented in a small bit-width. Reducing the bit-width
helps lower the power consumed in the synchronization.
The recursive auto-correlation expressed in (8) may be
implemented in a straightforward structure, as depicted in
Fig. 5(a). In this figure, we can find that a pair of the two
multiplications has a common operand such as Re(rn-W),
Im(rn-W), Re(rn-W) or Im(rn-W). The other operands can be
added before the multiplication to reduce the number of

(a)

multipliers, which enables eight n [ n multiplications to be
implemented with four n [ (n+1) multipliers as shown in
Fig. 5(b). Additionally, the carry save addition is employed
to add three operands in a more economical way.
3.4. Auto-correlator for CFO estimation
A separate data-path is used for the auto-correlation of the
CFO estimation, as it needs a relatively high precision. In
this case, the auto-correlation does not need to be
normalized, since only the average phase difference is
needed in the CFO estimation. Therefore, the multipliers
and the accumulator needed for calculating energy can be
eliminated as illustrated in Fig. 4. Moreover, the autocorrelation is calculated only once for W samples just after
the coarse time synchronization is completed as shown in
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(b)
Fig. 5.

Auto-correlator for the coarse time synchronization (a)
Straight-forward structure (b) Proposed structure

4. EVALUATIONS

Fig. 6.

Auto-correlator for the CFO estimation

the proposed architecture, as the CFO estimation deals with
only W samples coming after the coarse time
synchronization.
In addition, the separate auto-correlation has an
advantage that the CFO estimation is more accurate than the
previous joint estimation. As stated before, the autocorrelation of the CFO estimation should be more precise
than that of the coarse time synchronization. In the proposed
architecture, W samples in the CFO estimation window
coming after the coarse time synchronization are considered,
whereas the previous architectures usually estimate the CFO
based on the auto-correlation calculated at the moment when
the preamble is detected by comparing ȝn to a threshold [3],
[5]. This can cause a negative effect on the estimation
performance because some incorrect samples can be
included in the estimation window as we explained in the
previous section. As shown in Fig. 7, however, W samples
in the estimation window of the proposed architecture are
guaranteed to be within the short training sequences,
because they are taken after the coarse time synchronization
is done. Therefore we can expect that the accuracy of CFO
estimation is significantly improved due to the purity of the
samples involved in this precise auto-correlation.

Fig. 7.

CFO estimation window in the proposed synchronization
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The performance of the proposed architecture is
evaluated through simulations performed with a multi-path
fading channel whose parameters are conformed to SUI-3
for all the SNR range specified in IEEE 802.16d [1], [9].
The CFO in the channel is set to 1.7 sub-carrier spacings in
the simulations.
The CFO estimation errors are compared in Fig. 8, where
the proposed architecture performs auto-correlation for the
W samples coming after the coarse time synchronization and
the previous approach shares the auto-correlation used for
the coarse time synchronization. As there is no ambiguity in
selecting samples to be involved in this estimation, the
proposed architecture shows better performance than the
previous one.
Fig. 9 compares the performance of the coarse time
synchronization. If the detected point violates the relation
described in the previous section, it is regarded as a failure.
Samples are quantized to 4 bits in the proposed architecture,
while they are represented in 10 bits in the previous unified
architecture. We can see in the figure that the proposed
architecture performs comparably to the previous
architecture, even though the samples are represented in a
much less bit-width.
The previous joint estimation and the proposed
architecture are implemented with TSMC 0.25um CMOS
standard cell library and synthesized under the same
constraints. The gate counts resulting from the two
approaches are compared in Table I. The gate counts are
normalized by counting a 2-input NAND cell as one. As
shown in the Table I, the proposed architecture achieves
approximately 30% gate count reduction in spite of the two
separate data-paths. Compared to the joint architecture, the
proposed architecture has more multipliers, but significantly
reduces the bit-widths of some multipliers. As the
complexity of a multiplier is squarely proportional to its bitwidth, reducing bit-width pays for the increased number of
multipliers in the proposed architecture.
To investigate the power efficiency of the proposed
architecture, we simulated the power consumption for the
gate-level net-lists. The simulations were performed with
the test vectors generated for the multi-path fading channels
described above. The results are summarized in Table II.
Looking at the results, we can see that the proposed
architecture reduces the power consumption to about 40%
compared to the previous one. This is a natural consequence,
since each data-path is individually optimized in the
proposed architecture and the high-precision data-path
associated with the CFO estimation is active only for a tiny
interval. Other blocks not involved in the synchronization
are turned off to save power consumption during this
synchronization. In IEEE 802.16d, the synchronization time
can be as long as 2 MAC frames [1]. This means that the
power efficiency of the synchronization block has a

significant efffect on the ooverall power consumptionn of the
target system.
5. CO
ONCLUSION
In this papper, we have proposed a new
n
synchronnization
architecture thhat is good in performance and efficient in both
respects of poower and areaa consumption. In contrastt to the
j
joint
architeecture with a unified auto-correlato
a
or, the
proposed onee performs thhem separately to achievee more
reliable frequuency synchronization and to
t reduce the overall
hardware com
mplexity by ooptimizing theem individuallly. The
coarse time synchronizatio
s
on can be succcessfully com
mputed
with a small bit-width, leaading to a sim
mplified hardw
ware. In
addition, the CFO estimaation can be made accurrate by
d not corresppond to
eliminating thhe incorrect samples that do
the training sequences. Compared
C
to the previouus joint
estimation appproach, the proposed synnchronizationn block
implemented for IEEE 8022.16d systems reduces silico
on area
and power consumption byy 30 % and 60 %, respectiveely.

GATE COUNT COMPARISON
O

TABLE
E I.

Precise Autto-Correlator
Coarse Tim
me Synch.
Controller
Buffer Conntrol
Etc.
Total.
TABLE II.

SNR (dB)
2
5
8
11
14
17
20

Proposed
4232_
3688_
165_
319_
270_
8674_

Joint
Jo Approach
11321_
165_
319_
266_
12071_

POWER
R CONSUMPTION
N COMPARISON

Proposed (m
mW)
6.1995_
6.0887_
6.1223_
5.9224_
5.8776_
5.7777_
5.7669_

Joint Ap
pproach (mW)
14.630_
15.306_
16.331_
15.127_
15.680_
16.187_
15.917_
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