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Abstract

In this paper, we propose two time of arrival estimators for ultra wideband signals based on the phase difference
between the discrete Fourier transforms (DFT) of the transmitted and received signals. The first estimator is based
on the slope of the unwrapped phase and the second one on the absolute unwrapped phase. We derive the
statistics of the unwrapped phase. We show that slope-based estimation almost achieves asymptotically the
baseband Cramer-Rao lower bound (CRLB), while the absolute-phase-based estimator achieves asymptotically the
passband CRLB. We compare the proposed estimators to the time-domain maximum likelihood estimator (MLE).
We show that the MLE achieves the CRLB faster than the DFT-based estimator, while the DFT-based estimator
outperforms the MLE for low signal to noise ratios. We describe also how to use the proposed estimators in

multipath UWB channels.

I. Introduction
UWB has received increasing attention for many appli-
cations like positioning since the FCC (Federal Commu-
nications Commission) allowed in 2002 the unlicensed
use of the spectrum between 3.1 and 10.6 GHz [1].

Thanks to their ultra wideband (UWB) larger than 500
MHz, UWB signals can be used for highly accurate posi-
tioning using the time of arrival (TOA) technique. Many
TOA estimators have been proposed in the literature,
especially for impulse radio UWB (IR-UWB) signals.
Most proposed estimators like the maximum likelihood
estimator (MLE), the energy-based estimators, the auto-
correlation-based estimators, the threshold-based esti-
mators, and others are based on the time domain
[2-10]. The drawback of time-domain estimators is that
their precision is limited by the sampling frequency
being used, and complex interpolation is required in
order to improve the performance. Some other estima-
tors for either electromagnetic or acoustic signals are
using the discrete Fourier transform (DFT) of the
received signal [11-17].

In this paper, we propose two estimators for the TOA
based on the phase of the DFT of the received signal.
The first estimator is based on the slope of the phase
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and the second one, on the absolute phase. For both
estimators, we first compute local estimates at the dif-
ferent frequency components, and then we combine
them in order to find the global estimates.

The main three contributions of this work are that:

+ we show that using the DFT, we can achieve
asymptotically the CRLBs (Cramer-Rao lower
bound) using very simple estimators requiring only
few samples and a sampling rate equal to the signal
bandwidth. In our approach, the sampling period is
much larger than the achieved accuracy, while in
time-domain-based estimation, the sampling period
must be smaller than the required accuracy. Another
advantage of DFT-based estimation is that we do
not need to identify the main lobe of the autocorre-
lation of the used pulses like in time-domain
estimation.

» we show that the MLE achieves the CRLB faster
than the DFT-based estimator, while the DFT-based
estimator outperforms the MLE for low SNRs.

+ we compute the statistics of the unwrapped phase
of a noisy signal.

The main difference between this work and the pre-
vious works using the DFT approach is that in the pre-
vious works, the TOA is not estimated based on the
phase of the DFT [13,14], or the problem of phase
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ambiguity is not investigated (by assuming the maxi-
mum time delay smaller than the period of the highest
frequency component) [15,16], or the problem of phase
ambiguity is solved using other approaches (Chinese
remainder theorem [11,12] or recursive correction of
the TOA estimate [17]). The proposed estimators can
be used for IR-UWB signals as well as for multi-carrier
UWB (MC-UWB) signals. Note that the main goal of
this paper is to give the main ideas about DFT-based
TOA estimation. Many improvements can be intro-
duced in order to make the proposed estimators achieve
performance closer to the CRLBs.

The paper is organized as follows. In Section II, we
describe the system model. In Section III, we consider
the MLE of the local phase and compute the statistics of
the unwrapped phase. In Section IV, we derive the local
slope-based and absolute-phase-based TOA estimators.
In Section V, we derive the global slope-based and abso-
lute-phase-based TOA estimators. In Section VI, we
show how multipath UWB channel can be handled.

Il. System model

We consider a transmitter and a receiver communicat-
ing through an additive white Gaussian noise (AWGN)
channel.

Denote by s(t), r(t) and n(¢) the complex envelopes
(baseband) of the transmitted signal, the received signal
and the AWGN, filtered around central frequency f. with
a bandwidth B ([f. - B/2, f. + B/2]). r(¢) can be written as:

1(t) = ae 2 5(t — ) + n(t) = we 77 s, (1) + n(1)

where o and 7 are the gain and the time delay of the
channel, and s.(t) = s(¢ - 7). After sampling at the rate B,
we get:

r[m] = we 7 s, [m] + n[m]

where z[m] denotes the sample of the signal z(¢) at ¢ =
mT, (T = 1/B is the sampling period). (n[m]) is a white
Gaussian sequence (i.e., the samples n[m] are indepen-
dent and identically distributed (iid)). The variance of n
[m] is given by o2 = 2NoB where 2N is the one-sided
power spectral density of the AWGN.

Let R[k], (k = -M/2,..., M/2 - 1) be the DFT of r{m]:

M-1 5 mk
Rkl =Y rlmle " M = ae s (k] « N[k (1)
m=0

where S.[k] and N[k] are the DFTs of s,[m] and n[m],
respectively. As n[m] is a white Gaussian sequence, N[k] is
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also white Gaussian with a variance equal to
015 = Ma,f' = 2MNpB [18]. As the Shannon sampling theo-

rem is respected, and by assuming s(¢) limited in time and
s,(¢) falling in the period of observation, we can write:

7j27tfkr 3
s = SUD L eTTSU e g )
T; T;

where S.(f) and S(f) are the FTs of s.(¢) and s(?),
respectively, and S[k] is the DFT of s[m] and:

fre = K/ (MT;) = kAf. ®3)

For simplicity reasons, we denote from now S[k], R[k]
and N[k] by Si,Rx and Nj, respectively. From (1) and (2),
we can write Ry as:

Ry = ae_jzn(ﬁ'ﬂ(k)tsk + N = U, + Ny, (4)

where [, = ae—ﬂﬂ(fcﬂﬁe)fsk is the DFT of the useful

part of the received signal. Denote by pz,0z, x, and yz
the modulus, phase, real part and imaginary part of any
complex number Z. From (4), we can define ¢y as:

@ = Os, — Ou, =27 (fc + fir)T. (5)

Given that N; is Gaussian, we can write the probabil-
ity density function (PDF) of Ry as:

_ (ka - xUk)z + (th - yuk)2

Tr(oreyr) =, 5e 202 |
p’%k + ’Olzlk — 2pr, pu;, €08(6r, — bu,)
PR, —
Tr,(0r,/ OR,) = 27[;28 202

where 02 =0%/2 = MN(B is the variance of xn, and
YNy .

lll. Statistics of the unwrapped MLE of the phase
In this section, we consider the MLE of the phase and
compute the statistics of its unwrapped version.

The joint log-likelihood function of Ou, and ¢4 can be
obtained from (5) and (6):

_ p}%k + plzlk — 2pR,Pu, COS(GRk - gsk + (/’k) @)

APUPr =
202

The CRLBs of pu, and ¢ are the diagonal elements
of the inverse of the Fisher information matrix given by

—E{(azAp“k"”"/Bziazj)},zi,zj € {pu,, er}(E{-} denotes the
expectation operator). The CRLB of ¢y is given by:

C¥ = az/plzjk =1/, (8)
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where v, = pj, [o? = ozz,oszk/a2 is the SNR obtained at

fx vk is called the local (or instantaneous) SNR (corre-
sponding to fz). The global SNR is defined as:

Nj2-1

V= Z Vk. )

k=—NJ2

It is obvious that the time delay can be estimated
from an estimation of (5) as either: (i) the phase to
angular frequency ratio or (ii) the slope of the phase
with respect to the angular frequency. For both
approaches, the estimated phase must be continuous.
With the former it must also be around the true value,
while with th e latter a constant offset along the fre-
quency axis is accepted. As in practice the phase is
computed modulo 2 (wrapped phase), an unwrapped
version of it is needed in order to rebuild the continu-
ous phase.

In practice, the unwrapped phase can be obtained
recursively by adding a multiple of 27 to the wrapped
phase until the absolute difference between neighboring
phases becomes less than or equal to 7. Denote by ¢
the wrapped MLE of the phase and ¢, the unwrapped
MLE. We can write the unwrap criterion as:

|Gk — Gp—1l =7 (10)

where the non-ambiguity condition (2Afr <) must
be respected. Unwrap procedure described above is well
known and “unwrap” MATLAB function can be used to
perform unwrapping.

As in practice the true value of the phase is unknown
we can start the unwrap procedure from an arbitrary kq
by taking @, = @r,, then running the unwrap procedure
for kg +1,..., M/2 - 1 and ky - 1,..., -M/2. It is obvious
that the unwrapped phase may have an offset (almost
constant Vk) with respect to the true phase dependent
on the offset at the starting point (27 (fi, + fc)T — @r,)-

Let us now consider how to obtain a wrapped estima-
tion ¢, of the phase. It can be obtained from (7) using
a MLE and taking 9 A" % /3¢y, = 0:

@1 = 05, — Or, = Os,Ry

where {-}* denotes the complex conjugate. The esti-
mates ¢, at different frequencies k are independent
because the noise samples Ny are independent.
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As shown in [19], the PDF of ¢, can be obtained
from that of 6g, by integrating (6) with respect to Pr;:

+00

TGRk (6r,) = / Tg, (ka’eRk)dpRh =

0
Vi

- 5 Vi (11)
wr e A e 2 Jvpcos(@r — @r) —  sin’(@—ex)
g, (1) = + e 2

i 27 2427

x erfc (\/vzk cos(@r — <pk)>

where erfc(z) = (2/4/7) [ e 'dé denotes the com-
ple-mentary error function, and the superscript *” the
wrapped phase. T;Z((/A?k) is 2m periodic and can be
defined on any interval (I, = [cx — 7, ¢, + 7]) of width

271, / T4 (@x)ddr = 1¥ck. 1t is shown in [20] that the
G
distribution of the wrapped phase can be approximated
by a normal distribution if the local SNR vy is suffi-
ciently high, and by a uniform distribution if vy is very
low.

Let us now compute the PDF of the unwrapped MLE
¢, of the phase. Assume that we start the unwrap pro-
cedure from k = 0 (so, we have @ = ¢o). Let Tg,(@r)
be the marginal PDF of ¢. Below, we will show that
T4, (¢%) can be computed recursively for k = 1,..., M/2 -
1and k = - 1,.., -M/2 starting from ¢p.

As the unwrap criterion in (10) can be written as
@r € lg,, = [@r—1 — 7, @p—1 + 7|, Gr—1 is then inside
the domain Dy = [min{@p_1} — 7, max{@p_1} +7]. As
for @o = o we have Dy = [-7, ], the domain Dy is
given by:

Dy = [—lk+ 1|7, |k+ 1|7], (k = =N/2,..,N/2 — 1)12)

As @ € I, ., 1@ — @l = 2Im ([ integer), and Pg((ﬁk)
is 27 periodic, the conditional distribution of ¢, (PDF
of @ given ¢r—1) can be obtained from (11):

T (Pr) = Tf,z",f(@k)-

Note that the domain of Tg,¢._,(#x) depends on
@r—1 but not its expression. In order to express the
marginal PDF of ¢, with respect to that of @,_1, we
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first compute the joint PDF of ¢ and ¢r—1, and then
we integrate with respect to ¢,—; taking into account
that @ € Ig_, (O — 7 < @1 < P+ 70):

T4 (@1 Ge-1) = T, (@) T, (Gr—1)
= Tg, (@) T, (1)

P+

Ta, (¢k) = T30 (@k/ Pr—1 )d¢k—1 (13)
Q=1
¢k+7t
= Tz:((;k) / T@H (@kfl)d¢k71
[
where for (13), we have

@r € Dy = [—|k + 1|7, |k + 1|]. Finally, T5,(@) can be
computed recursively for k = 1,..., M/2 - 1 and k = -1,...,
-M/2 using (13). Obviously, the starting point is

Tg,(¢0) = T3 (¢0). The mean and the variance of @

are given by:

(ks 1)
K. = @ T, (@) (14)
(1)
(k+1)m
G‘/%k = / (P — “’@k)szﬁk (@r)dgr. (15)
—(k+1)m

In Figure 1a, we show the true phase ¢y, a realization
of the wrapped MLE of the phase ¢r(¢ € [—7, 7)),
and the corresponding unwrapped MLE ¢, versus f; +
fe (number of samples M = 16, k = -8, ..., 7). The
unwrap procedure is started here from k = - 8. The
transmitted signal is a cardinal sine (bandwidth B = 2
GHz) modulated by a carrier (f, = 2 GHz). We take 7 =
2 ns, and v = 17 dB (global SNR). We can see that @ is
almost continuous with a phase offset almost constant
with respect to the true phase.

However, some errors multiple of - 27 can be intro-
duced during the unwrap procedure as can be seen in
Figure 1b, ¢ for two other realizations of the of the
wrapped phase ¢,. This happens when the unwrap pro-
cedure should add a multiple of 27 to the next phase
(for instance at k = - 3 in Figure 1b), but does not do it
because the absolute difference between the neighboring
noisy phases is less than w(|¢_3 — @$_4| < 7). Every
time this phenomenon happens, an additional error of
-27r will be introduced.

Note that errors multiple of 27 can also be intro-
duced. This happens when the unwrap procedure
should not add a multiple of 27 to the next phase, but
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Figure 1 True phase ¢ in (a), three realizations in (a), (b) and
(c) of the wrapped phase ¢, and the corresponding
unwrapped phase @}, versus fy + f,, (k = -8, ..., 7) for a cardinal
sine modulated by f. = 2 GHz.

does it because the absolute difference between the
neighboring noisy phases is greater than 7. These errors
occur rarely if the slope of the true phase is positive.

In Figure 2a, b, we show the marginal PDF of ¢ for k
= 1,.., 15 and k = 15, respectively. We take B = 2 GHz,
fe=0,7=1ns, M = 32, and v, = 5dB (local SNR), Vk.
Here we have started the unwrap procedure from k = 0.
We can see in Figure 2b that for k = 15 (phase cor-
rected at the end of the unwrap procedure), the PDF
has three secondary lobes located at - 47, -27, and 27
from the main lobe. The strongest one is that located at
- 21

As already mentioned, the presence of these secondary
lobes is due to errors multiple of +277 introduced by the
unwrap procedure. The main lobe becomes weaker and
secondary lobes stronger as the frequency increases
which means that we have more chance that such an
error occurs. This is due to the fact that the unwrapping
is performed recursively for increasing frequencies (see
Figure la-c), so the +2m errors accumulate over the
course of the procedure. If we increase the number of
samples or decrease the global SNR, we will obtain
more secondary lobes at - - -, - 471, -271, 271, 477, - - - from
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3 0 ok 5 10 15
(b)

Figure 2 PDF of the unwrapped phase Tg, (@) (a) k = 1,.., 15
(b) k = 15.

the main lobe. Errors multiple of - 27 (resp. 2m) are
more frequent if the slope of the true phase is positive
(resp. negative). Obviously, the unwrapped phase is
biased, and both the bias and the variance increase with
the frequency due to the accumulation of +27 errors.

In Figure 3a, b, we show for the same scenario consid-

ered in Figure 2a, b the theoretical variance ng and

2012, 2012:3 Page 5 of 9

mean square error (MSE) Géﬁ Ugh + (g, — )* (both
computed from (14) and (15)), the CRLB ¢%, and the
simulated (simulation repeated 10,000 times) variance
and MSE of ¢y, all versus the frequency. For Figure 3a
(resp. 3b), local SNRs are given by v, = 5dB (resp. 28
dB), Vk.

We can see in Figure 3a that the simulated variance
and MSE closely follow the theoretical ones, which vali-
dates our theoretical approach. However, variance and
MSE are not following the CRLB, and they increase
with the frequency due to the errors multiple of +2m
which are introduced by the unwrap procedure.

In Figure 3b where the local SNRs are sufficiently high
(v = 28 dB, Vk), we can see that the derived and simu-
lated variance and MSE are very close to the CRLB. In
fact for high SNRs, the wrapped phases are unwrapped
correctly because the errors multiple of +27 become
very rare.

IV. Slope-based and absolute-phase-based local
TOA estimators

In the last section, we have studied the unwrapped MLE
¢ of the phase ¢. In this section, we propose two
local TOA estimators based on ¢y.

_q_a'ék(.s'imu) |

o . i
—a—e= (simu)
¥k

8
x 10
2
—_—=
Fk
2
_____ Pk
—e— K

—q—rr':’hk (sitm)

9 s
—s—e= (simu)
Fk

(b)

) and simulated (simu) variance and MSE, and CRLB (%) of ¢, versus fi+ f. (a) local SNRs v, = 5 dB, Vk

Figure 3 Theoretical (agbzk, eék
(b) vk = 28 dB, Vk.

12 14
x10°




Mallat et al. EURASIP Journal on Wireless Communications and Networking 2012, 2012:3

http://jwcn.eurasipjournals.com/content/2012/1/3

In order to overcome the problem of the phase offset
mentioned in subsection III, we define the first local
estimator of 7 based on the slope of ¢:

Fbb _ Pk — $o

k= Zﬂfk ,k#o

(16)
where the superscript * denotes that 7 is estimated

based on the information carried by the baseband fre-

~bb
quency components. 7,

slope-based or local baseband (BB) TOA estimator. By
assuming (for simplicity reasons) that (¢;,) are indepen-
dent (not true because of the unwrap procedure), the

can be named either local

. . 2 . .
covariance and variance v of t;fb can be written as:

o2
Yo k 7(k/

rdn )= A 17)
2 ‘z’k ‘50 /

Oy = =k
t,fb 4m 2fk2

In order to benefit from the information on 7 carried
by the passband frequency components, and as the
phase offset between ¢, and ¢, is multiple of 25, we
can estimate the phase offset by:

2 f. 7% — @y
21

where “round” denotes the “round to nearest integer”
function, and 7t the global slope-based estimator. 7bb

Ag = 27 round { (18)

is given in Section V as a linear combination of f,g’b

As the phase offset is estimated, we can now define
the second local TOA estimator from (5) and (18):

e+ A
gho_ T (19)
271 (fie + fc)
where f}fb is named local absolute-phase-based or

local pass-band TOA estimator. By assuming Agp equal
to the true value (true for high SNRs), the variance of

f’fb can be written as:

2
o2
O,th - Pk - (20)
% An2(fp+ fe)

The local passband CRLB of 7 can be obtained from
(5) and (8):

b 1
an2v(f +fi)*

If we assume in (5) that 2 f,7 is a random phase (if
phase uncertainty is introduced during the down-

(21)
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conversion of the signal), the local baseband CRLB can
be written as:

b 1

kT 42 f @2)

As for sufficiently high SNRs, the unwrapped phase
becomes unbiased and its variance converges to its
CRLB (1/vy), we can deduce from (20) and (21) (resp.
(17) and (22)) that the local passband (resp. baseband)
TOA estimator becomes also unbiased and achieves the
local passband CRLB (resp. the sum of the local base-
band CRLB of f; and f).

In Figure 4, we show the local baseband and passband

CRLBs (cgb,czb), and the MSEs of the local baseband

and passband TOA estimators (E%’” and e%b) obtained
by simula-tion (noise generated 1,000 times), versus f +
f.. We consider a Gaussian pulse exp(—2nt?/T2), T,, is
the pulse width, modulated by f.. We take T,, = 0.5 ns,
Ty =T,/4, f. =4 GHz, v = 1 ns, M = 32 and v = 25 dB.
We can see that f;fb achieves the passband CRLB
because the SNR is sufficiently high, while £ does not
achieve the baseband CRLB. The gap between G%?b and

czb corresponds to the term 0&30/4”2](}3 in the expres-

sion of Ufzkbh in (17).

V. Slope-based and absolute-phase-based global
TOA estimators
In this section, we derive the global TOA estimators
based on the local TOA estimators studied in section
Iv.

The global baseband (resp. passband) TOA estimator
zbb (resp. 7rb) is defined as the minimum-variance

2
second?

9
fitf x 10
Figure 4 Local baseband and passband CRLBs (C}’Zb Cpb ), and

MSEs (€~hb and €~ph) of the local baseband and passband
TOA estimators vefsus fi + f.
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unbiased linear combination of the local estimators
f;fb,k =—M/2,..,M/2 — 1 (resp flfb).

Consider M unbiased estimators &, of the same para-
meter {. The minimum-variance unbiased linear combi-
nation of (&) is given by:

a_=argmin{o?.}
z a at

o
Il
1

bﬂ
IV
1
Il

e
e
™
5
W
~—

st. Y a=1
where {-}” denotes the transpose operator, zthe vector
(z1 - -2m)7, ga2T§ = E{(a"(¢ — ¢c1))?}, Za the sum of
the elements of 4, 1 = (1---1)%, and I ¢ the covariance

matrix of ¢. The variance of ¢ is given by:

Tr.
S

1
1

From (17) and (23), we can obtain the global baseband
estimator and its variance:

(rain’
b ' ~bb. 2 _ ~T

_ F. 52, (24)
Y(Tm1) 7

C.,a
s £z

Given that the covariance matrix of ” is diagonal
(f}fb assumed independent), we can write the global

passband estimator and its variance as:

N—1 ~pb; 2
k=0 Tk /Uf}ab 5 1
— R —
T OyN-1 02 1O = N=1 1702 (25)
k=0 /Uf},:b k=0 /of},,,,
R
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As the covariances and variances of the local estima-
tors £ and f}fb) are unknown, we compute the global
estimators from (24) and (25) by assuming that ¢y
achieves the CRLB ¢#+, and substituting ng by 1/p52k

(proportional to ¢#).
Given that Ny in (4) is a white sequence, the global
passband and baseband CRLBs of 7 can be written as:

o 1 ) 1
Y1/l Y anu(fe + fi)?
1

- v(4n2f2 + B2
w_ 1 _ 1 1
S ldl Yantufl  vB?

where v is the global SNR given in (9) and
BE = 347203 f] 31 P35, the discrete mean quadratic
bandwidth of s[k].

Let zm! be the time-domain MLE of z. zm! is given by:

™ = argmax{ry, (¢) ® s (—5)}
S

where s,,(f) and r,,(f) denote the real passband trans-
mitted and received signals and ® the convolution
operator.

In Figure 5, we show the baseband and passband

CRLBs (c*? and ¢?®) of 7, the MSEs (6%517 and e%b) of
the global baseband (7t) and passband (#0) TOA esti-

mators, and the MSE (E%m,) of the MLE (sml) versus

the global SNR (v). We consider a Gaussian pulse with
T, =05ns,f.=4GHz, Ty, = T,/4, 7= 1ns,and M =
32. For the MLE, the sampling period must be
smaller than the expected accuracy (Ts'"l < ). We

Efpb) estimators, and MSE (Egml) of the MLE versus the SNR (v).

! T ! T
H H _(_M,
———— (.;n!)
- 2
10 20 —6—¢ 66 4
™ 2
pl ——
=) Ty
g —=—2,
) "
R ol
10 €t
T
2
€
: - i
10 15 20 25 30 35

Figure 5 Global baseband and passband CRLBs (c®® and ¢?%), MSEs of the global baseband (e%,,,, and e%,,b) and passband (egpband

1%

T
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take T =1 ps (125 times smaller than the DFT-based

sampling period). The MSEs presented here are
obtained by simulation (noise generated 10,000 times).

We can see that the global baseband estimator almost
achieves asymptotically the baseband CRLB. We can
also see that both the MLE and the global passband esti-
mator achieve asymptotically the passband CRLB. How-
ever, 7m achieves c?’ faster than zpb. Many
improvements can be introduced to our estimators in
order to make them achieve the CRLBs faster. Hereafter,
we will describe briefly one more baseband estimator
and one more passband estimator.

We have already seen that the unwrap procedure
introduces sometimes errors multiple of - 27 in the
unwrapped phase. These errors seriously deteriorate our
estimators. In order to overcome this problem, we con-
sider first the following slope-based estimator:

~sp (ﬁk - @kfl

T opaf (26)

where Af'is given in (3). The covariance I’ (f;p, f;p)

. 2 - .
and variance 929 of r;p are given by:
k

0 k—FK|>1
2
_ (2 /
r(Ear) =1 Taap PR @)
2 2
ol = %t % K=k
T amrap

As the unwrapped phase errors described above gen-
erate large negative slopes, and as the time delay can be
assumed positive by putting the reference pulse at the
beginning of the observation period, we can mitigate

N oy ~5p
these errors by keeping only the positive values of 7,”.

Let ©7 be the vector containing the positive values of
+

~ S . . .
rkp and r ¥ its covariance matrix.

A new global slope-based estimator can be obtained
from (23) and (27):

T
1—‘7511 ~sp
( ad _) Zf’;p>=0 Tk 'OSZ;¢

:Esp _ + fsp ~ 5
Zf;”>:o P,

= 28
MDD (a3 ) 2
Now, instead of unwrapping the phase recursively, we
unwrap each ¢, (wrapped phase) with respect to
27 (fi, + f.)E7 in order to get gZ)ip (new unwrapped
phase located around the true phase). The new global
baseband (resp. passband) estimator ffb (resp. ffh) is
obtained as before from (16) and (24) (resp. (19) and
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(25)), but after substituting @, by (Z)Zp (resp. @, + Ag

by @) in (16) (resp. (19)).

The MSEs of #%* and 7/’ obtained by simulation are
shown in Figure 5. We can see that ffb and ffb achieve
c?? and ¢*? faster than 7bb and 7pb, respectively. Still,
the MLE achieves ¢?” and ¢?? faster than 70 and 7pb.
However, for small SNRs (p < 15 dB), the new passband
estimator outperforms the MLE.

Fianlly, the main advantage of the MLE is that it
achieves the CRLB faster, while the main two advantages
of the new estimator are that: i) it requires a sampling
rate and a number of samples much smaller than those
required by the MLE and that ii) it outperforms the
MLE for low SNRs.

VI. TOA estimation in multipath channels

Assume now that we have a multipath UWB channel.
The baseband channel impulse response can be written
as:

L
n(e) = 3 aWemlir O — )
=1

where o and 7 are the gain and the delay of the ith
MPC. The baseband signal received through the multi-
path channel can be written as:

rvp(t) = s(t) ® h(t).

Let I7,,s(t) be the cross-correlation function of the
modulus of the baseband transmitted and received sig-
nals. 17,,,5(t) can be written as:

FrMP,S(t) = |TMP(t)| ® |S(—t)|

where we have considered the modulus in order to get
only one peak per MPC (the used baseband pulse must
have only one lobe). The coarse estimates of 7" can be
obtained as locations of the peaks of I7,,,s(t) crossing a
given threshold. Once the coarse estimates are obtained,
we can apply our DFT-based estimators by taking a win-
dow around each MPC slightly larger than the pulse
width. The final estimates of 7 are expected to have
the same characteristics shown throughout this paper if
the MPCs are not overlapping.

VII. Conclusion

Two TOA estimators are proposed based on the abso-
lute phase and the slope of the unwrapped phase of the
DFT of the received signal. The slope-based TOA esti-
mation is used as a coarse estimation in order to rebuild
the absolute unwrapped phase and to compute the abso-
lute-phase-based estimator. The statistics of the
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unwrapped phase are computed. It has been shown that
the slope-based estimator almost achieves asymptotically
the baseband CRLB, while the absolute-phase-based esti-
mator achieves asymptotically the passband CRLB. The
proposed estimators are compared to the time-domain
MLE estimator. It has been shown that the MLE
achieves the CRLB faster than the DFT-based estimator,
while the DFT-based estimator outperforms the MLE
for low SNRs. It has also been also described how the
proposed estimators can be used in multipath UWB
channels. The main theoretical results are validated by
simulation.
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