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ABSTRACT peak. In this case, the estimation performance is dominated

by large errors(also calledglobal error§ whose magnitude

s greater than the width of the transmitted pulse. As a conse-
ifluence, ToA estimate tends to be biased and the correspond-
ing mean square error (MSE) increases drastically for SNR’s

In this paper we analyze and compare the performance
matched filter (MF) and energy detector (ED) time-of-arrival
estimators based on thresholding in ultra-wide bandwidt

(UWB) dense multipath channels. Closed-form expression I tai | behavior tvpically knowntash
for the estimator bias and mean square error (MSE) are d Elow a certain value, a behavior typically know sh-
olding phenomeng2].

rived as a function of signal-to-noise ratio using a unified ! ) . - .
methodology. A comparison with results based on Monte A simple technigue to detect the first arriving path in such

Carlo simulation confirms the validity of our analytical ap- & harsh propagation environment is to compare the output
proach. Our analysis enables us to determine the threshofi e MF and ED with a threshold whose value has to be
value that minimizes the MSE, critical parameter for optimalOPtimized according to the operating condition (e.g., SNR),
estimator design. It is shown that the estimation accurac§S Will be shown in the following sections. ,
mainly depends on large estimation errors due to peak am- The adoption of the threshold-based estimators is attrac-
biguities caused by multipath at the output of the MF or EDtiVe because complexity and computational constraints are
and on the fading statistics of the first path. The evaluation opften critical issues in applications that require low cost
the performance loss faced by ED estimators with respect fgattery-powered devices (e.g., in wireless sensor networks or
those based on MF is also carried out. Finally, results basddFID). For these reasons, characterizing the performance for
on experimental measurements in an indoor residential et threshold-based estimator is of considerable importance.
vironment are presented as well to compare the MF and ED To the best of authors’ knowledge, most of previous
solutions. works evaluate the estimation performance by using asymp-
totic analysis (large SNR) or by simulations/measurements
[4,5]. Analytical expressions for the bias and MSE of the
1. INTRODUCTION estimator in the non-asymptotic regi_ons are often difficult to
compute. In [6], bounds on the variance of the large errors
One of the most attractive capabilities of ultra-wide band-are derived and the ToA estimation performance is evalu-
width (UWB) technology is accurate positioning potential ated by simulation, whereas in [3] a semi-analytical approach
due to its fine delay resolution [1]. Ranging among two nodesided by simulations is proposed.
based on the estimation of the first arriving path can be dif- In this paper a unified performance evaluation of both
ficult in multipath channels especially under the non-line-of-MF and ED threshold-based ToA estimators is addressed for
sight (NLOS) condition in which, the direct path (if it exists) UWB signals in indoor residential environment. In particu-
is not always the strongest one and that makes the estimatitgr, the bias and the MSE of the estimation are evaluated as
of the time-of-arrival (ToA) challenging. a function of SNR for various operating conditions, thereby
In additive white Gaussian noise (AWGN) channels theovercoming the limitation of conventional asymptotic analy-
classical correlation or equivalently, matched filter (MF)sis valid only for high SNR. The validity of the methodology
estimator is known to be asymptotically efficient since itis confirmed by comparing the analytical results with the re-
achieves the Craér - Rao lower bound (CRLB) for large sults based on Monte Carlo simulations showing good agree-
signal-to-noise ratios (SNR) [2]. On the other hand, energynent as well as results from experimental measurements.
detector (ED) based estimators are gaining a large intere$he evaluation of the performance loss faced by ED estima-
due to their low complexity implementation at sub-Nyquisttors with respect to those based on MF is carried out to un-
sampling rates [3]. derstand the tradeoff for a lower implementation complexity.
In the presence of multipath, or at low SNR, the output
O:f the MF' and ED estimators eXhlbltS adjacent peaks with 2. TOA THRESHOLD-BASED ESTIMATORS
similar height due to noise, multipath, and pulse shape, all
of which engender ambiguity in the selection of the correctWe consider a multipath scenario where a single pplsg
with durationT, and energ¥p, is transmitted. The received
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03-1-0489, and the National Science Foundation under Grant ANI-033525@nultiple pulse transmissions is straightforward.
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bandwidthw and center frequencfg around the signal band samples taken in different slots to be statistically indepen-
to eliminate the out-of-band noise, can be written as [7] dent. Note that the intervaD, 7 — A/2], corresponding to
. the firstNf = 1/A slots, contains only noise signaldise re-
gion), whereas the intervat — A/2, T], corresponding to the
r(t)= > ap(t—m)+n(t), (1) remainingNm = N — Ny slc?fs, me/ly co]ntain, in addition to the
. =t _ noise, dense multipath echoesi(tipath region.® We num-
whereL is the maximum number of multipath components, e the siots starting from that containingso that slotd, 2,
n(t) is AWGN with zero mean and two-sided power spec-3 N, correspond to the multipath region, whereas slots
tral densityNo/2 within the BPZF bandwidttw, whereas 3 "5 "\ 1 1 correspond to the noise region. The true
{Tz, 13,..., 7,01, 02, ...,C!L} is a set of nuisance parameters-l—oA T is contained in the sidt.
composed of the path gaing's and delayg,’s. The channel
is modeled as tapped delay line whare= 11+ A-(I—-1), 31 Characterization of MF Estimator Decision Variable
with A = T, is the width of a resolvable time slot and . - .
A-(L—1) is the channel delay spread [8]. According to [7,8],In the presence _of muItl_path, the rectifier device output
the complex path gaim; in (1) can be written in general” VP(t) can be written, using (1), &s
asa) = b B e'9 with 8 and @ denoting the paths’ ampli-
tude and phase respectively, andeing a random variable
(r.v.) taking the valued (path present) an@ (path absent)
with probability p, and1— py, respectively. In this way both
channel models with random and fixed path delays (by sewhere®,(7) is the autocorrelation function of the pulpé&)
ting pp = 1 where the path is always present) can be approxandz(t) is the colored Gaussian noise at the output of the MF
imated. We consider a resolvable multipath channel, i.ewith autocorrelation functio®,(7) = No ®p(7)/2. Note that
|Ti — Tj| > A for eachi # j. When the multipath is not re- ®,(1) ~ 0for |t| > Tp, hence noise samples taken at instants
solvable, the following analysis gives a lower bound on themore thar2T, apart are independent.
achievable performance. It is convenient to define
We are interested in the estimation of the ToA of the first
arriving path whera = 11, by observing the received signal ME
r(t) over the interval0,T). In the absence of multipath, the v 2 VMF) () — | d(0) +2| 1<I<L (4)
observation of the instamt corresponding to the maximum
peak at the output of the MF yields a maximum likelihoodas the values ofMF)(t) att; = 1, wherez £ z(t), and
estimate, which is asymptotically efficient, i.e., for high SNR

VP (1) = : (3)

L
z aPp(t—1) +2(t)
=1

Lhetﬁsti:rr%alfgd él’oﬁf becomes unbiased with variance given q(MF) N VI((MF) > A 1<k<L ©)
ye [2] k P{z(t) > A} otherwise
CRLB = N07/27 2) which is the probability that the modulo of the MF output
Ep 0!12K2 exceeds the thresholdat time 1, (whenl <k <L) and the
probability that only noise components overcome the thresh-

where the parameter? £ [*, f2|P(f)|2d f /E, represents
the second moment of the spectr@f) of p(t).

In a multipath environment, the presence of noise an
fading can strongly affect the ToA estimation. In the MF (MF) (MF) A
based scheme, one possible procedure is a two-stage process. o'~ = ac  =P{lzt)|>A}=2Q <) , (6)
First, detect the portion of the observation interval in which o
the first path is located by comparing the output of a recti- . .
fier device (or, equivalently, a square-law device inserted afyvhereqz_ = ®p(0)No/2 = EpNo/2andQ(:) is the Gaussian
ter the MF to remove sign ambiguity of the path amplitude)pmbab'“t?' '”tfjgf]?'- he followi s th
to a fixed threshold [2]. Then make a fine delay estima- | \(/jVet atsho efine the fo owmgf rtr;l]tlosf: tt e SNR ret_h
tion by peak searching.The output of this maxima search, ate Ao € (azverage) energy ot the nrst arrving pa
subtracted by the MF dela¥, is taken as the estimate of SNR = E,E{af}/No and the threshold-to-noise ratio
the ToAT. A second procedure is to consider an ED whosd TNR) TNR £ A /No. Without loss of generality we con-
output is compared to the threshald[3]. The first thresh- sider the normalizatioft {af} = 1whereE{-} denotes the
old crossing event is taken as the estimate of the ToA. Iistatistical expectation.
both cases the performance of the detection process, hence
of the ToA estimation, depends on the choice of the thresh3.2 Characterization of ED Estimator Decision Variable

old A which plays important role in the optimum design of g4\ the ED estimator, the sampled outputs at each time slot
threshold-based ToA estimators. can be written as [3]

3. BIAS AND MSE OF THE ESTIMATORS /-(kfl)A+T+A/2
U

old (whenk=...—2,—-1,0,L+1,L+2,...). The latter is
é]iven by

v Ir(t)Pdt. (7)

We subdivide the observation interval into= T /A slots of
lengthA. In the following analysis, we approximate noise

k—1)At+T-0/2

3The parameter andN; are approximated as the integer closedt ta

2|f particular complexity constraints are present, the refinement stag@ndt/A, respectively.
can be skipped. In this case our analysis will provide a lower bound on the “*For the purpose of the analysis, without loss of generality, we can set
achievable performance. Tq=0.
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Also in this case we define is E{(T—1)|miss} = t™S— 1, and E {(T — 1)2|miss} =
(fmiss_ T)2
ED ED )
o 2 p {V|(< ) > /\} (8) Since the noise samples in different slots are statistically

. . L independent, the evaluation of probabilitiBsis consider-
where in the noise region, i.e., fke=...—2,—-1,0,L+1,L+ ably simplified. In the noise region we have

2,..., vl((ED) have a centralized Chi-square distribution with

M = 2WA degree of freedom [3,9]. We have [3] P = 0o (1— qo)Nf+nfl (12)
M/2-1TNRI for —Nf < n < 0. This corresponds to the probability of a
(ED) 2 4(ED) _ exp(—TNR) _ (9) level crossing in slon, preceded by no level crossingia-+
Qo = =0 P Z} :
i=

i! n—1 slots. In the multipath region, assuming independent
fading among different paths, we have
Since noise samples taken in different slots are statis-

tically independentyy defined in (4) and (7) are statisti- n-1

caEIIE))/ indep(e'iﬂr::(;lent. In the following for notation convenience, Ph=0n (1—qo)™ |—| (1—), (13)

qli ) andg, "’ will be denoted witho. k=1

3.3 Analytical Methodology Formulation for 0 < n < Npy. This corresponds to the probability that a

. — . level crossing at time indexis preceded by no level crossing
Armed with the definitions above, we now proceed with theiy the N; slots composing the noise region and in the first
formulation to obtain the bias and MSE of the threshold, _ 1 siots in the multipath region. The probability of no

based ToA estimator. Based on the Total Probability Theyeye| crossing is simply the probability that none of the peaks
orem, the bias and MSE of the ToA estimate can be writteRqss the threshold, i.e.,

respectively as [10, 11]

N
Nim Prmiss= (1— qo)Nf : I—l (1-a)- (14)
U=E{f-1}= Pv-E{(f—1)[slotn}  (10) k=1
n=—N¢+1
4 Priss B {(f _ r)|miss} 3.4 Evaluation of Probabilities gk

In order to evaluate (12), (13) and (14) (and ultimately the
bias and the MSE), we must provide an expression for the
Non probabilitiesgx (k= 1,2,...,L) defined in (5) and (8) through
MSE=E{(f-1)%} = P-E{(f- r)z\slotn} the adoption of a suitable channel model for the paths’ am-
nz_%ﬂ plitudes. The probabilities for other valuesloére given by
o defined in (6) and (9). According to [7], thé" path am-
plitude B¢ is a Nakagammr.v. with parametersn (fading
whereP, is the probability of the first level crossing occur- parameterym > 0.5) apd]E{Blf} = . .'.I'he phasep can
rence in slon (responsible for large errorstif£ 1) andPriss 12K the valueg0, i} with equal probability.
is the probability of the “no level crossing” event. The terms ~ The evaluation ofy for k= {1,2, ..., L} when the MF
E{(f— T)[slotn} = (n—1)A and E{(f - r)2|slotn} —  estimator is adopted is presented in [10, 11]. In the ED esti-
n(n—2) + 13/12/A2 are, respectively, the bias and MSE mator case, we derive an expression by extending the semi-

conditioned on the first level crossing occurrence in glot analytical resultin [3].

We assumed that the estimation error is uniformly distributed  Following the sampling approach similarly as done in [9],
in thent slot. the r.v. v, conditioned to the path amplitudi, has a cen-

When the MF estimator is adopted, to obtain goodtralized Chi-square distribution witM = 2WA degree of

asymptotical behavior, the bias and MSE, conditioned€edom ifbk =0 (path absent). Whel, = 1 (path present),
on the threshold crossing in sld; can be replaced by Vi has a non-centralized Chi-square distribution with central

2 . . .

the asymptotic performance of the ML estimator, i_e_’parameterEka Wh'_Ch represen.ts- the signal energy in t.he
E{(f—1)[slot1} = 0andE {(f — 1)?|slot1} = CRLB re- slotk. The probab|lltqu]Bk conditioned on the path ampli-
spectively [2], which tends to zero as SNR increases. Ustudep is then given by
E{(f—1)?|slot1} = A?/12, regardless 9f the SNR. q‘<|Bk —P {Vk > A

The termsE { (f — eriss} andE {(f — 1)?|miss} are
One possibility is to choosg™ss = T/2, i.e., in the
middle of the observation interval. In this case, it

+ Priss E{ (T — 7)?|miss}  (11)

ing the ED estimator a floor on the MSE conditioned on
the first level crossing event in sldt, is present, i.e.,
} (15)
Bx
related to the bias and MSE conditioned to the “no level
crossing” event according to the peak miss policy adopted. = (1—pp) o+ PoQumy2 <\/ ZSNRBkZ,VZTNR) ;
where Q,(-,-) denotes the Marcum-Q function. By averag-

5Another possibility is to retry with a lower threshold until a level cross- ing over the path’s amplitudgc we obtain the final expres-
ing occurs or consider the maximum peak. sion forgg
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Figure 1. Example of channel power delay profile underFigure 2: Estimator bias versus TNR (dB) for different SNR
NLOS condition values. Comparison between analytical and Monte-Carlo
simulation results.

Ok = (1= pp) G+ pr{QM/Z ( 2SNRBE7W) }

TX and RX antennas and the channel were kept stationary by

_ & mrTNR 2T (my+) ensuring there was no movement in the physical surrounding
= 0ot Po Z © h! B Z.J I (my)i! environment. However, in order confirm the time-invariant
h=M/2 = . nature of the channel, at each spatial p@otime-snapshots
( 1 )rm ( SNRA /My >' (16) of the complex CTFs were recorded.
X )
L+ SNRA/m L4 SNRA/m 4.2 Data Analysis
wherer (-) is the Euler gamma function. By assuming that the channel is quasi-static, averaging is
carried out over the time-domain for each blockK3fftime-
4. MEASUREMENTS AND DATA ANALYSIS snapshots of CTFs. The resultant time-averaged CTFs are
post-processed by frequency domain Hamming windowing
4.1 Measurement Setup and Environments prior to transformation into the time domain. The windowed

In order to evaluate the performance of the threshold-basdjne-averaged CTFs were transformed into the channel im-
ToA estimator under realistic channel condition, an UwBPUlseé responses (CIRs) through the real passband inverse
experiment was performed in the indoor residential envifourier transform (IFT). The spectrum is obtained by first
ronment. Measurements were conducted in the frequencgero-padding the complex CTF down to DC, and then flip-
domain in which the channel transfer function (CTF) wasPing the complex conjugate of the positive spectrum to the
measured. During the measurements, the vector network ajegative frequencies to give the complete symmetric spec-
alyzer (VNA) was set to transmit601 continuous waves trum. This guarantees the IFT would be real. A detailed com-
tones uniformly distributed over th@— 10 GHz frequency Parison between these two analysis techniques is reported
range, which results in a frequency stepi@&75MHz. This I [12]. The initial delay for each of the transmission links

frequency resolution gives maximum excess delay of abol@s eliminated from the CIR in order to remove the propaga-
22956 ns and maximum distance range of approximag&g  tion effect due to the TX-RX separation. This adjustment can

m. For more details of the measurement campaign, please rg¢ done based by setting the ToA of the first detectable path
ferto [12,13]. in each CIR equal to zero. Thus, this enabling various data
Field measurements have been conducted in varioi®ets from each of the TX-RX combinations to be aligned and
types of high-rise apartment. In each apartment, the transmigompared. For the LOS data, the first arrival path is identi-
ter (TX) was placed at the center of the living room, while thefied within 10 dB and10 ns from the peak power, while for
receiver (RX) was moved throughout the apartment arount® NLOS data, first arrival path is identified withird dB
8 — 10 different positions with TX-RX separation ranging ahd50ns from the peak powérA cutoff threshold 030 dB
from 1— 20 m. We refer this different RX positions émcal ~ below the strongest path was applied to the CIR so that any
points[12, 13]. Both LOS and NLOS scenarios were con-Paths below this threshold are set to zero. By setting such
sidered which include “within-room” and “room-to-room” @ strict threshold level, unwanted noise spikes can be elimi-
propagation conditions where all doors and windows werdated and can ensure that only the effective paths are used by
closed during the measurements. Two levels of measurdhe threshold-based ToA estimator.
ments were performed. Firstly, the random placements of RX Fig. 1 depicts the typical small-scale averaged power de-
throughout the apartment and secondly, the RX was movel@y profiles (SSA-PDP) under the NLOS condition obtained
25times around each local point. TheXespatial measure- 5 . _ _
ments were arranged overbax 5 square grid withl5 cm Due to the noise averaging process performed during the measurement
. . . . . rocess, the CIR can be considered noise quasi-free thus making the identifi-
spacing between adjacent points. Each point on the grid ition of the first arrival path reliable. Different SNR conditions are created
referred as &patial point During the measurements, both by adding artificial Gaussian noise.
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Figure 3: RMSE versus TNR (dB) for different SNR ValueS-Comparison with the CRLB.

Comparison between analytical and Monte Carlo simulation
results.

Fig. 4 shows the MSE as a function of SNR obtained by
by averaging25 PDPs at each local point. We see clearlyconsidering the optimal value @f that minimizes MSE for
that the first arriving path is strongly attenuated, and theach SNR. In this figure, we consider the cases where the
maximum in the SSA-PDP occurs only after ab@gtns. first path is subjected to Nakagami fading with = 2 and
These characteristics of UWB channels are significant fory = 10, respectively. The former case is typical for NLOS
precision ranging and localization applications especially tgituations, whereas the latter case is typical for line-of-sight
the design of threshold-based ToA estimator, since the teclfkOS) situations with essentially no fading. In this situation
nique requires the detection of tfiest arriving path and not the MF based detector results to be more convenient only for
the strongest path. Detection of such a week compone@NR> 20dB. The results are compared to the CRLB. As can
in a noisy environment can be quite challenging and willbe seeninthe figure, at high SNR, the ED performance shows
be shown was taken into account in our proposed analytica floor equal ta\ /12, whereas the MF performance tends to

model. the CRLB with a behavior depending on the fading of the first
path. In the presence of severe fading in the NLOS case, the

5. NUMERICAL RESULTS AND DISCUSSION ToA estimator performance tends slowly to the CRLB only

o . for large values of SNR due to large errors and fading. For

5.1 Validation of the Analytical Methodology low SNR the received signal is highly unreliable and the ToA

In this section, we provide numerical illustrations using an-€Stimation error is on the order of the observation interval

alytical results obtained in previous sections. We considefidth. In the transition region the performance is far from
a dense multipath channel with exponential power delajat predicted by the CRLB, i.e., it is dominated by large
profile where the average path power gains are given bgrrors. When the first path is subjected to small fading in the
A —ed0-D/efor | =12, L [7]. The parametee de- OS case, the convergence to the CRLB is faster despite the
scribes the multipath spread of the channel. As in [10, 11]presence of the multipath components.

we chooséd =2ns,L =32 € =6ns,pp, = 1andm = 2 for

our numerical examples. 5.2 Comparison with Measurement Data

Next we evaluate the bias and root MSE, RMSE
VvMSE, of the estimation error of our proposed thresholdWe now compare the performance of the MF and the ED
based ToA estimator for = 20ns,T =100ns,W =4 GHz  with experimental data obtained from a measurement cam-
and the second derivative Gaussian monocycle pulse withaign described in the previous section. Measurement data
To=1ns (k? = 10m10*8 572). obtained from Apartmerit when RX is located at positic®)

Figs. 2 and 3 show the bias and the RMSE as a functioand7 (see the measurement plan in [12]), which represents
of the TNR for different values of SNR. It can be seen thatSNR at14 and21 dB, respectively, are used for the perfor-
for small values of TNR the estimated ToA tends to be negmance comparison. The average distance between the TX
ative due to false alarms in the noise region, whereas largend the RX is5— 6 m. The impulse shapp(t) is obtained
TNRs lead to positive bias in the estimate, due to the predrom the reference CIRy.s(T) measured at.3 m under the
ence of multipath. For very large values of TNR, the biad OS condition and the true ToA is= 20 ns. Figs. 5 and 6
is related to the miss policy adopted when no level crossinghow the bias and RMSE of the estimation error, respectively,
is present. There is an optimum value of the threshold, deversus the TNR in two different conditions, SNR4and21
pending on the SNR, which makes the estimation unbiasedB for both MF and ED cases. Under the low SNR (ilet,
and minimizes the MSE. Figs. 2 and 3 also report the MontelB), both ED and MF estimators offer a similar performance,
Carlo simulation results (points) for comparison. It can bewhereas at higher SNR (i.€21 dB) the MF estimator pro-
noted that our analytical results are in good agreement withides a better performance according to what foreseen by the
simulation results for a wide range of SNRs. theoretical study.
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Figure 5: Estimator bias versus TNR (dB) for different SNRFjgy
values using experimental data.

6. CONCLUSIONS

Threshold-based ToA estimator performance using MF and
ED are characterized in UWB channels. In particular, expres-
sions for the estimators bias and MSE are derived for a wide[5]
range of SNRs, thus overcoming the limitation of classical
asymptotic analysis valid only for high SNR. Results show
that the peak selection ambiguity at the MF or ED device
output is dominant in the presence of multipath and when|g]
the first arrival path is subjected to severe fading, which is
typical of NLOS situations. This leads to large estimation er-
rors resulting in considerable performance degradation when
compared to the CRLB, except for extremely high SNRs. A [7]
comparison of our analytical results with the results based on
simulations confirms the validity of our approach. Based on
our analysis, good estimators can be designed by determining
the threshold value that optimizes the performance without
the need for time-consuming simulations. The performance[8]
of the MF and ED ToA estimators is also compared by con-
sidering real measurements taken in typical indoor residen-
tial environment. Results confirm that MF based receivers[9]
are more suitable to be deployed for short-range LOS appli-
cations when SNR is relatively high and high ranging accu-
racy is desired. On the other hand, for longer range appli-
cations with low SNR, ED based estimators are desirable ify g
order to reduce the implementation complexity and cost.
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