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This letter proposes a non-coherent blind time-of-arrival
(TOA) estimation scheme for impulse radio ultra-wideband
systems. The TOA estimation is performed in two consecutive
phases: the Rayleigh-quotient theorem-based coarse-signal
acquisition (CSA) and the iterative-threshold-test-based fine
time estimation (FTE). The proposed scheme serves in a blind
manner without demanding any a priori knowledge of the
channel and the noise. Analysis and simulations demonstrate
that the proposed scheme significantly increases the signal
detection probability in CSA and ameliorates the TOA
estimation accuracy in FTE.
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1. Introduction

In recent years, energy-detection (ED)-based non-coherent
time-of-arrival estimation (TOAE) schemes have been used for
impulse radio ultra-wideband (IR-UWB) systems with simple
circuitry [1], [2] (see references in [1] and [2]). Requiring no
local template waveform generation and operating at the sub-
Nyquist sampling rate, ED considerably facilitates practical
system implementation and achieves cost-efficient devices.
However, due to the extremely low duty cycle of IR-UWB
signals, the performance of non-coherent TOAE is vulnerable
to aggregate noise effects.

We propose a blind non-coherent TOAE scheme which is
carried out in two consecutive steps: the Rayleigh-quotient
(RQ)-based coarse signal acquisition (CSA) and the iterative-
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threshold-test (ITT)-based fine time estimation (FTE). We first
derive the optimal combining weights to maximize the
probability of coarsely capturing the IR-UWB signal in the
CSA stage. Subsequently, an ITT is performed in the FTE
phase to obtain the final TOAE with a refined time granularity.

II. System Model
Let the received IR-UWB signal be represented as

¥ =Y dPa,, (=il —c T~z )0, (1)

i=—0

where the frame index and duration are denoted by i/ and 75,
respectively; 7. is the chip duration; and 7, is the actual TOA
of the received signal. The effective pulse response after the
multipath channel is @, (7). With large enough pre-filter
bandwidth W, v(¢) is the white Gaussian noise with zero
mean and power spectral density N,. Time-hopping codes
¢, €1{0,1,---,N, —1} are assigned to different users with
N, =T, /T,. Random-polarity codes d\” e {+1} are used to
smooth the spectrum. Note that no modulation is considered
and we only investigate the single-user scenario since we
employ an ED-based TOAE scheme [2].

In CSA, each observation interval T} is partitioned into N
subframes with equal length T An integrate-and-dump
square-law device serves to collect the received signal energy
samples within each sampling duration 7y,

to+(n=1)Ty +iTy,

2 .
Yin =), DTG, |y(t)| dt, 1<n<N,1<i<M, (2)
where £ is the arbitrary starting time of the TOAE operation,
the aggregate M x N matrix is 'Y =[y,, y,,---, ¥, ] with entry
[Y], =, Hereafter, T;=MTy=KmT, where each T is further

divided into K segments for weight-setting in the CSA.
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III. Rayleigh-Quotient-Based CSA

The TOAE is ﬁrst carried out in the CSA stage, on the order
of T, +7,, <7, <T, +T,. We incorporate an optimal
weighting process into the CSA, in which the test statistics are

r = vecdiag(Y' @), 3)

,v]and @=0®1,.
column vector of m ones, ® =[w,,w,,--,w,] is the target
weight matrix with o, =[®,,,®,,, @], ® is the
Kronecker product, and vecdiag(.) creates a column vector
from the main diagonals of its argument matrix.

The CSA is achieved as

j=argmaxr, 4
ne{l,2,---,N}

where r=[r,r,, - Hereby, 1,, is a
1°72

which indicates that the j-th subframe is determined to contain

most of the IR-UWB signal energy among the N subframes.
According to the central limit theorem, when 2mT,W is

asymptotically large, 7, complies with Gaussian distributions as

wTuO’ wTE wn’ 77'/011’
Elr, 1= Var(r,]= ’ ®)

o, o X o, .,

Ln""n>

where u, =mN, W1, u, =u,+E[6], and the IR-
UWRB signal energies are 6, =[6,,,6,,,-,6,,1", 6,, 20.
Y, and X, are the covariance matrices of 7, under null
hypothesis 77, , and alternative hypothesis 77 ,, respectively.

Suppose the n-th subframe contains the IR-UWB signal
component, the signal-to-noise ratio (SNR) of 7, is

r B mI,W(El[r, |,
(@)= Var(r,

Ln

1-Elr, | 74,17

©)
0,n ]

We realize that I')(@,) is actually a general Rayleigh
quotient (GRQ) [3]:

T
R
Fl(@,)=aR(@:R,.E)Ea"e ()
2D,
where o =mT,W andR, = E[6,6]]. The optimal ‘weights
o, . areconsequently the ones maximizing R(@,;R,),
B, o = argmaxaR(a)z,R =X, RB) ®

a)ml

Using the scalar Lagrange multiplier, 4,,, € R, we obtain
(@) =oR,0,+4,@o,-), ©)

where solving the equation o2 (@,)/ 0@, =0, we can attain

O, oo = €I (R,) as the maximum eigenvector of vlvl 0

which is corresponding to 4,, the largest eigenvalue of R, .
In the following, we present a more general approach relying

on the subspace spanned by the L largest eigenvectors of R 0-
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Let Q, =[@,,®,, --,®,] be an orthogonal matrix whose
columns satisfy @@, =3, and Q!Q =1, where &,
is the Kronecker delta, and Iy is the identity matrix of order K.
We now define a diagonal matrix G=diag(g), where

g:[glsgzs""gk]T satisfies ¢, 2g, 2--2 g, 20. The
optimization problem in (8) can be again presented as
J(R,,G)=Tr(GR/R,Q,)=Tr(Q,GQ!R,), (10)

where Ti(.) is the trace of a matrix.
When Q consists of K eigenvectors of R,, and
Qn :[a}wé)z's""

Qzl\ié)gn = dlag(/ll’ B /12’ 5" /11(’ )a

@, ], we have
(1D

where {1',2',---,K'} is a permutation of {1,2,---,K}
resulting in A, >4, >--->A4,.. The result in (10) now
reducesto J(L,) = zk L9t

Due to the extremely low duty cycle of the IR-UWB signal,
we consider g’ with ¢,2¢,2--2¢,2¢,,,==¢,=0,1n
which the last (K — L) columns of € automatically vanish.

Using the newly defined G'= diag(g’), we have

J(Q,,G)=Tr(G'QR,Q,)=Tr(Q,GQ'R,), (12

where L arbitrary mutually orthogonal eigenvectors are used.
When L=1, J(Q,,G’) reduces to J(d)=ad"R,d in
(12), under the condition that g, =1 and @ @/ =1.When
g ==g =1 J(QnaG')
equivalently consists of the L largest eigenvectors.

is maximized since G'Q!

IV. Iterative Threshold Tests Based FTE

Subsequent to the CSA, the ITT-based FTE is proposed to
refine the TOAE within the j-th subframe with time granularity
Ty Since the IR-UWB signal energy might leak from the j-th
subframe to the (j—1)-th one, the FTE is performed on the
concatenated vector y =[y]_, ¥/ 1" =37 Vo |-

The proposed ITT has a threefold merit for the TOAE. First,
similar to the CSA, the ITT requires no a priori channel
Second, the iterative threshold setting is
intrinsically completed in the ITT itself without requiring
knowledge of the noise variance. Third, the leading edge
sample (LES, the first sample in y that contains the first IR-
UWB signal component) search algorithm yields a more
accurate TOAE than the conventional threshold test (CTT).

Specifically, the ITT is performed in the following steps:

knowledge.

Step 1. The samples y are first sorted into y in an
ascending order, with J=[7,.7,,, 7, 1'=[7 ’yz'ﬂ""y(ZM)’]Ta
where {1',2',---,(2M)'} is a permutation of {1,2,---,2M}
resultingin y, <y, <<y,

Step 2. The first 7 smallest samples {y,}”, are assumed to
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contain noise energy samples only and form the initial IR-
UWB signal-free subset, on which the test iteration begins:
Pia >%Zy1§, n<i<2M -1, (13)
I=1
where ¢ is the test coefficient based on the previously
determined noise-only samples belonging to the observation
intervals other than the j-th and (j—1)-th subframes.

Step 3. If the first test (i =77) of (13) is true, the algorithm
stops, and j}(IIT): [Vye1s Vpiastsss Vour " are decided to
contain the IR-UWB signal, for which we can find the
corresponding  y p,= [y(77+1)".)7(77+2)"“.’JV/(ZM)']T; otherwise,
the test in (13) is performed again with/ incremented by 1.

Step 4. The test in (13) is repeated until it is true for some
value of i=¢ or i=2M -1 implying all samples are decided
to be the noise-only ones after a thorough search over y .

Step 5. The final TOAE is obtained as

Ly, = Argmax Y rr) —lig -1,
ietl, 2, 2M} (14)

TAloa = ts +(j_2)7;f +(l _05)7;;5

toa

where  yp, and y,; have the same elements but in
different orders, and i, is the number of samples from the
determined LES to the maximum sample in  y,, , satisfying

A A A

yi € y(ITT)’VVhen i= .toa’ltoa +1"“’itoa _iLE _1’ (15)
Vi € Yarr)»When i =i, —1.

toa

In this way, the problem of TOAE is accomplished in a fine-
scale with accuracy defined by the mean absolute error (MAE),

2M

1=

i=1

A A
lma - ltoa ltoa - ltoa

gabs (iloa ) = E[

; (16)

where P is the probability of the i-th sample being
determined as the first arriving IR-UWB signal-present sample.

V. Simulations

The simulation parameters are fixed as 7=200 ns, W=5 GHz,
T,= 1 ns, N=4, M=50, K=10, m=5, 716, and & =1.582. Each
channel realization has a TOA uniformly distributed within
[0, T7]. Note that u, and X, need to be estimated to obtain the
blind estimation of R »» based on previously received P=100
statistics (Y = [, Y0 ¥ 0 s
i is the frame index of the current statistics.

Figure 1(a) gives the performance of correctly identifying the
IR-UWRB signal-present subframe in the IEEE802.15.3a CM1
channel. We find the practically optimal L is 2 for CM1 to
CM4. The RQ-based CSA scheme has a much higher
detection probability than the non-weighted method. Figure 1(b)

where
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Fig. 1. (a) Detection probabilities in CSA and (b) MAE in FTE.

gives the MAE performance of the ITT in the CM3 channel,
demonstrating a more refined TOAE accuracy than the CTT,
and maximum energy selection approaches [4], which also
benefited significantly in the CSA stage. Outlying probabilities
Py =10% and P, ,=15% are used for both the threshold-
setting in CTT and coeficient-setting in ITT.

VI. Conclusion

An energy-detection-based blind IR-UWB TOAE scheme
was proposed. The coarse and fine TOAE strategies were
seamlessly integrated into one complete and compact entity to
attain the TOAE with improved signal detection probability
and TOAE accuracy compared to conventional methods.
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