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Abstract—The accuracy of wide band propagation delay esti- SNR is usually very high and noise influence on the ranging
mation is characterized. The Cranér-Rao Lower Bound (CRLB)  accuracy can be neglected. On the other hand, the influence
for delay estimation in multipath conditions is presented h terms of the multipath propagation may be significant. An example

of the Ricean K-factor, the ratio of direct to diffuse multipath f ch | oh din LoS diti . ffi
components. The validity of the derivation is demonstratedising Of channel phase measured In LOS conaitions In- an oflice

thousands of measurements, where the K-factor is estimatest IS demonstrated in Figure 1 together with a simulation of
the spectral domain. the expected free space result. The phase correlation betwe

Index Terms—Electromagnetic propagation, Indoor radio com- neighboring frequ_encie_s is an indication that t_he main €aus
munication, Multipath channels, Distance measurement. of error is not white noise. In order to be convinced that this
deviation is not caused by phase drift of the VNA, the same
measurement was conducted repeatedly five times. Thematter
seen in Figure 1 was repeated very accurately.

The most popular ultra wideband (UWB) channel
measurement technique uses a vector network analyzer

I. INTRODUCTION

(VNA) that operates in the frequency domain, i.e. by 7t ‘ ‘ * measurement
. . . . - --free space simulation

frequency-sweeping the transmitted signal. The inherent o . 1

averaging of the VNA reduces the sensitivity to noise and % \?A'&

allows relatively high SNR [1]. This high SNR leaves 5 Y \

the multipath phenomenon as the main cause of error for @4l ; ‘ : %

propagation delay estimation even in line of sight (LoS) £ i :

conditions. T NN

The Cramér-Rao Lower Bound (CRLB) provides a theoretical 2y v

limit for the standard deviation of unbiased estimatorg] an 1t 4

can be used to derive a lower bound on the standard deviation I S AR ]

of the error in estimating the propagation delay. 5 5.05 5.1 5.15 5.2 5.25

Theoretical derivations of the CRLB for UWB ranging are frequency [Griz]

presen_ted 'n_ [2]-[7]. The CRLB over a!n adqltlve Whltq:i . 1. Example of LoS measured phase versus frequency aagpaopriate
Gaussian noise (AWGN) channel (no multipath) is develop@€e space simulation.

in [2], and also presented in [3] and [4] that are based on

earlier work. The CRLB for the estimation of the amplitudes

and delays of the multipath components is developed by

[5] and [6], both give complex formulas that are difficult toaA. The Rice Channel Modéel

apply. . . . .
The main contribution of this paper is the derivation of The received signal can be described in the frequency

a CRLB for UWB propagation delay in a Rice channe?omam using the transmitted signalf) and the transfer

environment. The bound has a simple form that depengacion Of the channelfs ;). Omitting the additive noise
. . . we have
on the Ricean K-factor, a single parameter that is easy to

characterize. A large number of measurements validate our .
results. =(f) = S(f)H=(f) 1)

Where 7 is the propagation delay between transmitter and
receiver andf is the frequency.
II. NOISEV'S. MULTIPATH IN FREQUENCY DOMAIN The Ricean channel model is well-established for spatially
CHANNEL MEASUREMENTS distributed terminals in a line of sight multipath enviroent,

When measuring the LoS radio channel in the frequengjd its applicability in the frequency domain was shown in [8
domain, i.e. by frequency sweeping/hopping methods, ti&e far-field channel response is modeled as complex normal:
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whereq is a constantg, is the speed of light an& = 7¢g is

The covariance matrix is diagonal for frequencies that are

the transmitter-receiver separation. Tk dependence stemsfar enough apart, i.e. separated further than the coherence

from energy preservation considerations. The varia&é

represents the multipath (diffuse) components of the cblann

The Ricean channel model is justified using a large number of
independent and identically-distributed multipath comgats,
that combine into a Gaussian. We assume thatoes not
depend on frequency, in fact a weak frequency dependence is

shown in [8].

In order to circumvent the singularity & = 0 we use a
calibrated version of the channel response, that is nozetli

by the response at a transmitter-receiver separdtion
The far-field calibrated channel response is

1 (f)
H(f) = =———— @3)
HRC/C() (f)
and the calibrated propagation delay:
T=7— R (4)
Co

The calibrated received signal in the frequency domain:

Uo(f) =[SO oo (1] He(F) = SIDH(S) )

where S(f) represents the signal at distanég from the
transmitter.
The calibrated channel is now modeled by:

Ho(f) ~ CN(Ae™ 77, 25%) (6)
where .
AR @

The variance20? does not depend on frequency as the

calibration (3) has a frequency-independent amplitude.

1. CRAMER-RAO LOWERBOUND

bandwidth:

ISP 2 0
1S(f1)l

v =0"

1S(fw)I? )
0 IS(fn)l

(10)
The Fisher information for a multivariate normal distribu-

tion with a constant covariance matrix has the form:

(00" i[O
In) = [ or } Co [ or
N oA 2
- 242, (04
= 2K; lzxw 7+ ( Rc> (11)
A2

Where K is the Ricean K-factor of the channel.
The Fisher information can be described as the sum of phase
and amplitude components:

I(r) = Zg(1) +Za(7) (13)
N
Iy(r) = 8r°KY f} (14)
Jj=1
2
Ta(r) = 2NK(C;A) (15)

For our measurements. = 0.45 m, the minimum frequency
is 3 GHz and of coursed < 1. Under these conditions we
have per frequency:

1

Zy(r) >7.1- 1020K@ (16)
1

Ta(t) <8.9- 10%(@ (17)

The CRLB provides a theoretical limit for the standard It is clgar that the amplitude component (15) of the Fisher
deviation of unbiased estimators. When usiNgrequencies, information can be neglected. The lower bound for the stan-

the received signal can be presented using a real vector:

Re[¥(f1)]
Im [¥(f1)]

(8)

- . (9)

dard deviation of the propagation delay is the reciprocahef
square-root of the Fisher information:

1 1 1
ET > /—Id)(T) = ~ \/—K (18)

23, | > ]
j=1

Section V-D validates (18) using channel measurements.

IV. MEASUREMENTENVIRONMENT AND EQUIPMENT
A. The System and the Measurement Environment

The measurement setup was based on an Agilent N5230
vector network analyzer (VNA), connected to two omni-
directional antennas (Electro-Metrics EM-6865) and &léa
amplifiers. The VNA transmitted sinusoidal waves in the 3-7
GHz band with a frequency step of 1062.5 KHz (total of 3767
frequencies). Each frequency was transmitted for abow 0.0



seconds (the reciprocal of the VNA intermediate frequenejtions are uncorrelated. For channel measurements where
bandwidth), and the relative amplitude and phase, compated main cause of deviation from free space is multipath
to the transmitted signal, were recorded. The SNR was highopagation, the phase is correlated across small digance
than 34 dB in all measurements and the coherence bandwidtid frequency steps on the order of the coherence bandwidth.
was between 25 to 85 MHz. This correlation may disort the estimation of the standard
The receive antenna (Rx) was placed on a linear motorizedviation of the propagation delay error. In order to redihee
positioner with sub-millimeter accuracy, that was one meteorrelation of our propagation delay estimates, we rangiom|
long. The receiver was moved between measurements but kegdected the frequencies used per each measurement, using
immobile during the collection of each channel response. Th unique set of frequencies per Rx position. From the 3767
transmit antenna (Tx) was placed on a cart that was movextasured frequencies we randomly selected 188, and used
to different locations for different measurements, but wakem to evaluated as explained below in Section V-B.
immobile during each measurement. The Tx and Rx antennas

were placed 1.25 m above the floor. We put the transmittergj Propagation Delay Error

the same room with a receiver array, in an 'end-fire’ position , ,
i.e. along the line connecting all receiver positions. In order to estimate the propagation delay we measured

A computer controlled the location of the receive antenifi€ channel responses between a stationary transmittea and
along the rail, as well as the parameters of the VNA and thgCeiver array as described in Section IV-A. For each receiv
storage of channel data. position (cx) we measure_d the amplitude,{ and pha_se%«)

The measurements used in this paper were collected in 2088the channel response in the band of 3 - 7 GHz with steps of
2009 in the Ross building at Givat Ram campus of the Hebrei©2-5 KHz (total of 3767 frequencies), and randomly sekect
University of Jerusalem. We made about 14,700 LoS measuf88 frequencies as described above. A measurement example
ments in two office rooms, with 57 different cart (Tx) andS deémonstrated in Figure 2.

motorized rail (Rx) positions. Measurements were normally

performed during nights, with no movement of people around

the system. 03— Coe D

L]
B. Calibration 0.27

i o

We used a Line of Sight (LoS) measurement with about N o Ky *
45 cm between receiver and transmitter antennas to calibrat 0.1 . ° ‘e, oo .
the system. The radiation pattern of a biconical antenna is __ . .;"".rf',:.”s. s ¢
similar to that of a short dipole [9], and its far field boungar g 0 3 ‘ '.
o o L]

is thus about%, below the calibration distance of 45 cm
over the entire measurement band. This calibration method
allows to calibrate out the cable and antenna responses but
has the disadvantage of including multipath components. In
order to alleviate this difficulty we transformed the cadition o : .
measurement to the time domain using a rectangular window,
cut out the multipath components (by eliminating the small

0.1} o e e
L4
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amplitudes that come after the main pulse), and transformed Re()
it back to the frequency domain. We got a calibration respons
that was used as follows: Fig. 2. Example of a 188 complex channel responses taken &raingle
LoS measurement. Each black dot represegtgwf*?”fﬂ measured at a
r(measurement) different frequency, and the star is the center of mass dhelldots.
rp o= L (19)
f (calibration)
e . . . .
f , — The propagation delayr] was estimated using a cosine
¢r = ¢§Z”e‘”“’”eme" ) _ qbﬁf“ ibration) (20) transform, that is similar to an inverse Fourier transfolom,
Where r; is the amplitude andp; is the phase for the looking for the peak position in the time dom&in
frequencyf.
The distance between Tx and Rx during calibration is denoted # = arg max Z 7 cos 2w ft — ¢y] (21)
R, and after the calibration process we consider each trans- t I

mitted sinusoidal wave as if it had amplitude 1 and phaseV9 imated the dist f the Kk-th . f th
at distanceRz. from the transmitter. ¢ estimated the distance o € k-ih recewer from the
calibration point R (z)

V. RESULTS .
A. Propagation Delay Correlation R () = coT (k) (22)

For prqpaga_tion d_elay me_asurements Wh?re th? main caus, jine of sight the first multipath component is also the strest.
of error is white noise, estimates from neighboring Rx po-2we calibrated the system so that0 at distanceR,. from the transmitter.



Now using the Matlab *fit' function we fittedR(z;) to

25

a linear functiod p(zx), and estimated the error of the | | . ggisBurement

propagation delay:

Aty = —h) Z PR (23)

PIME]

C. K-Factor

The Ricean K-factor was extracted for each measurement
as follows:

N A2
Ky, = 2]; (24)
Tk % 5 10 15 20
Where K
Fig. 4. Standard deviation of the error in propagation dekxgus the Ricean
9 K-factor. The standard_dev_iation was calcu_late_d on stefshoK-factors from
Ai _ Mear(,r,fel((i)f—2ﬂ'f7')) (25) the results presented in Figure 3. The solid line is the CRidBnf(18).
262 = Var(rpeil®r=2m/7)) (26)
VI. CONCLUSION
D. Propagation Delay Vs. K-Factor This paper introduced the Cramér-Rao lower bound for
_ ) . UWB propagation delay estimation in LoS multipath channels
Figure 3 presents the estimates/df;, versusKi. where the multipath intensity is represented by the Ricean

In order to compare our results with the theoretical CRLR tactor. The validity of the CRLB was demonstrated using
thousands of measurements performed in two office rooms.
This bound should be considered when performing UWB time
of arrival (ToA) localization with high SNR. The analysis
produced sub-millimetric ranging accuracy, that is sujretio
other results in the literature.
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