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ABSTRACT The high implementation complexity of multiband orthogonal frequency-division
multiplexing (MB-OFDM) ultra-wideband (UWB) technology is the major hurdle for applying it to
vehicular communications. This paper presents a comprehensive synchronizer with low complexity and
high performance for the MB-OFDM UWB. A low-complex overall architecture is proposed, in which the
sub-functions are divided into amplitude-detection-based functions and phase-detection-based functions.
All of the amplitude-detection-based functions are implemented based on a simplified cross correlation-
based matched filter, and a serial structure-based auto-correlation block is designed exclusively for carrier
frequency offset estimation. Several effective methods for the sub-functions are proposed based on the
proposed overall architecture. Evaluation results show that the proposed synchronizer has high performance
with low complexity.

INDEX TERMS MB-OFDM, synchronization, UWB, vehicular communication, overall architecture, CFO.

I. INTRODUCTION
Internet of Vehicle (IoV) has been widely studied and applied
in recent years [1]. Currently, most of the researches on
IoV based high-data-rate transmission are proposed based on
IEEE 802.11p or 5G [2], [3]. However, UWB technology,
which offers wide bandwidth and low power spectral den-
sity (PSD), is also a promising technology for high-speed
IoV, especially the applications of short-range communica-
tion with strict limitation on power consumption. For exam-
ple, UWB can be used in the inter-vehicle communication
and power-limited in-vehicle communications to obtain low-
power consumption and avoid interference to other systems.
Some discussions on the efficiency of using UWB technology
for vehicular communications have been proposed in recent
years [4], [5].

Among the available techniques for UWB, multi-band
orthogonal frequency-division multiplexing (MB-OFDM)
[6], [7] is one of the most promising techniques for high-
data-rate applications, due to its good features such as robust-
ness in dispersive channels and high spectrum efficiency [8].
5G/ IEEE 802.11p based IoV systems usually adopts

network-level methods to reduce power consumption [9].
However, MB-OFDM UWB based systems can achieve low
power at both network level and physical level because of the
strict PSD limitation on the transceiver. At present, one of the
major difficulties of applying MB-OFDM UWB technology
to vehicular communications is the high cost brought by
the high implementation complexity of MB-OFDM UWB
technology.

As time-frequency code (TFC) is adopted in the
MB-OFDM UWB system, synchronization in MB-OFDM
UWB systems is much more complex than normal OFDM
systems. In MB-OFDM UWB systems, synchronization is
one of the most complex blocks at the receiver. In addition,
MB-OFDMUWB systems are very sensitive to synchroniza-
tion errors. Timing errors and carrier frequency offsets (CFO)
destroy the orthogonality of the OFDM subcarriers, which
usually result in severe performance degradation [10]. A low-
complex synchronizer with high performance is still one of
the major difficulties for the practical system design. Typi-
cal digital baseband architecture for the MB-OFDM UWB
receiver is shown in Figure 1.
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FIGURE 1. A typical digital baseband architecture for the MB-OFDM UWB
receiver.

Issues of OFDM-based synchronization have been
researched for years, and many effective methods have
been proposed [11]–[24], of which some are specific to
MB-OFDM UWB systems [12], [15]–[17], [20]–[24]. How-
ever, most of these methods focus on designing one or two
sub-functions without giving a comprehensive synchroniza-
tion solution. For example, a low-complex packet detector
has been proposed in [12]. A timing offset estimation method
has been proposed in [16] based on searching for the first
important multipath, which has been shown to have high
performance under high SNRs. In [22], a CFO-estimation
algorithm with high performance has been proposed based
on BLUE principle.

Since auto-correlation (AC) algorithm can be implemented
iteratively, most existing comprehensive synchronization
solutions with low complexity for OFDM systems are
designed completely based on AC operation [21], [26], [27],
in which all sub-functions are implemented based on AC.
Among these solutions, the scheme in [21], which has very
low complexity, is specially designed for MB-OFDM UWB
systems. However, this scheme is still not an optimal solution,
as AC is much sensitive to noise and that MB-OFDM UWB
systems are usually applied to low SNR environments due to
the strict PSD limitation on MB-OFDM UWB devices.

Compared to the conventional vehicular ad-hoc net-
work (VANET) physical layer, which is usually applied
to the low-data-rate applications such as positioning [28],
[29], MB-OFDM UWB technology has much higher imple-
mentation complexity. In this paper, we propose a compre-
hensive synchronizer for MB-OFDM UWB systems, which
aims to obtain both high performance and low complex-
ity. A low-complex overall architecture is proposed, which
divides the sub-functions into amplitude-detection-based
functions and angle-detection-based functions. All of the
amplitude-detection-based functions are implemented based
on a simplified CC based matched filter (MF), which has low
complexity and high noise immunity, and a serial structure
based AC block is designed exclusively for carrier frequency
offset(CFO) estimation. Based on the overall architecture,
several novel methods for the sub-functions are also proposed
in this paper.

The main contributions of this article are as follows:
• Differences between AC and CC are systemically com-
pared with a new perspective. By analyzing the role of
AC and CC in OFDM synchronization, we found that
the functions provided by these two basic operations in
OFDM synchronization can be divided into two types:
detecting the phase offset between received symbols
and obtaining the correlation between symbols through
detecting amplitude. Based on this division, we can
analyze the differences between AC and CC in the sce-
narios of ‘‘phase detection’’ and ‘‘amplitude detection’’,
respectively. In this way, the analysis process is much
simple and possible and the results are reliable.

• A low-complex overall architecture with dual common
blocks is proposed. In contrast with the conventional
AC-based low-complex synchronization solutions of
OFDM systems, we proposed a high performance and
very low-complex overall architecture, which includes
both AC and CC operation, for MB-OFDM systems.

• We proposed an effective comprehensive synchroniza-
tion solution for MB-OFDM based UWB systems.
A CC-based low-complex TFC identification method is
proposed based on a defined seven-point time sequence,
and a joint packet detection and timing offset estima-
tion structure based on multiple thresholds and energy
accumulation is designed. We also proposed an effective
CFO estimation method, in which a serial AC structure
is designed to achieve low complexity.

The rest of this paper is organized as follows. Materials
and methods are shown in section II. Evaluation results and
discussion are presented in Section III. Section IV concludes
the paper.

II. MATERIALS AND METHODS
A. SYSTEM MODEL
The Federal Communications Commission (FCC) has allo-
cated 7500MHz spectrums from 3.1-10.6GHz for UWB
applications, and UWB devices are required to occupy at
least 500MHz with a PSD less than −41.25dBm/MHz [30].
MB-OFDM UWB technology divides the entire 7500 MHz
spectrums into fourteen 528 MHz bands [31]. In MB-OFDM
UWB systems, a symbol includes N = 128 IFFT samples,
Nz = 32 null prefix samples and Ng = 5 null guard samples.
Of these 128 sub-carriers, 122 sub-carriers are used, includ-
ing 100 data sub-carriers, 12 pilot sub-carriers and 10 guard
sub-carriers. The important parameters of MB-OFDM UWB
technology are shown in Table 1.

In MB-OFDM UWB systems, preamble symbols are
adopted for synchronization. The standard preamble
sequence defined in [6] consists of 21 packet synchroniza-
tion (PS) symbols, 3 frame synchronization (FS) symbols and
6 channel estimation (CE) symbols. Of them, the PS symbols
are used for timing and frequency synchronization, and the
FS symbols are designed for frame synchronization.

A modified S-V channel model is adopted for the UWB
channel [32]. The channel impulse response (CIR) can be
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TABLE 1. Important parameters of MB-OFDM UWB.

given by

ht = X
L∑
l=0

K∑
k=0

ak,lδ(t − Tl − τk,l) (1)

where X is the log-normal shading, Tl is the delay of the lth
cluster, τk,l is the kth ray delay related to the lth cluster and
ak,l is the multipath gain coefficient.

Let s(n) be the transmitted sample sequence, the received
signal r(n) is given by

r(n) =
l−1∑
i=0

s(n− i− θ )hiej2πε
n
N + v(n) (2)

where l is the length of channel impulse response, n is
the time index of the received sample, θ and ε represent the
timing offset and CFO, respectively, and v(n) is Gaussian
noise with zero mean and variance σ 2.

B. COMPARISON OF BASIC OPERATIONS
Currently, AC and CC are still the two most widely
used effective basic operations for the OFDM based
synchronization. However, it is still controversial about
whether AC or CC is more suitable. It had better first identify
the advantages and disadvantages of the basic operations in
terms of performance and implementation complexity before
the designing of the synchronizer, as it is of great value to
guide the overall architecture design.

It is easy to get the conclude that the AC has much lower
complexity than CC, as AC can be implemented with low-
complex iterative structure, which is also the main reason
of why most of the low-complex OFDM synchronization
solutions are designed based on AC. However, the compar-
ison on performance between AC and CC is much more
complicated. By analyzing the role of the AC and CC in
OFDMsynchronization, we found that the functions provided
by the basic operations in OFDM synchronization can be
divided into two types: detecting the phase offset between
received symbols and obtaining the correlation between sym-
bols through detecting amplitude. In terms of the ‘‘phase
detection’’ function, AC is a much better choice than CC,
as the phase offset between received symbols can not be
obtain through CC operation. However, for the ‘‘amplitude
detection’’ function, both AC and CC are widely used. As the
‘‘amplitude detection’’ performance ofAC andCC aremainly

depend on the anti-noise performance of them, the compari-
son on ‘‘amplitude detection’’ can be done through analyzing
the anti-noise performance of AC and CC.

Assuming that r(n + k)(k = 0, . . . ,N − 1) and
r(n + W + k)(k = 0, . . . ,N − 1) are the samples of two
received preamble symbols, the amplitude of the AC output
can be given by.

ACn =
N∑
k=1

r(n+ k)∗r(n+ k +W )

=

N∑
k=1

(|
∑
i

s(n+ k + i)hi|2 + vac) (3)

where

vac = v(n+W + k)
∑
i

h∗i s(n+ k + i)
∗
+ v(n+ k)∗

×

∑
i

his(n+ k + i)+ v(n+ k)∗v(n+W + k) (4)

The output of CC is given by.

CCn =
N∑
k=1

r(n+ k)∗s(n+ k)

=

N∑
k=1

[s(n+ k)
∑
i

s(n+ k)∗h∗i + vcc] (5)

where

vcc = s(n+ k)v(n+ k)∗ (6)

From (4) and (6), it can be seen that noise has a greater
impact on ACn than CCn.
The simulated ‘‘amplitude detection’’ performance of

AC and CC under the SNR environments of -6db and -3db
are shown in Figure 2. In the simulation, the used PS symbols
are set following the PS symbol definition of TFC 1 in
specification [6]. In the figure, the amplitude distributions of
the AC and CC in the scenarios of PS symbols are received
and that noise is received are simulated, respectively. The
figure shows that the received PS symbols can be distin-
guished from noise with a high probability based on the
outputs of CC, while the AC outputs of the two scenarios are
highly overlapped, which means that CC can obtain much
better amplitude-detection performance than AC under low
SNR environments.

C. SYNCHRONIZER DESIGN
1) OVERALL ARCHITECTURE
In term of function implementation, we found that the indi-
vidual synchronization functions in OFDM UWB systems
can be divided into two types: the ‘‘amplitude-detection’’ type
and the ‘‘phase-detection’’ type. The timing-related individ-
ual functions, such as packet detection and symbol timing,
have a same basic operation, detecting the amplitude of the
AC/CC output, though the operation details of them are
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FIGURE 2. Amplitude detection comparison between AC and CC. (a) AC,
SNR=−6db; (b) AC, SNR=−3db; (c) CC, SNR=−6db; (d) CC, SNR=−3db.

different. However, the CFO estimation needs a completely
different basic operation, which can generalized as detecting
the phase of the output.

FIGURE 3. Structure of the overall architecture. (a) The Overall
architecture; (b) the MF.

In MB-OFDM UWB systems, the fine timing synchro-
nization should be implemented in the synchronization block
before FFT, but the fine frequency synchronization is usually
not included in the synchronization block, which is usu-
ally implemented after FFT alone. Therefore, an effective
synchronization solution for the MB-OFDM UWB system
should first ensure the performance of the timing synchro-
nization and then pursue low complexity. Based on the pre-
ceding analysis in section II, we know that AC is more
sensitive to noise than CC in the case of amplitude detection.
Therefore, in contrast with conventional OFDM-based low-
complex synchronization solutions, which are designed only
based on AC, the proposed overall architecture is designed
based on two common blocks: an AC block and a matched
filter (MF), as shown in Figure 3. The AC block is imple-
mented iteratively based on a serial structure and the MF can
be considered as a simplified CC block. All the ‘‘amplitude-
detection’’ based functions, are implemented based on the
MF output, and only the CFO estimation, which is of ‘‘phase-
detection’’ type, is implemented based on AC. Based on this
ideal, sub-functions of TFC identification, packet detection,
timing offset estimation and frame synchronization are imple-
mented based on the MF output in the proposed architecture.

The MF is designed based on the low-complex PSMF
structure in [33]. To maintaining a relatively high perfor-
mance, the PSFM structure simplifies the CC operation by
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rounding the decimal preamble symbol coefficients into inte-
ger, which means the total complexity of the adders in the
PSMF is still much high. As there are big differences on
implementation details between the ‘‘amplitude-detection’’
functions, it is better to improve the performance of the
functions through optimizing the implementation process of
the individual functions rather than through optimizing the
performance of the common block. According to specifica-
tion [7], the preamble symbol coefficients of a designedUWB
system is fixed. Therefore, we can map the fixed coefficients
to the simpler weighting coefficients to future reduce the
complexity of the PSMF with little performance decrease.

The designed tree structure based MF block is shown
in Figure 3(b), in which qr (n) is the sign bit of r(n),
qc(k)(k = 0, .., 127) are the sign bits of coefficients c(k)(k =
0, . . . , 127) (belonging to preamble type c) and wc(k) is the
weighting coefficient for c(k). Most wc(k) can be given by

wc(k) =


0 |c(k)| ≤ 0.5
1 0.5 < |c(k)| ≤ 1.5
2 1.5 < |c(k)|

(7)

As both qr (n) and qc(k) are sign bits, each multiplication
qr (n)qc(k) in the MF can be implemented with a NXOR gate.
Then, if qr (n)qc(k) = 1, wc(k) is outputted as the input
to the first layer of the adder-tree structure, else −wc(k)
is outputted. As the coefficients used in the MF is fixed,
some mapping rule different from the rule in formula (7) can
and should be adopted for few special coefficients to ensure
the adder-tree structure has very low complexity. Taking the
first-layer adders in the adder tree as examples, a special
mapping rule should be applied to avoid the binary addition
result longer than 3bit, which means that if |wc(0)| > 1.5 and
|wc(1)| > 1.5|, the coefficient with smaller absolute value
should be mapped as 1 to ensure | ± wc(0) ± wc(1)| < 4.
Based on these methods, the MF can be implemented with
approximately 128 NXOR gates and 48 2-bit 48 3-bit adders,
24 4-bit adders, 8 5-bit adders and 4 6-bit adders, and the
major hardware cost of the AC block is one complex mul-
tiplier and two complex adders. Therefore, the proposed
overall architecture has very low complexity and the whole
synchronizer will have very low complexity if all the individ-
ual functions can be implemented by adopting only the basic
operations provided by the common blocks in the overall
architecture.

2) TFC IDENTIFICATION
TFC is adopted in MB-OFDM UWB systems to spread data
transmission over multiple sub-bands. Multiple TFC types
corresponding with multiple preamble patterns are adopted in
MB-OFDM UWB technology to give convenience for multi-
user access. The existing low-complex TFC identification
methods are commonly implemented based on AC, such as
the method in [21]. However, as aforementioned, AC-based
TFC identification methods are not suitable for ‘‘amplitude
detection’’ in low SNR environments.

In specification [6], ten TFC types corresponding to ten
preamble patterns are defined. This means that if the TFC
identification is implemented directly based on CC, ten CCs
need to be executed simultaneously when a new symbol is
received, which would leads to a very complex structure.
However, if the signal is detected on the sub-bands according
to the seven-points time sequence shown in Figure 4, in which
each point has a time span equal to the length of a symbol,
much fewer CCs are needed to detecting the received symbol.
For example, only TFC 3 and TFC 4 need to be identified at
the sixth point.

FIGURE 4. The designed hoping sequence.

Based on the time sequence shown in Figure 4,
Table 2 gives the preamble patterns that are used to match the
received signal at each sequence point. Based on this assign-
ment, all of the TFC types defined in specification [6] can be
identified within a nine-point time sequence. For example,
if TFC 1 is used in the MB-OFDM UWB system, the TFC
type will be identified at either the first, the third or the
fifth sequence point if there are PS symbols present. Using
the TFC identification process in Table 2, at most three
TFC types are needed to identify the TFC type of the received
symbol, which means that the TFC identification block can
be implemented by using three MFs.

TABLE 2. The TFC types assigned for each sequence point.

It will still greatly increase the complexity of the synchro-
nization overall architecture if the TFC identification block is
directly implemented by using three MFs based on the TFC
identification process in Table 2, as two additional MFs need
to be added to the overall architecture. To avoid increasing
the complexity of the overall architecture, a parallel-serial
conversion based TFC identification structure is proposed,
as shown in Figure 5, in which only one MF block is used.
The three preamble patterns used for matching the received
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FIGURE 5. Structure of the proposed TFC identification scheme.

symbol are serially loaded into the MF with a time delay of
1/3 of the sampling period.
The shortcoming of the structure is that the allowed max-

imum operation delay of the MF should be shortened to 1/3
of the sampling period. However, as the multilayer adder tree
structure can introduce pipeline to the matching-operation
process, the MF can completed the operation within the time
interval of 1/3 of the sampling period without increasing
implement complexity.

3) PACKET DETECTION
In MB-OFDM UWB systems, the error results of the TFC
identification block can be easily corrected by the follow-
ing packet detection block. However, the error caused by
packet detection cannot be corrected by the following syn-
chronization functions, which means that packet detection in
MB-OFDM UWB systems should have much higher perfor-
mance than TFC identification. Another major issue of packet
detection design is that the performance of packet detection
is highly dependent on the threshold. The most widely used
method to alleviate the issue is adopting relative thresholds,
for example, the method in [26]. However, those methods
usually cause a great increase in implementation complexity
because the signal power need to be additionally estimated in
them.

Based on the MF block, we propose a multi-threshold-
based packet detector, in which multiple detections are
adopted, as shown in Figure 6. In the figure,M is the number
of the required detection times of a complete packet detection
process and λi(i = 1, . . . ,M ) are the thresholds corre-
sponding to the detections. The packet detection structure is
implemented in an iterative manner, in which

Di = Di−1 + G(n) (8)

whereDi−1 = Di−2+G(n−Ns) and the initial valueD0 = 0.
If DM > λM , a packet is detected.

Packet detection errors include false alarms and missed
detections. The threshold with large value is required to get
low false alarm probability, but a small threshold is required
for low missed detection probability. In conventional packet
detection methods, thresholds with precise values are usually
needed to meet the performance requirements from both
false alarms and missed detections. In the proposed packet
detection structure, the multiple detections based process can
be used to alleviate threshold dependence, through which low
false alarm probability can be achieved. Without considera-
tion of the false alarm probability, λi(i = 1, . . . ,M ) can be

set with relatively small values to pursue lowmissed detection
probability, which means precise values are no longer needed
for the thresholds. To avoid highmissed detection probability,
the threshold λ1 should be set to a very small value. As Di
with larger i is more robust, the threshold value for λi can
increase gradually with increasing i according to inequality
λi > λi−1+λ1. In this way, a fixed value for λi(i = 1, . . . ,M )
is suitable for a much large range of SNR environments.

4) TIMING OFFSET ESTIMATION
After packet detection, the timing offset, which is the offset
between the real FFT starting boundary (n∗) and the time
index (ñ) at which the packet is detected, should be estimated.
In MB-OFDMUWB systems, timing offset estimation easily
‘‘lock’’ onto the strongest path due to the first significant
multi-path is usually not the strongest in UWB channels [34].
Several methods [16], [35] have been proposed to find the
first significant multi-path by exploiting the polarity of the
FS symbol, which is opposite to the PS symbol. However,
these methods are not suitable for low SNR environments due
to the high noise sensitivity.

FIGURE 6. Joint structure of packet detection and timing offset
estimation.

Based on the MF block, the proposed timing offset esti-
mation structure is shown in Figure 6. As aforementioned,
the first significant multi-path in UWB channels is not nec-
essarily the strongest path. However, the maximum value of
the accumulated energy can be obtained by accumulating
the multi-path energy starting from the first significant path.
As shown in Figure 6, the accumulated value is expressed as

3(m) =
m+Nc∑
i=m

|G(m)|(ñ− Nl ≤ m ≤ ñ+ Nl) (9)

where ñ is the time index where the packet is detected,
Nc is the length of the window which is used to accumulate
the multi-path energy and Nl is the highest radius used to
search the real starting boundary around n∧. In practical
applications, the multi-path length of the channel is usu-
ally unknown. However, the multi-path power in the UWB
channel follows a double-exponential decay with the time
delay [29], in which the power of front-part paths decays
quickly with the time delay. Therefore, Nc can be simply set
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to a fixed value, such as Ng/2. Also, Nl can be set to a fixed
value, since the distance between ñ and n∗ is shorter than Ng.
Although the timing offset can be estimated without adopt-

ing threshold based on the accumulated multi-path power,
the estimation result is also sensitive to noise. However,
in contrast with the methods in [16] and [30], repeated
PS symbols can be exploited to further improve performance
based on the accumulated multi-path power. By using the
repeated PS symbols, 3m of P adjacent symbols can be
accumulated, as shown,

0(m) = 3(m)+3(m+ Ns)+ . . .+3(m+ PNs) (10)

The starting boundary point n∗ can then be estimated as

n̂ = argmax{0(ñ− Nl) . . . 0(ñ) . . . 0(ñ+ Nl)} (11)

5) CARRIER FREQUENCY OFFSET ESTIMATION
MB-OFDM UWB systems are usually applied in high data
rate environments. For example, the highest data rate sup-
ported in specification [6] is as high as 1Gb/s. It means that
a structure with multiple parallel multipliers or complicated
multiplier should be adopted in the traditional AC block to
meet the strict time delay requirement, in which themaximum
delay of the complex multiplication is the sampling interval.

FIGURE 7. The proposed CFO estimator based on a N/2-point AC with
two-level serial structure.

In contrast with the conventional low-complex
OFDM-based synchronizers, the AC block in our proposed
synchronizer is designed exclusively for CFO estimation,
which means that the AC block can be further optimized
to reduce complexity. Based on the proposed overall archi-
tecture, the designed CFO estimator is shown in Figure 7.
In the estimator, only partial samples of a symbol are used
in the AC block to participate in the correlation operation.
In Figure 7, the AC block only uses half of the samples (the
even samples), which means that the time delay limitation
for the complex multiplication is extended to two sampling
intervals. Similarly, if the half-samples-based structure still
can not meet the time delay requirement, the AC block can
be further simplified by using a quarter of the samples based
on the overall architecture, which means the time limitation
for the complex multiplication can be further extended to four
sampling intervals.

Shortening the window length of AC to N/2 or N/4
will introduce higher noise sensitivity to the AC operation
and ultimately degrade the CFO estimation performance.
However, the repeated PS symbols can be used to solve

this problem. In Figure 7, a two-level serial structure based
N/2-point AC is designed to avoid performance degradation,
in which three PS symbols are adopted to convert oneN -point
AC operation to two serial N/2-point AC operations. In the
figure, the estimated CFO is given by

1f̂ =
1
2

 1
2πdNsT

arg

N/2∑
k=1

r(n+ 2k)∗r(n+ 2k + dNs)


+

1
4πdNsT

arg

N/2∑
k=1

r(n+ 2k)∗r(n+ 2k + 2dNs)


(12)

where arg(.) is used to get the argument of a complex number
and avg(.) is the function of getting average.

III. RESULTS AND DISCUSSION
In this section, we evaluate the proposed synchronizer. The
complexity of the proposed synchronizer is firstly evaluated.
Then, we analyze and simulate the performance of the indi-
vidual functions. The parameters used in the simulations fol-
low the specifications in [6]: N = 128, Ns = 165, the carrier
frequencies are {3432, 3960, 4488}MHz, and the sub-carrier
spacing is 4.125MHz.

A. COMPLEXITY OF THE OVERALL ARCHITECTURE
The synchronizer in MB-OFDM UWB systems is a multi-
task block. The individual functions of different synchroniz-
ers have different performances. Therefore, it is difficult and
meaningless to compare on the whole complexities between
synchronizers. However, as all of the individual functions
in most existing MB-OFDM UWB based synchronizers are
implemented based on basic operations such as AC and CC,
these basic operations contribute the major hardware costs
of the synchronizer. Therefore, we only need to evaluate
the complexity of the overall architecture rather than the
complexity of the whole synchronizer.

Based on AC, a comprehensive synchronizer with low
complexity is proposed for MB-OFDM UWB systems
in [21], which can be used to compare the complexity with
the proposed synchronizer. The major hardware costs of the
overall architecture in [21] are a four-parallel-AC structure,
which is the common block of the overall architecture. How-
ever, the four-parallel-AC structure can only identify the
seven TFC types defined in specification [36]. To identify the
ten TFC types defined in specification [6], the parallel-AC
structure in [21] requires at least six AC blocks. Therefore,
the major hardware costs of the overall architecture in [21]
are six AC blocks. Also, the major hardware costs of our
proposed synchronizer are the common blocks. There are two
common blocks in our proposed synchronizer, a MF and an
AC.

The comparison on the complexity between the proposed
overall architecture and the overall architecture in [21] is
shown in Table 3. In the proposed overall architecture,
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TABLE 3. The comparison on implementation complexity between the
proposed overall architecture and the architecture in [21].

the major components of the AC block are one complex
multiplier and two complex adders, and the adders in the
MF can be implemented with approximately 96 3-bit adders,
24 4-bit adders and 4 5-bit adders, of which the complex-
ity is approximately equal to eight 32bit real adders. Thus,
the major hardware costs of the MF are roughly 128 XNOR
and eight real adders. Based on that one complex multiplier
can be implemented with three real multipliers and five real
adders, one complex adder can be implemented with two real
adders, and the complexity of 32 XNOR gates is lower than
one real adder, we obtain the results in Table 3. From the table,
it is obvious to see that the proposed overall architecture has a
much lower complexity than the design in [21]. Additionally,
in high data rate applications, the AC blocks in [21] will need
to be implemented by using parallel-structure or complicated
multiplier, which will exponentially increase the implemen-
tation complexity.

B. PERFORMANCE OF TFC IDENTIFICATION
When a new symbol is received, the identification errors of
the proposed TFC identification method can be divided into
two types:

a) Wrong identification. When a PS symbol with pream-
ble type i is received, if TFC i is not identified or TFC
j(j 6= i) is identified under the situation that preamble
type i has been loaded in the MF, wrong identification
occurs. Therefore, the probability of wrong identifica-
tion can be given by

Pt_m = P[Gi(n) < λt ]

+ 2P[Gi(n) > λt ]P[Gj(n) > Gi(n)] (13)

where i is the TFC type used in the MB-OFDM UWB
system, j belongs to the two other TFC types loaded in
the MF and λt is the threshold. According to (25) in
appendix A, Pt_m can be given by

Pt_m ≈ [1− P1(λt )]+ 2
N∑
i=λt

[P1(i)− P1(i− 1)]P2(i)

(14)

b) False alarm. When noise is received, false alarm occurs
if a TFC type is identified. According to (26) in
appendix A, the probability of false alarm can be given
by

Pt_f = 3P[Gc(n) > λt ] = 3P2(λt ) (15)

FIGURE 8. Error probabilities of identifying a newly received symbol in
UWB channels CM1 and CM4, under adopting the proposed TFC
identification method and the signal detection based on single AC,
respectively.

By setting an appropriate value for λt , the error probability
of identifying a newly received symbol can be approximately
given by

Pt_e = Pt_m + Pt_f ≈ [1− P1(λt )]+ 3P2(λt ) (16)

According to (25) and (26) in appendixA,Pt_e can be given
by

Pt_e ≈ 8


N+2λt

4 −
1
2erfc

(
−m̄
√
2σ 2

)
N√

1
2erfc

(
−m̄
√
2σ 2

) [
1− 1

2erfc
(
−m̄
√
2σ 2

)]
N


+ 3

[
1−8

(
N+λt
2 −

1
2N

1
2

√
N

)]
(17)

The error probability of identifying a newly received sym-
bol is also simulated in UWB channels CM1 and CM4,
as shown in Figure 8. As a comparison, the error probability
of the signal detection based on a single AC is also simulated.
The simulation is done by assuming TFC 1 is used in the
MB-OFDM UWB system and that all used thresholds are
optimized by searching for the optimal values for each SNR
environment. It is obvious to see from Figure 8 that the
error probability of the proposed TFC identification scheme
is much lower than the AC based signal detection, although
the single signal detection based on AC can only detect the
presence of the PS symbol (multiple signal detections are
needed to identify the TFC type, which will increase the error
probability).

To identify the TFC type, an identification process needs to
be executed in both the proposed TFC identification method
and the method in [21]. The simulated error probabilities
of the complete TFC identification process of the proposed
TFC identification method and the method in [21] are shown
in Figure 9 and Figure 10. The results are achieved by divid-
ing the simulation process into two steps. First, the wrong
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FIGURE 9. Error probabilities of the complete TFC identification process
in the UWB CM1 channel, under TFC 1 and TFC 5, respectively.

FIGURE 10. Error probabilities of the complete TFC identification process
in the UWB CM4 channel, under TFC 1 and TFC 5, respectively.

identification probability is simulated by sending repeated
PS symbols. Then, by adopting the same thresholds used to
simulate the wrong identification probability, the false alarm
probability is simulated under the situation that the received
signal is noise. The simulation is done in UWB channels
CM1 and CM4 by assuming that TFC 1 and TFC 5 are used
in the MB-OFDM UWB system, respectively. As the MF
has much better noise immunity than AC, the proposed TFC
identification method has much lower error probabilities than
the method in [21] in −8∼−2db SNRs.

C. PERFORMANCE OF PACKET DETECTION
The performance of packet detection can also be evaluated
through error probability. The error probability of packet
detection consists of two parts: the false alarm probabil-
ity and missed detection probability. The missed detection
probability can be defined as the probability that the packet
detector does not detect the packet within the time range

from the first received PS symbol to the M th PS symbol.
Therefore, the missed detection probability of the proposed
packet detector can be given by

Pp_m = P[D(1)<λ1]+
M∑
i=2

P[D(i) < λi]
i∏

j=1

P[D(j)>λj]


(18)

According to (27) in appendix B, Pp_m is given by

Pp_m = [1−P3(1, λ1)]+
M∑
i=2

[1−P3(i, λi)]
i∏

j=1

P3(j, λj)


(19)

The false alarm probability can be defined as the probability
that the packet detector ‘‘gets’’ the PS symbol when noise
is transmitted. Therefore, according to (28) in appendix B,
the false alarm probability of the proposed packet detector is
given by

Pp_f =
M∏
i=1

P[D(i) > λi]

=

M∏
i=1

P4(i, λi) (20)

Therefore, the error probability of the proposed packet detec-
tor can be given by

Pp_e = Pp_m + Pp_f

≈

M∑
i=1

[1− P3(i, λi)]+
M∏
i=1

P4(i, λi)

≈

M∑
i=1

8
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(21)

The comparison on error probability between packet detec-
tors is shown in Figure 11 and Figure 12. The traditional
AC based method [21], and the sign-bit based scheme
in [12] are included in the comparison. All of the methods
in Figure 11 and Figure 12 require at least two PS symbols
to detect a ‘‘packet’’. Therefore, we assume that two PS
symbols are used for packet detection and that TFC 1 is
used in the MB-OFDM UWB system in the simulation,
which means that the parameter M in the proposed packet
detector needs to be set as M = 2. The simulation is
done in UWB channels CM1 and CM4. Two scenarios of
the threshold setting, the threshold is set with a fixed value
for all of the SNRs (−8∼−2db) and the threshold is set
with optimal value for each SNR environment, are simulated,
respectively. In the ‘‘fixed value’’ case, the fixed value is
selected using the criterion that the average error probability
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FIGURE 11. Comparison of error probabilities between packet detection
methods, in UWB CM1.

FIGURE 12. Comparison of error probabilities between packet detection
methods, in UWB CM4.

under SNR range [−8db,−2db] has minimum value. The
proposed packet detector and the scheme in [12] have much
better performance than the method in [21] in low SNR
environments (−8 ∼ −2db) because the better noise immu-
nity of them. It also can be seen that the error probabilities
at ‘‘edge’’ SNRs (i.e. -8db and -2db) of the ‘‘fixed value’’
case are higher than the ‘‘optimal value’’ case and that the
performance degradation of the proposed packet detector is
much smaller than the method in [12], which means that the
performance of the proposed scheme is much less dependent
on the threshold then the method in [12]. Also, it can be seen
that the proposed packet detector has better performance than
the method in [12].

D. PERFORMANCE OF TIMING OFFSET ESTIMATION
The performance of timing offset estimation can be eval-
uated using minimum square error (MSE), which has a

mathematical expression given by

MSE =
1
M

∑
M

(n̂− n∗)2P(n̂) (22)

where n̂ is the time index that be estimated as the starting
boundary of the symbol, n∗ is the real starting point and P(n̂)
is the probability that n∗ is estimated to be at n̂.

FIGURE 13. Comparison of MSEs between timing offset estimation
methods.

The comparison on MSE between timing-offset estimators
is shown in Figure 13. Besides the AC-based method in [21],
the FTA method in [16] is also included in the comparison,
which is a typical method of searching for the first signifi-
cant multipath of the UWB channel. Of the three schemes,
only the method in [16] is implemented based on threshold.
By setting P = 4 for the proposed timing offset estimator,
the simulations are done in UWB channels CM1 and CM4,
and the threshold used in the method in [16] is set with the
optimal values of each SNR environment. It can be seen from
Figure 13 that the method in [21] has much highMSEs across
the whole SNR range from -5db to 15db, because it easily
‘‘locks on’’ the strongest multipath in UWB channels. Under
high SNRs (SNR ≥ 15), we can see that the FTA method
is very effective at estimating the timing-offset, and that the
performance of our proposed method is very close to the FTA
method. However, under low SNRs(SNR<10), our proposed
method has much better performance than the FTA method
due to the poor anti-noise capability of the FTA method.

E. PERFORMANCE OF CFO ESTIMATION
The performance of the CFO estimator can be evaluated using
the normalized residual CFO, which is given by

En = E{|1f̂ −1f |}/f1 (23)

where1f̂ is the estimated CFO,1f is the real CFO and f1 is
the sub-carrier spacing.

The performance comparison between CFO estimators is
shown in Figure 14 and Figure 15. The performance of
the proposed CFO estimator in the case that the N/2-point
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FIGURE 14. Comparison of residual CFOs between timing offset
estimation methods, in the UWB CM1 channel.

FIGURE 15. Comparison of residual CFOs between timing offset
estimation methods, in the UWB CM4 channel.

AC with one-level serial structure and the case that the
N/2-point AC with two-level serial structure are simulated,
respectively. The performance of a conventional N -point
AC based CFO estimator is also included in the compar-
ison. The simulation is done in UWB channels CM1 and
CM4, by assuming the normalized initial CFO is 0.035.
As the CFO achieved from the two-level serial structure based
N/2-point AC has higher accuracy than the conventional
AC, the proposed CFO estimator based on the two-level
serial structure based N/2-point AC has even a slightly better
performance than the conventional estimator in SNR>5db
environments (shown in Figure 14 and Figure 15). More
importantly, theN/2-point AC operation can be implemented
with much lower complexity.

IV. CONCLUSIONS
In this paper, we presented a synchronization design for
the MB-OFDM UWB based vehicular communication. This
design aims to provide a comprehensive synchronizer with

low complexity and high performance. By analyzing the
characteristics of the individual functions, an overall archi-
tecture based on two common blocks has been proposed,
which divides the sub-functions into amplitude-detection-
based functions and phase-detection-based functions. All
the amplitude-detection-based functions were implemented
based on a simplified CC based MF structure, and a serial
structure based AC block was designed exclusively for CFO
estimation, which gives greater flexibility to the CFO esti-
mation design. Based on the MF, a TFC identification struc-
ture with low complexity, and an effective joint structure
of packet detection and timing offset estimation have been
proposed. A CFO estimation structure with low complexity
has also been proposed. Evaluation results have shown that
the proposed synchronizer has high performance with low
complexity.

APPENDIX A
Assuming that preamble pattern i is currently loaded in the
MF and qr (k)(k = 1, . . . , 128) are the signs of the samples
of the received symbol, two scenarios of the outputs of the
MF should be considered:

1) The PS symbol of preamble pattern i is received. In this
case, most qr (k)qc(k) = −1 occur on the coefficients
with small wc(k)(wc(k) < 1), and most qr (k)qc(k) = 1
occur on the coefficients with large wc(k). Therefore,
qr (k)qc(k)wc(k) can be approximately simplified as

qr (k)qc(k)wc(k) =

{
−1/2 qr (k)qc(k) = −1
3/2 qr (k)qc(k) = 1

(24)

In this case, let P1(λ) = P[Gi(n) > λ]. The
mean of P[qr (k)qc(k) = 1] is approximately
1/2erfc(−m̄/

√
2σ 2) [33], where m̄ is the mean of

|c(k)| (k = 1, . . . , 128). According to the central limit
theorem, P1(λ) is given by

P1(λ)

= 1−8
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(25)

where 8 (x) =
∫ x
−∞

1
√
2π
e−

1
2 t

2
dt .

2) The PS symbol of preamble pattern j(j 6= i) is
received, or noise is received. In this case, let P2(λ) =
P[Gi(n) > λ]. The samples of the received symbol are
uncorrelated with the coefficients of preamble pattern
i. By quantizing qr (k)qc(k)wc(k) as 1 or−1, P2(λ) can
be given by

P2(λ) = 1−8

(
N+λ
2 −

1
2N

1
2

√
N

)
(26)
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APPENDIX B
In Figure 6, D(i) can be seen as the results of a modified MF,
which uses the coefficients of multiple repeated PS symbols
to correlate with multiple received symbols.

Therefore, according to (25) in appendix A, if PS symbols
are present, P[D(i) > λ] can be given by

P3(i, λ)

= 1−8

 iN+2λ
4 −

1
2erfc
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−m̄
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)
iN√

1
2erfc

(
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√
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) [
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2erfc
(
−m̄
√
2σ 2

)]
iN


(27)

According to (26) in appendix A, if noise is received,
P[D(i) > λ] can be given by

P4(i, λ) = 1−8

(
iN+λ
2 −

1
2 iN

1
2

√
iN

)
(28)
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