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Abstract—The Cramer–Rao lower bound (CRLB) was deter-
mined for different ultra-wideband (UWB) signal formats and,
in particular, for the two UWB high-data-rate (HDR) signal for-
mats proposed within the IEEE 802.15.3a Task Group, that is,
the impulsive direct-sequence UWB (DS-UWB) and the nonim-
pulsive multiband orthogonal frequency-division multiplexing
(MB-OFDM), and an impulsive time hopping (TH) UWB format
close to the format for UWB low data rate (LDR) of the forthcoming
IEEE 802.15.4a standard. The analysis was carried out for both
ideal and multipath channels under power constraints as set by
emission masks. Results obtained for HDR formats showed that
DS-UWB has better ranging accuracy than does MB-OFDM,
thanks to its potentially larger bandwidth and higher frequency
of operation. In addition, the degree of multipath strongly af-
fected ranging accuracy, although differently for DS-UWB versus
MB-OFDM. When incorporating a correlation receiver structure
as well as an Early Late gate synchronizer in the model, ranging
performance proved to be related to features of the synchronization
sequence. For specific synchronization sequences, in particular, the
best ranging accuracy was obtained with MB-OFDM. In the case
of LDR, the study analyzed the effect of pulse shape on CRLB.
Results showed that a suboptimal choice of the pulse shape reduces
the ranging accuracy achievable by TH-UWB signals.

Index Terms—Cramer–Rao lower bound (CRLB), localization,
ranging, ultra-wideband (UWB).

I. INTRODUCTION

THE RELEASE of the first world-wide official ultra-wide-
band (UWB) emission masks by the U.S. Federal Com-

munication Commission (FCC) in February 2002 [1] opened
the way, at least in the U.S., to the development of commercial
UWB products. The strong power limitations set by the FCC
determined as a natural consequence the application scenarios
suitable for UWB communications, that is, either high data rates
(HDRs) over short ranges, dealt with by the IEEE 802.15.3a
Task Group, or low data rates (LDRs) over medium-to-long
ranges, within the IEEE 802.15.4a Task Group.

Different UWB high data rate physical layer (HDR-PHY)
submissions to the 802.15.3a Task Group converged into two
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main proposals: the multiband orthogonal frequency-division
multiplexing (MB-OFDM) solution, based on the transmis-
sion of continuous OFDM signals combined with frequency
hopping (FH) over instantaneous frequency bandwidths of 528
MHz [2], and the direct-sequence (DS) UWB proposal, based
on impulse radio transmission of UWB DS-coded pulses [3].
As the main focus targeted HDR, final standard specifications
lacked requirements on ranging, while a well-known feature of
UWB is to allow accurate distance estimation and potentially
enable joint communications and ranging. In any case, both
MB-OFDM and DS-UWB adopt bandwidths exceeding 500
MHz for UWB emissions in compliance with the UWB defi-
nition given by the FCC and can thus provide, when specified,
high ranging accuracy.

The UWB good ranging potential was particularly empha-
sized for location-aware applications in ad-hoc and sensor net-
works; the introduction of positioning in LDR networks forms
the main concern of the recent IEEE 802.15.4a Task Group [4],
and impulse radio UWB (IR-UWB) radio was proposed as a
possible radio transmission technique [5].

Current literature on ranging in UWB systems is rather lim-
ited. Published materials either focus on simulation and mea-
surements of UWB ranging and positioning [6], [7] or on theo-
retical accuracy of UWB synchronization and ranging for time
hopping (TH)-IR UWB signals [8], [9], with no specific appli-
cation IEEE 802.15.3a/4a signal formats. In particular, in [6], a
model for ranging error is proposed based on results of a mea-
surement campaign. Similarly, in [7], statistical characterization
of ranging error in both line-of-sight (LOS) and not-line-of-site
(NLOS) scenarios is carried out based on a set of measured
data. However, both works focus on the generic case of a TH-IR
UWB signal and do not consider the IEEE 802.15.3a/4a signal
formats. Reference [8] provides a theoretical derivation of the
Cramer–Rao lower bound (CRLB) for UWB signals, again for
TH-UWB signals. Finally, [9] derives the CRLB for a TH-UWB
signal. Here, the focus of the paper is on positioning rather than
ranging. No numerical analysis of the CRLB for a TH-UWB
signal is provided in the paper, however, and HDR signals are
not analyzed.

Our study complements previous literature on UWB ranging
by providing a theoretical framework for the analysis of achiev-
able ranging accuracy for both HDR and LDR UWB signals,
with specific reference to existing UWB power regulations and
UWB IEEE 802.15.3a/4a signal formats.

To this aim, we first derive the CRLB for propagation over an
ideal channel. The CRLB defines the lower bound on ranging
accuracy as a function of signal bandwidth and energy. Next,
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we introduce a real channel model that takes into account mul-
tipath as well as frequency selectivity and evaluate its impact on
ranging accuracy.

Moving from results of our previous work [10]–[12], we first
consider both HDR signal formats (MB-OFDM and DS-UWB)
and present a complete analytical derivation of the CRLB for
ideal and real channel models and under the constraints imposed
by power emission masks. We analyze, in particular, the impact
of the number and amplitude of signal replicas introduced by
multipath on the CRLB. Second, we derive the CRLB for LDR
impulsive UWB signals, based on current definition of the IEEE
802.15.4aTG.

This paper is organized as follows. Section II reviews and
sets the notation for determining the theoretical limits. Sec-
tions III–VI analyze ranging accuracy for HDR UWB signals
with the following outline: Section III presents the signal
definition for both 802.15.3a proposals; in Sections IV and V,
the CRLB is derived for the impulse versus nonimpulse UWB
802.15.3a proposals, for ideal versus real channels. Section VI
analyzes the effect of introducing a correlation receiver and
synchronization sequences adopted in the two proposals on
ranging accuracy. Section VII addresses the LDR case and
defines the TH-IR-UWB signal format. Section VIII determines
the ranging accuracy achievable with this last signal format by
evaluating the corresponding CRLB. Conclusions are drawn in
Section IX.

II. CRLB

The CRLB is well known in estimation theory [13]. It esti-
mates the achievable ranging accuracy which is expressed as
the minimum achievable variance of the error when using an
ideal unbiased estimator.

A brief description of how to derive the CRLB and applica-
tion to UWB signals is presented in this section.

Consider a received signal obtained
as the sum of a signal , function of time and of pa-
rameters , and of thermal noise . In the following, we
will focus on the specific case where the only unknown param-
eter in the set is propagation delay between transmitter and
receiver , while all other parameters and, in particular, signal
waveform and transmitted symbol sequence are known at the
receiver. For a signal bandwidth , the power of thermal noise
is given by

(1)

The signal at the receiver is sampled at frequency
. The sequence of useful samples is

, while noise and received signal sam-
ples are and , respectively.

The Cramer–Rao theorem indicates that, for any unbiased es-
timator, the minimal achievable error variance is

(2)

where is the Fisher information matrix, defined, in our case,
as follows:

(3)

where is the probability density function (pdf) with
respect to parameter . After some calculations one obtains that
the minimum achievable variance for any unbiased estimator
(CRLB) is given by

(4)

where

(5)

Equation (4) provides a lower bound for the variance of error
in the estimation of the propagation delay measured on the direct
path between the transmitter and receiver, assuming that this
measurement is not affected by multipath.

Equation (5) shows that the maximum theoretical accu-
racy achievable with UWB signals is obtained by solving the
problem

(6)

with the constraint

PSD (7)

where is the considered transmission time and PSD
is the power emission mask. The problem in (6) is solved by
choosing PSD , leading thus to a CRLB
that is given by

PSD
(8)

Equation (8) provides the CRLB for a receiver placed at an
infinitesimal distance from transmitter. For a real distance
and a given channel transfer function —in the perfect
case, is a pure attenuator—the CRLB is given by the
equation

PSD
(9)
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If one defines the function

PSD (10)

then the CRLB can be written as follows:

(11)

Finally, if the considered signal occupies frequencies in the
range , then the CRLB is given by

(12)

In the following sections, we will determine the CRLB for
both HDR and LDR UWB signal formats by selecting the cor-
responding .

III. HDR UWB SIGNAL DEFINITION

Notations for the two UWB signal formats under discussion
within the IEEE 802.15.3a Task Group are given in this section.

A. MB-OFDM

An OFDM modulated signal consists of the parallel transmis-
sion of signals that are modulated at frequency carriers

. All subcarriers are equally spaced
by . The binary sequence is usually mapped on a quater-
nary phase-shift keying (QPSK) constellation, and each QPSK
symbol modulates a different subcarrier .

The frequency carriers used in the 802.15.3a MB-OFDM
format [2] fall between 3.1–10.6 GHz, that is, the frequency
interval to which the FCC has allocated a transmission power
of 41.3 dBm/MHz [1].

In the 802.15.3a MB-OFDM format, the available frequency
interval is divided into 13 frequency intervals. Each interval cor-
responds to one band of the MB-OFDM and is 528 MHz wide.
The center frequency of a band and its number are related ac-
cording to the following rule:

Center frequency for band

MHz (13)

The MB-OFDM proposal foresees two different modes of
transmission: a mandatory Mode 1 and an optional Mode 2.

Mode 1 uses three bands of operation: Band 1 (3.168 GHz,
3.696 GHz), Band 2 (3.696 GHz, 4.224 GHz), and Band 3
(4.224 GHz, 4.752 GHz).

Mode 2 considers seven bands: Bands 1, 2, 3 (same as
Mode 1), Band 6 (6.072 GHz, 6.60 GHz), Band 7 (6.60 GHz,
7.128 GHz), Band 8 (7.128 GHz, 7.656 GHz), and Band 9
(7.656 GHz, 8.184 GHz). The four unmentioned bands have

TABLE I
MAIN PARAMETERS OF THE MB-OFDM PROPOSAL

been reserved for future use. Table I contains particularly
relevant parameters of the MB-OFDM proposal, such as the
number of subcarriers, the duration of the waveform, and
the period of the fast Fourier transform (FFT). Additional
parameters include a guard interval, introduced for mitigating
intersymbol interference (ISI), and the number of pilot carriers,
which are used for channel estimation.

Symbol duration is divided into three parts: the useful
signal ns , the cyclic prefix ns ,
and the guard interval ns , for an overall symbol
duration ns . The cyclic
prefix, located at the onset of the transmitted signal, is a replica
of the final interval of the transmitted signal and is used for
synchronization and for channel estimation.

The transmitted signal can thus be written as follows:

(14)

where is the impulse response of the pulse shaper and
is the phase of the carrier at .

B. DS-UWB

A DS-UWB signal consists of a pseudorandomly encoded
binary sequence that modulates the amplitudes of a train of short
pulses. The bandwidth of such a signal depends on the width of
the pulse. The adoption of a pseudorandom sequence guarantees
a close to flat power spectral density (PSD).

The transmitter is composed of four main blocks: a repeater, a
transmission coder, a pulse amplitude modulation (PAM) mod-
ulator, and a pulse shaper.

The repeater introduces redundancy in the transmitted se-
quence by repeating each bit of the binary input sequence
times. The output of the repeater is thus a sequence of
bits, where is the number of bits of the input sequence.
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The transmission coder applies a binary code of period
to the output sequence of the repeater. Most commonly, is a
multiple of .

The output sequence of the transmission coder enters the
PAM modulator, which generates a train of Dirac pulses located
at multiples of .

The output of the PAM modulator enters the pulse-shaper
filter with impulse response . The impulse response is a
pulse with duration shorter than .

The output signal of the above transmission cascade is ex-
pressed as follows:

(15)

where are the symbols of the output sequence of the PAM
modulator.

Similarly to MB-OFDM, the occupied frequencies lie be-
tween 3.1–10.6 GHz, where a transmission power of 41.3
dBm/MHz is allocated [1].

The DS-UWB proposal foresees the use of two different car-
riers located around 4 GHz (low band) and 8 GHz (high band).
For the low (high)-frequency band, the filter cutoff frequency
( 3-dB point) is about 684 MHz (1368 MHz), leading to a chip
duration of 1/57 s (1/114 s).

IV. CRLB FOR HDR IDEAL UWB SIGNAL FORMATS

IN AN IDEAL CHANNEL

Here, we consider HDR UWB signals characterized by a PSD
that perfectly matches the FCC indoor emission mask within the
signal bandwidth; these signals are referred to as ideal signals.
The CRLB for such signals can be derived under the hypothesis
of an ideal channel with transfer function independent of fre-
quency and dependent upon distance between transmitter and
receiver D as the inverse of the square of , i.e.,

(16)

From (9), one has

PSD
(17)

For a given PSD , (17) shows that depends on and
, where is the distance between transmitter and receiver, and
is the observation interval. In terms of distance estimation, it

is useful to note that the variance of time estimation error
is related to the distance estimation error in the following
way:

(18)

where is the propagation speed of the signal.
Fig. 1 plots standard deviation for the three bands used by

MB-OFDM Mode 1 and for the two bands used by DS-UWB as
a function of .

Fig. 1. Standard deviation of distance estimation error � in logarithmic scale
for MB-OFDM and DS-UWB HDR signal formats.

Fig. 1 shows that all formats lead to similar trend, but different
degrees of accuracy are achievable with different signals due to
two factors: the difference in bandwidth and in the center fre-
quency. The high band of DS-UWB has the best ranging perfor-
mance, thanks to its large bandwidth (1.3 GHz versus 600 MHz
of the low band) and its higher frequency carrier. For example,
at m, with an observation time ns, the ex-
pected is about 10 m. The other formats lead to a ranging
error that is almost one degree of magnitude larger, with, as ex-
pected, a slightly better performance for Band 3 of MB-OFDM
thanks to its higher carrier frequency.

V. CRLB FOR HDR REAL UWB SIGNAL FORMATS

IN AN IDEAL CHANNEL

In the previous section, the standard deviation of the distance
estimation error was obtained by using all power available in
the power mask. A real signal does not exploit, however, all
this power, and in a real signal, the PSD of MB-OFDM and
DS-UWB only approximates the FCC mask.

We therefore evaluate CRLB by replacing the FCC power
mask for an indoor environment with a real MB-OFDM PSD
in the three bands of Mode 1. By substituting PSD to
PSD in (17), one has

PSD
(19)

Fig. 2 shows the achievable CRLB values obtained by using
a theoretical power mask versus using a real MB-OFDM signal.
We can see that differences between ideal and real cases are very
small, because the PSD of the MB-OFDM very well approxi-
mates power masks.

As for the DS-UWB case, we can evaluate the CRLB by re-
placing the DS-UWB PSD in (17), yielding

PSD
(20)
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Fig. 2. Standard deviation of distance estimation error � in logarithmic scale
for ideal and real MB-OFDM PSD.

Fig. 3. Standard deviation of distance estimation error � in logarithmic scale
for ideal and real DS-UWB PSD.

Fig. 3 shows the CRLB for the ideal versus real DS-UWB
case. Similarly to MB-OFDM, the differences between the ideal
and real cases are not significant, since the PSD of DS-UWB
closely fits the power mask in the area of interest.

VI. CRLB FOR HDR UWB SIGNAL FORMATS

IN A REAL CHANNEL

Here, the CRLB is investigated under more realistic condi-
tions of propagation by introducing the channel model proposed
within the IEEE 802.15.3a Channel Model subcommittee [2].
This model incorporates a strong multipath, with several over-
lapped replicas of a transmitted signal. The model assumes that
all channel parameters are random variables with specific, well-
defined distributions. We can thus consider some realizations of
the channel impulse response and evaluate the corresponding
CRLB.

TABLE II
CHANNEL SCENARIOS WITH CONSTANT VALUE OF �

The channel model introduces replicas of the propagating
signal that are equally spaced in time, with amplitudes that de-
pend on both distance and delay. The channel impulse response
can be expressed as follows:

(21)

with

(22)

where and are constant parameters. In particular, influ-
ences the amplitude of the replicas due to multipath.

Based on (21) and (22), the channel transfer function can be
written as follows:

(23)

leading to the following expression for the CRLB:

(24)

where

(25)

The term represents the additional loss due to
the presence of a real channel in place of the ideal one.

For the purpose of comparing the two HDR proposals, we
refer to a specific set of channel parameters corresponding to
the so-called scenario A, as reported in Table II.

Fig. 4 shows CRLB for both the ideal channel and scenario A
for MB-OFDM and DS-UWB as a function of . Note that,
for low distances, losses are contained, while they dramatically
increase for higher distances. Note that performance depends
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Fig. 4. Standard deviation of distance estimation error � in logarithmic scale
for different MB-OFDM and DS-UWB signal formats for an ideal and a non
ideal channel (scenario A—see Table II).

Fig. 5. Modulus of transfer function jH(f)j of channel scenario A.

exponentially upon distance, since depends on distance as
. Fig. 4 shows that, in scenario A, the MB-OFDM in Band

2 leads to the lowest estimation error with a variance of the
estimation error that, for low distances, is close to the CRLB
achievable with the ideal channel. A similar result is obtained
for the DS-UWB formats in both low and high bands.

These results can be explained based on the shape of the
transfer function of scenario A channel, as shown in
Fig. 5. Fig. 5 shows peaks, corresponding to smaller losses, in
the frequency ranges corresponding to MB-OFDM Band 2 and
to both DS-UWB bands.

Since the channel transfer function depends upon the param-
eter set, the CRLB also varies as a function of this set.

In order to evaluate the effect of different channel realizations
on the corresponding CRLB, we will examine the MB-OFDM
Band 2 signal as a test case. The following analysis applies to
the DS-UWB case as well.

Fig. 6. CRLB obtained for the MB-OFDM signal Band 2 in scenarios defined
in Table II

Fig. 7. Modulus of the transfer function of jH(f)j for the different channel
scenarios as reported in Table II.

We will focus in particular on the effect of parameters ,
, and , which determine the delay between two consecu-

tive replicas, the amplitude of each replica, and the number of
replicas, respectively. In order to analyze the impact of and

, a first set of channel scenarios, reported in Table II, were se-
lected. In this set, and were kept constant, while the values
of and were selected in order to keep constant the duration
of channel impulse response.

Fig. 6 shows the CRLB for MB-OFDM Band 2 in the six
above scenarios and in the ideal case of Section V. Note that
scenarios with close spacing between replicas (from A to D)
lead to a significant increase in CRLB.

Coherently, as the delay between two replicas increases (sce-
narios E and F), the CRLB approaches the CRLB of an ideal
channel.

This effect can be explained by considering the effect of the
delay on the channel transfer function, presented in Fig. 7.
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TABLE III
CHANNEL SCENARIOS WITH CONSTANT VALUES OF � AND N

Fig. 8. jH(f)j for different channel scenarios as reported in Table III.

Fig. 7 shows in fact that, as increases, the multipath ef-
fect decreases and the channel transfer function tends to re-
semble the transfer function of an ideal channel. Note that the
value of affects the position and the number of the peaks in
the transfer function. The two limit cases are the presence of
only two replicas of signal (Scenario F) and the presence of 50
replicas (Scenario A). The transfer function of Scenario F is al-
most flat, while Scenario A has a significant peak at Band 2 used
in the MB-OFDM.

Next, we investigated by considering the set of channel
scenarios reported in Table III.

Fig. 8 shows channel transfer functions for scenarios of
Table III. These functions have a peak at 4 GHz, due to a
1-ns delay between two replicas. Differences among transfer
functions are in peak amplitude and width changes with .
For high , there is a high and narrow peak, while the peak
widens and lowers when decreases. Gain varies with

according to an exponential law; when decreases,
decreases rapidly, leading to a flatter transfer function.

Fig. 9 shows the CRLB obtained for channel scenarios of
Table III. Note that, when decreases, the performance gap
between Band 2 and the other bands decreases, due to a reduc-
tion of the peak value of the transfer function.

Fig. 9. CRLB obtained for the MB-OFDM Band 2 format in channel scenarios
defined in Table III.

Fig. 10. System model for an Early–Late Gate estimator.

VII. RANGING ACCURACY BASED ON THE USE OF A

CORRELATION FILTER

In this section, we introduce the structure of the receiver, com-
posed by a correlation filter with impulse response com-
bined with a delay lock loop, known as the Early–Late Gate es-
timator. The receiver structure is presented in Fig. 10, where

is the transmitted signal, is the additive thermal noise,
and and are the attenuation and the delay introduced by
the channel. The input signal is thus given by

.
Under the assumption of being perfectly matched to ,

the output of the correlation filter is given by

(26)

where is the autocorrelation of and is the filtered
noise at the output of the correlator.

The Early–Late Gate provides the maximum-likelihood
estimation of the propagation delay by solving the following
equation:

(27)
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where is the width of the Early–Late Gate and is the esti-
mation of the time of arrival. The error of the estimation of the
time of arrival is defined as follows:

(28)

In order to evaluate the variance of the estimation error de-
fined by (28), we can rewrite (27) as a function of the estimation
error. For the first term of the numerator of (27), we have

(29)

Since it can be reasonably assumed that both and are
small enough to make both the terms and negli-
gible, (29) can be approximated by means of an expansion in a
Taylor series of the first order, leading to

(30)

where is the real part of noise. By repeating the derivation
for the second term of the numerator of (27) and by substituting
the approximated expressions in the same equation, we obtain

(31)

leading to an estimation error given by

(32)

The variance of the error can be obtained by squaring both
sides of (32) and taking the expected value

(33)

Fig. 11. Autocorrelation functions for the four preambles defined in the
MB-OFDM proposal.

Recalling that the noise autocorrelation and its real
part satisfy the relation , one has

SNR
(34)

where is the correlation function of the
noise and SNR is the signal-to-noise ratio at the input of the
Early–Late gate. In the following, we will use (34) to evaluate
the variance of the ranging error.

A. MB-OFDM Synchronization Sequences

The MB-OFDM proposal foresees synchronization per-
formed at each frame and in two phases: acquisition, corre-
sponding to a rough estimation, and tracking that refines the
acquisition estimation. Synchronization uses a pilot symbol,
known at both transmitter and receiver.

Four different pilot symbols, named preambles, specifically
designed to operate in four different environments [2] are de-
fined: preamble 1 for line of sight (LOS) (0–4 m), preamble 2
for not line of sight (NLOS) (0–4 m), preamble 3 for NLOS
(4–10 m), and preamble 4 for extreme NLOS.

Fig. 11 shows that the autocorrelations of the four preambles
differ in the position and gain of the side lobes.

B. DS-UWB Synchronization Sequences

The DS-UWB proposal foresees three types of preamble for
each of the two operation bands. The preambles, referred to as
short, medium, and long, are designed for good, nominal, and
bad channel scenarios, respectively. We will refer in the fol-
lowing to the medium preamble, since it is the only one available
in the proposal description [3].
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Fig. 12. Autocorrelation functions for the medium preamble case of DS-UWB
for low and high bands.

Fig. 13. Zoom of the peak of autocorrelation function of the medium preamble
of DS-UWB for low versus high band.

The medium preamble has duration of about 15 s for both
low and high bands. The duration of each bit is about 1/55 s
versus 1/110 s in low versus high bands, and therefore the
number of symbols in the preamble in the high band is twice
the number of symbols used in the low band (1730 versus 865).

Fig. 12 shows the autocorrelation functions for the two
preambles. As shown, these functions have periodic peaks
due to preamble periodicity, allowing synchronization of the
receiver with the transmitter. Note in addition the different
autocorrelation period for low versus high bands, due to the
different symbol rates. Fig. 13 shows a zoom of the autocorre-
lation and highlights the difference in peak levels.

C. Performance Comparison

Here, we compare accuracy obtained with the correlation
filter versus CRLB for an ideal channel.

Fig. 14. Comparison of ranging accuracy obtained by using all preambles of
the MB-OFDM Band 1 and the medium preambles of DS-UWB for both low and
high bands, versus CRLB for MB-OFDM Band 1 and for low- and high-band
DS-UWB.

Fig. 14 shows accuracy and CRLB as a function of for
Mode 1 of MB-OFDM Band 1 and for DS-UWB in both low and
high bands. As shown, ranging accuracy with a correlation re-
ceiver is about an order of magnitude worse than for CRLB and
exhibits similar variation with . Under the assumption of
ideal channel, SNR decreases in fact as the inverse of , as for
CRLB of (17). Fig. 14 also shows the impact of the synchro-
nization sequence on ranging accuracy: preambles 1 and 2 for
MB-OFDM lead to better performance than DS-UWB, despite a
smaller signal bandwidth. Among MB-OFDM preambles, dif-
ferent accuracy levels due to the different autocorrelations of
preambles are observed; preamble 1 leads to the best results,
thanks to its narrower autocorrelation, while preambles 3 and 4
lead to the worst performance.

As far as DS-UWB is concerned, note that the characteristics
of the high-band preamble lead to the largest ranging error, de-
spite the larger signal bandwidth.

Table IV summarizes the results of the analysis carried out in
Sections V–VII.

VIII. TH-IR SIGNAL FORMAT FOR LDR UWB NETWORKS

A TH-IR UWB signal consists of the transmission of a binary
sequence encoded by a pseudorandom sequence that modulates
the phase of a train of short pulses. The transmitter is composed
of four main blocks: a repeater, a transmission coder, a pulse
position modulation (PPM) modulator, and a pulse shaper.

Each bit of the binary sequence is repeated times, so that
the output of the repeater is a sequence of bits, where
is the number of bits of the input sequence. The repeater thus in-
troduces redundancy in the transmitted sequence. The transmis-
sion coder applies a binary code of period to the output se-
quence of the repeater. Most commonly, is a multiple of .

The output sequence of the transmission coder enters the
PPM modulator, which generates a train of Dirac pulses, lo-
cated at time , where is the output sequence of the
transmission coder.
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TABLE IV
THEORETICAL RANGING ACCURACY FOR HDR SIGNALS FOR T = 100 ns

Fig. 15. Standard deviation of distance estimation error in logarithmic scale
for a TH-IR UWB signal.

The output of the PPM modulator enters the pulse-shaper
filter with impulse response . The impulse response is a
pulse with duration shorter than .

The output signal of the transmission cascade is expressed as
follows:

(35)

IX. CRLB FOR LDR TH-IR UWB SIGNAL FORMATS

IN AN IDEAL CHANNEL

Here, the CRLB for LDR TH-IR UWB signals under the hy-
pothesis of an ideal channel is presented. The CRLB expression
is reported in (17).

Fig. 15 plots for the TH-IR UWB signal format as a func-
tion of , when a bandwidth of about 600 MHz and a

frequency carrier of 4.5 GHz is considered, for three different
cases: 1) a “theoretical case” where all available bandwidth is
used; 2) a first “real case” where the second derivative of the
Gaussian function is used as the pulse shaper impulse response;
and 3) a second “real case” where the fifth derivative of the
Gaussian function is used as the pulse-shaper impulse response.

Note that performance for the “theoretical” PSD is similar to
performance for a real TH-IR UWB PSD. Also note that the
CRLB obtained with the fifth Gaussian derivative is slightly
better than that with the second derivative, since with the fifth
derivative the PSD better fits the mask. Since all signals under
consideration have the same carrier frequency, this performance
difference is mainly due to a different width in the occupied
frequencies.

X. CONCLUSION

This paper has investigated the theoretical ranging accuracy
obtainable for UWB signal formats proposed within the IEEE
802.15.3a and IEEE 802.15.4a Task Groups regarding HDR and
LDR UWB applications, respectively. Our analysis also took
into account the emission limits set by the FCC for indoor UWB
emissions.

In the case of HDR UWB signals, two signal formats were an-
alyzed: MB-OFDM and DS-UWB. The analysis was carried out
by evaluating the CRLB and the standard deviation of distance
measurement error for a specific receiver structure. The CRLB
was first evaluated under the hypothesis of an ideal channel; re-
sults highlighted that DS-UWB using the so-called high band
is potentially the best signal format to perform ranging, thanks
to its larger bandwidth and higher frequency of operation. Next,
the impact of a real channel on ranging accuracy of HDR sig-
nals was analyzed by taking into account both temporal spacing
and amplitude distribution of signal replicas. Results showed
that the presence of multipath strongly affected ranging accu-
racy for both DS-UWB and MB-OFDM, although to a different
extent. Ranging accuracy for HDR systems adopting a correla-
tion receiver followed by an Early–Late Gate was then analyzed,
showing that the ranging performance for both signal formats is
strictly related to the selected synchronization sequence. As a
consequence, the possible advantage of DS-UWB in terms of
bandwidth may be compensated by more favorable character-
istics of synchronization sequences adopted in the MB-OFDM
signal format.

The trend of CRLB for TH-IR UWB signal formats, which
are typical of LDR applications, was then analyzed in an ideal
channel scenario. Results showed that, although TH-IR signals
can potentially achieve a ranging accuracy comparable to that
of HDR signals, the selected pulse waveform has, in this case, a
significant impact on the distance estimation error, due mainly
to bandwidth.
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