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ABSTRACT

Timing acquisition is one of the major challenges in ultra-
wideband (UWB) communications. The timing with dirty
template (TDT) approach is an attractive technique for UWB
systems, which is characterized by its low complexity and
fast acquisition in the data-aided (DA) mode. However, in
the non-data-aided (NDA) mode, the performance of this ap-
proach degrades due to the random symbol effect. In this
paper, we propose to overcome this issue by adopting or-
thogonal pulse-shape modulation (PSM) proposed in [1], [2].
Our algorithm uses a train of alternating orthogonal Hermite
pulses to modulate the transmitted symbols. The application
of the TDT approach to the proposed scheme shows an en-
hancement of synchronization speed in the NDA mode. Sim-
ulations con rm performance improvement of TDT with the
proposed modulation relative to the original TDT in terms of
the mean square error (MSE) and the acquisition probability.

Index Terms— Synchronization, timing

1. INTRODUCTION

Ultra-wideband (UWB) is a promising technology for short-
range indoor wireless communications with low complexity
transceivers. Timing synchronization is a major challenge
in UWB systems (see e.g., [3]). Timing with dirty template
(TDT) was developed for rapid synchronization of UWB sig-
nals [3]. This technique relies on correlating adjacent symbol-
long segments of the received waveform. TDT is operational
with arbitrarily transmitted symbol sequence. When training
symbols (pilots) are affordable, the performance of the TDT
synchronizer can be improved by adopting a data-aided mode
[3]. However, the training sequence results in an overhead
which reduces the bandwidth and energy ef ciencies.
To improve the energy ef ciency and the synchronization

performance of the original TDT, we propose a novel mod-
ulation scheme which employs alternating orthogonal UWB
pulses. During each symbol duration, one of the two orthog-
onal waveforms p1(t) and p2(t) is used as the pulse shaper.

When p1(t) and p2(t) are two Hermite pulses with consec-
utive orders, the pulse shapers at the receiver, which are the
second-order derivatives of p1(t) and p2(t) are still orthogo-
nal [1]. With this modulation scheme, we develop a new TDT
synchronizer structure. Compared with the original TDT syn-
chronizers, this new structure improves the system energy ef-
ciency by only slightly increasing the transceiver complex-
ity. Simulation results show that this new TDT synchronizer
can achieve a lower mean square error (MSE) and a higher
acquisition probability than the original TDT in both nondata-
aided (NDA) and data-aided (DA) modes.

2. SYSTEM MODEL

Consider an impulse radio UWB system, where every infor-
mation symbol is transmitted over a Ts period that consists
of Nf frames. During each frame of duration Tf , a data-
modulated pulse p(t) of duration Tp � Tf is generated to
excite the transmit antenna. The transmitted signal is

v(t) =
√
E
∞∑

k=0

sk · pT (t− kTs) , (1)

where E is the energy per pulse, sk is the kth information
symbol taking values {±1} and pT (t) denotes the transmitted
symbol-level waveform:

pT (t) =

Nf−1∑
n=0

cds(n) · p′(t− nTf − cth(n)Tc), (2)

where Tc is the chip duration and the transmit waveform p(t)
becomes its rst-order derivative p′(t) due to the differentia-
tion effect of the transmit antenna [4].
Notice that pT (t) can be regarded as the symbol-level pulse

shaper which accounts for the time-hopping (TH) and/or direct-
sequence (DS) spreading via cth(n) and cds(n), respectively.
Without loss of generality, we assume that the symbol dura-
tion Ts is an integer multiple of Tp.
Let g(t− τ0) denote the equivalent multipath channel with

propagation delay τ0. Then, the received waveform can be
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Fig. 1. The new modulation scheme and the TH code [0, 1, 0].

expressed as:

r(t) =
√
E
∞∑

k=0

sk · pR(t− kTs − τ0) + η(t) , (3)

where η(t) represents the bandpass- ltered zero-mean addi-
tive white Gaussian noise (AWGN) with power spectral den-
sity (PSD) N0/2, and pR(t) denotes the aggregate symbol-
level received waveform:

pR(t) =

Nf−1∑
n=0

cds(n) · p′′(t− nTf − cth(n)Tc) � g(t), (4)

where � denotes convolution and the second-order derivative
of p(t) is due to the differentiation effect of the receive an-
tenna [4].

3. TDT WITH ORTHOGONAL PULSES

Our novel timing scheme employs two orthogonal Hermite
pulses p1(t) = hn(t) and p2(t) = hn+1(t) with the same
pulse duration Tp, where hn(t) is the nth-order Hermite pulse
proposed in [4]. Therefore, not only p1(t) and p2(t) but also
their rst or second-order derivatives form an orthogonal pulse
pair.
Unlike the original DA-TDTwhere the polarity of the sym-

bols is alternated, in our scheme, the UWB pulse shaper is
alternately chosen from p1(t) and p2(t), each conveying one
information symbol. The pulse shaper is changed according
to the following pattern [p1(t), p2(t), p2(t), p1(t)] or its circu-
lation (see Fig. 1). The symbol-level transmitted and received
waveforms are denoted by pT1(t) and pR1(t) when the pulse
p1(t) is employed, and by pT2(t) and pR2(t) otherwise.
At the receiver, the TDT algorithms are employed to esti-

mate the channel delay τ0. Following the idea of dirty tem-
plates [3], these algorithms rely on pairs of successive groups
each of duration Ts. The groups in each pair then serve as
templates for each other to generate the symbol-rate samples
as follows:

x(k; τ) =

∫ Ts

0

r(t+ 2kTs + τ)r(t + (2k − 1)Ts + τ)dt

∀k ∈ [1,+∞),

where τ is the candidate time shift.
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Fig. 2. The received waveform.

Let χ(k; Δτ) denote the noise-free part of x(k; Δτ),Δτ :=
τ − τ0. Without loss of generality, we set k = 1 for nota-
tional simplicity. The noise-free part of the correlation of the
two Ts-long segments w1(t; Δτ) and w2(t; Δτ) taken from
the received waveform at the starting time (Ts + τ0 +Δτ) is
given by (see Fig. 2)

χ(1;Δτ) =

∫ Ts

0

w1(t; Δτ)w 2(t; Δτ)dt. (5)

Fig. 2 repents the noise-free parts of the received wave-
forms of the rst ve symbols. For illustrative purpose, pR(t)
is plotted as a triangle with the maximum non-zero support of
Ts and the frame-level repetition is ignored. Notice that every
pRi(t), i ∈ {1, 2}, can be partitioned into two segments va

i (t;
Δτ) and vb

i (t; Δτ) (see Fig. 3):

va
i (t; Δτ)=

{
0, t ∈ [0, Ts−[Δτ ]Ts

)
pRi(t−Ts+[Δτ ]Ts

), t ∈ [Ts−[Δτ ]Ts
, Ts)

,

and

vb
i (t; Δτ)=

{
pRi(t+ [Δτ ]Ts

), t ∈ [0, Ts − [Δτ ]Ts
)

0, t ∈ [Ts − [Δτ ]Ts
, Ts)

,

where [x]y is the modulo operation of x with basis y.
The waveforms va

i (t; Δτ) and vb
i (t; Δτ) constitute a whole

symbol-level received waveform pRi(t) as:

pRi(t) = va
i (t+ Ts − [Δτ ]Ts

; Δτ) + vb
i (t− [Δτ ]Ts

; Δτ).

(6)

Since the non-zero supports of va
i (t; Δτ) and vb

i (t; Δτ) do
not overlap, the following always holds true:

Lemma 1 When the non-zero support of pR(t) is upper bounded
by Ts, we have

∫ Ts

0

va
n(t; Δτ)vb

m(t; Δτ)dt = 0, n, m ∈ {1, 2}.
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In addition, we invoke the following assumption on the
propagation channel (see e.g., [5]):
(as) The channel arrivals are equally spaced with spacing

Tp.
With this assumption and the fact that the received pulses

p′′1(t) and p′′2(t) are orthogonal, it readily follows that

Lemma 2 The correlation between any symbol-long segment
conveying pulse p′′1 (t) and any symbol-long segment convey-
ing pulse p′′2 (t) is zero; that is

∫ Ts

0

vα
1 (t; τ)v

β
2 (t; τ)dt = 0, α, β ∈ {a, b}.

Though Lemma 1 and 2 can be employed to simplify (5),
the simpli cation also relies on the transmitted pulse pattern;
i.e., what sequence of pulses p′′1 (t) and p′′2(t) are involved
in χ(1;Δτ). Next, we will consider different patterns sep-
arately.

3.1. First case: Δτ ∈ [0, Ts)

In this case, w1(t; Δτ) and w2(t; Δτ) involve symbols s1, s2

and s3 (see Fig. 2(a)). Correspondingly, the received pulse
pattern is [p′′2(t), p′′2(t), p′′1 (t)]. As a result, equation (5) be-
comes:

χ(1;Δτ) =

∫ Ts

0

(
s1v

b
2(t; Δτ) + s2v

a
2 (t; Δτ)

)

× (
s2v

b
2(t; Δτ) + s3v

a
1 (t; Δτ)

)
dt, Δτ ∈ [0, Ts).

(7)

Using Lemma 1 and Lemma 2, χ(1;Δτ) becomes:

χ(1;Δτ) =

∫ Ts

0

s1s2(v
b
2(t; Δτ))2dt. (8)

Accordingly, the absolute value of χ(1;Δτ) can be equiv-
alently expressed as:

|χ(1; τ)| =
∫ Ts

0

(
vb
2(t; Δτ)

)2
dt

Δ
= Eb(Δτ). (9)

It is worthy to note that Eb(Δτ) decreases as [Δτ ]Ts
in-

creases. Therefore, forΔτ ∈ [0, Ts), |χ(1;Δτ)| is a decreas-
ing function.

3.2. Second case: Δτ ∈ [Ts, 2Ts)

In this case, the received pulse sequence is [p′′2(t), p′′1 (t), p′′1(t)],
since w1(t; Δτ) and w2(t; Δτ) now involve symbols s2, s3

and s4 as shown in Fig. 2(b). Equation (5) can be expressed
as follows:

χ(1;Δτ) =

∫ Ts

0

(
s2v

b
2(t; Δτ) + s3v

a
1 (t; Δτ)

)

× (
s3v

b
1(t; Δτ) + s4v

a
1 (t; Δτ)

)
dt, Δτ ∈ [Ts, 2Ts).

(10)
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Fig. 3. The Ts-long signal segments.

Using Lemma 1 and Lemma 2, χ(1;Δτ) becomes:

χ(1;Δτ) =

∫ Ts

0

s3s4(v
a
1 (t; Δτ))2dt. (11)

Accordingly, the absolute value of χ(1;Δτ) can be equiv-
alently expressed as:

|χ(1;Δτ)| =
∫ Ts

0

(va
1 (t; Δτ))

2
dt := Ea(Δτ). (12)

Since Ea(Δτ) increases as [Δτ ]Ts
increases, |χ(1;Δτ)| is

an increasing function forΔτ ∈ [Ts, 2Ts).
We notice that |χ(1,Δτ)| approaches Ea(Ts) = Eb(0),

when Δτ approaches 2Ts. Also, |χ(1;Δτ)| is continuous at
Δτ = Ts, because we have |χ(1,Δτ)| = 0 when Δτ = Ts

and |χ(1,Δτ)| approaches 0, whenΔτ approaches Ts. In ad-
dition, |χ(1,Δτ)| is a periodic function of Δτ with a period
of 2Ts. That means |χ(1,Δτ)| = |χ(1, 2Ts + Δτ)|, ∀Δτ .
Therefore, |χ(1,Δτ)| reaches its minimum when [Δτ ]2Ts

=
Ts, and reaches its maximum when [Δτ ]2Ts

= 0. This result
leads to a timing synchronizer based on the sample mean of
the symbol-rate sample |x(k; Δτ)|.

3.3. TDT Synchronizer

It is interesting to note that with the proposed orthogonal pulse
modulation, the TDT algorithm does not depend on the trans-
mitted symbols. Therefore, a blind acquisition can be built
which relies on that the sample mean of |x(k; Δτ)| reaches its
maximum when [Δτ ]2Ts

= 0. The proposed modulation as-
sociated with the TDT synchronization approach is expected
to achieve a better acquisition performance than that of the
original TDT in the NDA mode.
Next, let us build the realistic TDT synchronizer with the

proposed orthogonal pulses.
Proposition 1: Blind TDT can be accomplished even when

TH codes are present and the UWB multipath channel is un-
known, using “dirty” Ts-long segments of the received wave-
form as follows:

τ̂0 = arg max
τ∈[0, 2Ts)

y(M ; τ) (13)

y(M ; τ) =

1

M

M∑
k=1

∣∣∣∣∣
∫ Ts

0

r(t+ 2kTs + τ)r(t + (2k − 1)Ts + τ)dt

∣∣∣∣∣ .
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Fig. 4. Acquisition probability comparison: proposed TDT vs.
original DA and NDA TDT.

As with the original TDT, the new TDT synchronizer requires
only symbol-rate samples. Additionally, with the orthogonal
Hermite pulses, this synchronizer enjoys rapid acquisition re-
lying on a minimum of four symbols using a pulse sequence
of [p1(t), p2(t), p2(t), p1(t)].

4. SIMULATIONS

In this section, we will evaluate the performance of the pro-
posed TDT synchronizer with simulations. We select the or-
thogonal pulses p1(t) and p2(t) as two consecutive Hermite
pulses with duration Tp ≈ 0.8ns. The simulations are per-
formed in a modi ed Saleh-Valenzuela channel [6, 7] with pa-
rameters Λ = 0.0233 (1/ns), λ = 2.5(1/ns), Γ = 7.1ns and
γ = 4.3ns. The maximum channel delay spread of the chan-
nel is about 31ns. Each symbol duration contains Nf = 32
frames with Tf = 32ns. We compare the performance of the
new TDT synchronizer with that of the original TDT in both
NDA and DA modes. In all simulations, only frame-level
coarse timing is performed.
First, let us compare the acquisition probability of the pro-

posed TDT synchronizer with the original NDA and DA TDT
algorithms. With the orthogonal pulse modulation, our new
synchronizer can remarkably outperform the original NDA
TDT algorithm and achieve a comparable performance to the
DA TDT algorithm. In Fig. 5, we compare the mean square
error (MSE) for all three TDT synchronizers. The MSE is
normalized by the square of the symbol duration Ts. The
performance of our modulation in NDA mode is comparable
to that of the original DA TDT synchronization algorithm.
Even without training symbol sequence, our new TDT syn-
chronizer can greatly outperform the original NDA TDT es-
pecially when K is small. Obviously, this performance im-
provement is enabled at the price of higher complexity by al-
ternating the pulse shaper.

5. CONCLUSION

In this paper, we establish a new timing scheme based on the
dirty template synchronization algorithm for UWB radio sys-
tem. With the pulse-shape modulation, the transmitter alter-
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Fig. 5. MSE comparison: proposed TDT vs. original DA and NDA
TDT.
nately chooses the pulse shaper from two consecutive order
Hermite pulses in a prede ned order. Both the theoretical
analysis and simulation results show that even without train-
ing symbols, our new TDT synchronizer can enable a perfor-
mance better than the original TDT in NDA mode and com-
parable to the original TDT in DA mode.
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