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area coverage, better resilience to interference, high multiple-access capability,
and ranging resolution to RFID systems.
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ABSTRACT

|

Future advanced radio-frequency identification

(RFID) systems are expected to provide both identification and
high-definition localization of objects with improved reliability
and security while maintaining low power consumption and
cost. Ultrawide bandwidth (UWB) technology is a promising
solution for next generation RFID systems to overcome most of
the limitations of the current narrow bandwidth RFID technology such as: reduced area coverage, insufficient ranging
resolution for accurate localization, sensitivity to interference,
and scarce multiple-access capability. In this paper, a survey of
current progress in the application of the UWB technology for
RFID systems is presented with particular attention to lowcomplexity solutions for high-definition tag localization.
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I. INTRODUCTION
Radio-frequency identification (RFID) technology for use
in real-time object identification is facing rapid adoption in
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several fields such as logistic, automotive, surveillance,
automation systems, etc. [1]. An RFID system consists of
readers and tags applied to objects. The reader interrogates
the tags via a wireless link to obtain the data stored on the
tags. The cheapest RFID tags with the largest commercial
potential are passive or semipassive, where the energy
necessary for tag–reader communication is harvested from
the reader’s signal or the surrounding environment.
Passive RFID tags are based on backscatter modulation
where the antenna reflection properties are changed
according to information data [2].
Future advanced RFID systems are expected to provide
both reliable identification and high-definition localization
of tags. New important requirements will be accurate realtime localization at the submeter level, management of
large number of tags, in addition to extremely low power
consumption, small size, and low cost [3]. Unfortunately,
most of these requirements cannot be fulfilled completely
by the current first- and second-generation RFID [4] or
wireless sensor network (WSN) technologies such as those
based on the ZigBee standard [5]. In fact, RFID systems
using standard continuous wave oriented communication
in the ultra-high-frequency (UHF) band have an insufficient range resolution to achieve accurate localization, are
affected by multipath signal cancellation (due to the
extreme narrow bandwidth signal), are very sensitive to
narrowband interference and multiuser interference, and
have an intrinsic low security [1], [6]–[8]. Although some
of these limitations, such as security and signal cancellation due to multipath, are going to be reduced or overcome
in future versions of UHF RFID systems [9]–[11], a
technology change is required to fully satisfy new applications
requirements, especially those related to high-definition
localization at the submeter level.
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A promising wireless technique for next generation
RFID is the ultrawide bandwidth (UWB) technology characterized, in its impulse radio UWB (IR-UWB) implementation, by the transmission of subnanosecond duration
pulses. The employment of wideband signals enables the
resolution of multipath, the mitigation of frequencydependent fading, and high localization precision based
on time-of-arrival (TOA) estimation of the signal. The
potential advantages of UWB include, but are not limited
to, low power consumption at the transmitter side, extremely accurate ranging and positioning capability at the
submeter level, robustness to multipath (better area coverage), low detection probability (higher security), large
numbers of devices operating, and coexisting in small areas
(efficient multiple channel access and interference mitigation) [7], [12]–[15].
Thanks to their low power consumption, IR-UWB
transmitters have successfully been adopted for active tags
[16]–[18], even though passive solutions based on backscatter signaling appear to be preferable when low-cost and
small-size requirements become crucial. However, UWB
RFID solutions based on backscatter modulation are in
their embryonic stage and several issues still have to be
investigated as will be highlighted in the next sections [19].
This paper presents a survey of the UWB technology
and its current application for RFID systems to illustrate
the potential of this technology for next generation RFID
systems. Particular emphasis will be paid to solutions
based on passive UWB RFID tags due to their low cost and
hence wider market perspectives. This paper is organized
as follows. Section II provides an overview of UWB technology and Section III describes the main characteristics of
UWB propagation and antennas. The most interesting
solutions proposed for active and passive tag architectures
are analyzed, respectively, in Sections IV and V by
highlighting their potential capabilities in providing
high-definition localization performance. Finally, some
conclusions are given in Section VI.

II . THE UWB TECHNOLOGY
A. UWBVDefinitions and Regulatory Issues
The most widely accepted definition of a UWB signal is
a signal with instantaneous spectral occupancy in excess of
500 MHz or a fractional bandwidth of more than 20%
[20]. Such signals are usually generated by driving an
antenna with very short electrical pulses (duration on the
order of one nanosecond or less). As opposed to narrowband systems, antennas in UWB systems, due to the very
large signal bandwidth, determine a significant pulseshaping filtering.
In 2002, the U.S. Federal Communications Commission (FCC) issued the First Report and Order, which permitted unlicensed UWB operation and commercial
deployment of UWB devices. The FCC allocated a block

of unlicensed radio spectrum from 3.1 to 10.6 GHz at the
maximal power spectral density of 41.3 dBm/MHz,
where each class of devices was allocated a specific spectral
mask and UWB radios overlaying coexistent radiofrequency systems can operate as described in [20]. Regarding Europe, it is important to mention that on
February 21, 2007, the Commission of the European
Communities released a decision on allowing the use of
the radio spectrum for equipments using UWB technology in a harmonized manner in the European Union
community [21].

B. Impulse Radio UWB
The IR-UWB technique relies on ultrashort (nanosecond scale) pulses that can be free of sine-wave carriers
and do not require intermediate frequency processing because they operate at baseband, thus significantly reducing
the hardware complexity and power consumption. The IRUWB technique has been selected as the physical layer of
the IEEE 802.15.4a Task Group for wireless personal area
networks (WPAN) [22] and it is promising for RFID
applications.
In IR-UWB, the information is encoded using impulses.
Typically, the adopted pulse pðtÞ is derived from the
Gaussian pulse p0 ðtÞ ¼ expð2ðt2 =p2 ÞÞ and its derivatives due to its smallest possible time-bandwidth product
which maximizes range-rate resolution and is readily
available from antenna pattern. In general, due to the short
pulse duration (typically less than 1 ns), the bandwidth of
the transmitted signal is on the order of one or more gigahertz. These pulses can be modulated using either pulse
position modulation (PPM) or pulse amplitude modulation
(PAM). An impulse-based radio allows for a simple circuit
structure with low power dissipation since there is no need
to up-convert a carrier signal [23]. The transmitter feeds
these impulses to a very large bandwidth nonresonating
antenna, or sometimes the antenna itself contributes to
proper spectral shaping.
In a typical IR-UWB communication system, a symbol
of duration Ts is divided in time intervals Tf called frames,
which are further decomposed into smaller time slots Tc
called chips. To allow for multiuser access, the pulse pðtÞ,
with duration Tp G Tc , is transmitted in each frame in a
chip position specified by a user-specific pseudorandom
time-hopping code fck g having period Ns , where Ns is the
number of frames per symbol [12]. The frame time Tf is
usually chosen to be greater than the maximum multipath
delay to avoid intersymbol interference. The information
can be associated with pulse polarity leading to PAM
signaling or with pulse position thus obtaining a PPM
signaling scheme.
The simplest UWB receiver is a correlation receiver
[12] where the received signal is correlated with a local
replica (template) of the transmitted pulse pðtÞ or, equivalently, is passed through a filter matched to pðtÞ [matched
filter (MF)].
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Fig. 1. Maximum-likelihood TOA estimator [13].

Typical indoor environments often exhibit the presence of a dense multipath with delay spread much larger
than the resolution capability of the signal being employed
[24]. The transmission of ultrashort pulses can potentially
resolve extremely large number of paths experienced by
the received signal thus eliminating significant multipath
fading. This may considerably reduce fading margins in
link budgets and may allow low power transmission
operation. In addition, rich multipath diversity can be
collected through the adoption of Rake receivers which
combine the signals coming over resolvable propagation
paths in a way that maximizes the signal-to-noise ratio
(SNR) [25].

C. Ranging Capability of UWB Signals
Distance estimation (ranging) between tags and multiple readers represents the first step to localize the tag
using, for example, multilateration algorithms [26], [27].
Considering that the electromagnetic (e.m.) waves travel
at the speed of light c ¼ 3  108 m/s, the distance estimate
can be obtained from the measurement of the time-offlight f of the signal and by observing that f ¼ d=c, where
d is the actual distance between the tag and the reader.
This requires an accurate estimation of the TOA of the
received signal.
To understand which fundamental system parameters
dominate ranging accuracy, an overview of the performance limits of TOA estimation is presented in additive
white Gaussian noise (AWGN) channels. Consider a
scenario in which a unitary energy pulse pðtÞ is transmitted
(with duration Tp ) through an AWGN channel. In the
absence of other error sources, the received signal can be
written as
rðtÞ ¼

pﬃﬃﬃﬃﬃ
Ep pðt  Þ þ nðtÞ

(1)

where Ep is the received energy and nðtÞ is AWGN with
zero mean and two-sided power spectral density N0 =2. The
goal is to estimate the TOA , and hence the distance d, by
observing the received signal rðtÞ. This task can be
1572

challenging due to the presence of thermal noise and
multipath components. Under this simple model, TOA
estimation is a classical nonlinear parameter estimation
problem, with a solution based on an MF receiver [13]. As
shown in Fig. 1, the received signal is first processed by a
filter matched to the pulse pðtÞ [or, equivalently, by a
correlator with template pðtÞ]. The TOA estimate is given
by the instant corresponding to the maximum absolute
peak at the output of the MF over the observation interval.
This scheme yields a maximum-likelihood estimate, which
is known to be asymptotically efficient, that is, the
performance of the estimator achieves the Cramér–Rao
bound for large SNRs.1
The mean square error of any unbiased estimate d^ of d,
derived from TOA estimation, satisfies the following
inequality [13]:

^ ¼ Ef2 g 
VarðdÞ

c2
82 B2eff SNR

(2)

where  ¼ d^  d is the ranging estimation error. The righthand side term in (2) represents the Cramér–Rao bound.

Here SNR ¼ Ep =N0 and parameter B2eff represent the second
moment of the Fourier transform Pðf Þ of pðtÞ,2 that is


B2eff ¼

R1

R1
1

f 2 jPðf Þj2 df

1 jPðf Þj

2

df

:

(3)

Notice that the lower bound in (2) decreases with both
SNR and the constant B2eff , which depends on the shape of
the pulse. This demonstrates that signals with high power
and wide transmission bandwidth are beneficial for
ranging.
1
The Cramér–Rao bound gives the theoretical limit on the mean
square error of any unbiased estimator, and hence, it represents a useful
benchmark to assess the performance of any practical estimator.
2
Parameter Beff is often called the effective bandwidth.
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Fig. 2. Cramér–Rao and Ziv–Zakai bounds on the distance estimation
RMSE as a function of SNR in an AWGN channel. The second- and
sixth-order Gaussian monocycle pulses with, respectively, p ¼ 1 ns
and p ¼ 0.192 ns are considered [13].

Fig. 2 shows the root mean square error (RMSE)
for Cramé–Rao bound using the second- and sixth-order
Gaussian monocycle pulses with p ¼ 1 ns and p ¼ 0.192 ns,
respectively. Note that higher derivative Gaussian monocycles or lower p correspond to a lower bound. Fig. 2 also
shows the RMSE for the improved Ziv–Zakai bound which is
tighter than the Cramér–Rao bound for medium and low
SNRs [13]. Centimeter level accuracy is potentially feasible
using UWB signals.
In more realistic environments, numerous practical
factors might affect ranging accuracy. Sources of error
from wireless signal propagation include multipath, direct
path excess delay, and blockage incurred by propagation of
a partially obstructed or completely obstructed direct path
component that travels through obstacles such as walls in
buildings [13].

continuous wave signals to carry information from the tag
to the reader.
As compared to the extensive investigations of UHF
RFIDs (see [2], [6], [28], and [29]), further investigation
of backscatter properties when operating with UWB
signals, especially in realistic environments, is needed
[30]–[32].
When a UWB pulse is transmitted and UWB antennas
are employed, the reflected signal takes the form shown in
Fig. 3. The structural and antenna mode scattering
components are plotted separately for convenience. The
far field radiated from the reader and incident to the tag is
partially backscattered according to the antenna scattering
characteristics which depend on the antenna load (different load configurations will be referred to as tag status X)
and reader–tag orientation in the 3-D space 0 ¼ f0r ; 0t g,
with 0t ¼ ðtag ; tag Þ and 0r ¼ ðreader ; reader Þ being the
tag and reader orientation, respectively.
The antenna mode scattered signal can be varied
according to the antenna load ZL , whereas the scattering of
the structural mode remains the same. Among the various
possibilities, three particular choices are of interest for
passive UWB RFID: ZL ¼ 0 (short circuit), ZL ¼ 1 (open
circuit), and ZL ¼ ZA (matched load), where ZA is the
conjugate antenna impedance. Ideally, antenna mode
scattered waveforms have a phase difference of 180
between the case of open and short circuit loads, whereas
no antenna mode scattering exists in the case of a perfect
matched load. In UWB antennas, the structural mode
component takes a significant role in the total scattered
signal; in fact, it is typically one or two orders of magnitude
higher than that of the antenna mode [30]–[32]. In
addition, signals scattered by the surrounding environment (clutter) are inevitably present and superimposed on
the useful signal. In general, it is expected that the clutter
and the antenna structural mode scattering dominate the
signal received by the reader, thus making the detection of
the antenna mode scattered signal (which carries data) a
main issue in passive UWB RFID systems. This has not yet

II I. UWB B ACKSCATTER PROPAGATION
As previously mentioned, passive RFID tags are based on
backscatter modulation where the antenna reflection
properties are changed according to information data [2].
In general, when an e.m. wave encounters an antenna, it is
partially reflected back depending on antenna configuration. The antenna scattering mechanism is composed of
structural and antenna mode scattering [28]. The structural
mode occurs owing to the antenna’s given shape and
material and is independent from how the antenna is
loaded. On the other hand, antenna mode scattering is a
function of the antenna load, thus data can be sent back to
the reader through a proper variation of the antenna load
characteristic without requiring a dedicated power source
(backscatter modulation). This property is currently
adopted in traditional passive UHF RFID tags based on

Fig. 3. Example of backscatter mechanism for the transmitted pulse
due to the tag’s antenna and the presence of scatterers.
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Fig. 4. Measured backscattered signal at reference distance
dref ¼ 1.44 m for different load conditions in the direction of maximum
radiation using a balanced antipodal Vivaldi antenna. A delay line
of 1.375 ns was inserted between the reference antenna port
and the load for an easy temporal discrimination of the
antenna mode [19].

been addressed, and to this purpose, the design of ad hoc
robust backscatter modulation schemes is a fundamental
issue as will be illustrated in Section V.
In Fig. 4, the backscattered signal is shown from a
balanced antipodal Vivaldi antenna, realized on strip-line
technology, for open and short load conditions in the
direction of maximum radiation 0 ¼ 0max and at reference distance dref ¼ 1.44 m. Measurements were taken in
the anechoic chamber of ENSTA-ParisTech. The transmitted pulse has been chosen to obtain a transmitted signal
compliant with the 3.1–10.6-GHz FCC mask. Specifically,
the sixth derivative Gaussian monocycle and a reader
antenna gain Greader ¼ 5 dB have been considered. The
structural and antenna modes can be clearly distinguished,
where only the latter depends on the antenna load. The
cross correlation between the antenna mode components
in the case of open and short circuit loads is  ¼ 0:98.
This good symmetry property is useful in case of signaling
schemes employing antipodal pulses. In [32], extended
measurement results in a realistic environment are
presented.

IV. UWB RFID AND LOCALIZATION
WIT H ACTI VE TAGS
A. Low Duty Cycle UWB Tags
As previously mentioned, an IR-UWB transmitter can
be very simple and is characterized by an extremely low
duty cycle transmitted signal. Therefore, such a transmitter has low complexity and low consumption (less than
10 mW depending on the pulse repetition rate) [34]. On
1574

the other hand, a UWB receiver, even simple, is typically
characterized by higher values of consumed power (as
much as 100 mW) [35]. Therefore, devices based on the
IEEE802.15.4a standard for WSNs (which allows for
bidirectional communication) do not fit RFID application
requirements. For this reason, most of proposed UWB
RFID devices, typically designed for real-time locating
systems (RTLSs), only have transmitting tags operating
with low duty cycle in order to extend battery operation up
to a few years [16]–[18].
An alternative solution is proposed in [33] where the
concept of a pseudorandom active reflector is introduced. As
shown in Fig. 5, the reflector consists of a simple device
that repeats a slightly delayed version of the received UWB
signal in certain specific time intervals according to a suitable pseudorandom time-hopping sequence. In particular,
the signal received by the antenna is amplified with gain G
and delayed by a fixed quantity Td of a few nanoseconds.
The delayed version of the signal is used to drive the transmitter section composed of a power amplifier and a UWB
antenna. The trigger pulse at the output of the pseudorandom generator enables the receiver amplifier for a certain
time window Tw (activity window). A version delayed by
the quantity Td of the same trigger pulse is used to enable
the transmitter. The transmission and receiving windows
are not time overlapped so that no transmitter–receiver
coupling occurs and the same antenna can be used for both
the transmitter and the receiver. The reader emits pulse
trains with the same pseudorandom time-hopping sequence used by the reflector it wants to communicate with.
Each reflector has a unique pseudorandom sequence and
reflects, with a delay Td , the received UWB signal for a short
time interval according to the time-hopping sequence (see
Fig. 5). When synchronized, all transmitted pulses are
reflected only by the tag adopting the same pseudorandom
sequence of the reader thus making the reader able to
collect coherently the energy from that particular tag. As
stated in [33], the advantages of this solution are in the
simplicity of the hardware where only the analog section
is required, in the low power consumption of the tag, and
in the low timing constraint regarding the relative transmitter and reflector clock rates.

B. Localization Capability
The first application of UWB technology in the RFID
field was for precision asset location systems operating in
indoor environments [16]–[18]. In these systems only
transmitting tags are employed. Tag position estimation
cannot rely on an absolute distance estimate between tag
and readers, and localization schemes based on time difference of arrival (TDOA) are usually adopted. In TDOAbased localization systems, UWB burst signals are
broadcast periodically by the tag and are received by several
readers placed in known positions. The readers share their
estimated TOA and compute the TDOA provided that they
have a common reference clock. Considering that time
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Fig. 5. Pseudorandom active UWB reflector scheme and example of timing structure in case of single pulse transmission [33].

measurements are on the order of 1 ns or less, readers
must be kept tightly synchronized through a wired network
connection. To calculate the position of the tag, at least
three readers with known position and two TDOA
measurements are required. Each TDOA measurement is
geometrically interpreted as a hyperbola formed by a set of
points with constant range differences (time differences)
from two readers.
Time Domain Plus RTLS is an example of a commercial
proprietary system designed for locating personnel or
mobile assets adopting TDOA techniques [17]. The active
tag is a compact IR-UWB battery-powered transmitter that
is designed for long battery duration, up to 4 years (at 2-Hz
update rate) or up to 1.5 years (at 4-Hz update rate). The
system can locate and track thousands of tags with submeter location accuracy using an adequate number of
tightly synchronized readers which perform the function
of receiving tag packets, demodulating the tag data,
measuring the TOA for each tag, and computing the
TDOA for location estimation.
Another possibility to localize the tag is to measure the
angle of arrival (AOA) of the signal thus obtaining the
information about tag direction from neighboring readers.

The AOA on an incoming radio signal can be estimated by
using multiple antennas with known separation (antenna
array) and by measuring the TOA of the signal at each
antenna. Given the differences in arrival times and the
array geometry, it is possible to estimate the direction of
propagation of a radio-frequency wave incident on the
antenna array. AOA does not require the precise time
synchronization needed for TOA and TDOA techniques.
Two angle measurements are required to determine node
position (triangulation). In non-line-of-sight environments,
the measured AOA might not correspond to the direct path
component of the received signal and large angle
estimation errors can occur. Due to the presence of
multiple antenna elements, AOA techniques are in general
more expensive in terms of cost and device dimensions
than TOA-based techniques.
The Ubisense platform is an example of a commercial
precision localization system where active tags are localized using TDOA or AOA techniques [18]. When AOA
localization is performed, tight synchronization among
readers is not required thus drastically reducing network
requirements, but the positioning accuracy is not good as
that obtainable using TDOA measurements.
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V. UWB RFI D AND LOCALI ZATION WI TH
PAS SI VE T AGS
When tag cost, size, and power consumption requirements
become particularly stringent, passive or semipassive tag
solutions have to be taken into consideration. As already
mentioned, communication with passive tags usually relies
on backscatter modulation even though the tag’s control
logic and memory circuits still have to be energized in
order to have the tag working properly. Typically, passive
RFID tags obtain the necessary power to operate from the
radio-frequency signal sent by the reader. As a consequence, in conventional UHF RFID systems, the corresponding operating range is restricted to be no more than
7–8 m with a transmission power level of 2–4 W [2].
Unfortunately, due to regulatory constraints, the transmission power allowed for UWB devices is below 0 dBm
[21]. This means that sufficient power cannot be derived
from the received UWB signal to power up a remote tag
at significant distance. Besides the adoption of semipassive tags, where the control logic is battery powered,
a promising possibility for retrieving the necessary
energy is to adopt energy scavenging techniques which,
in many cases, provide sufficient power (about 1–10 W)
for the control logic [36]. Another solution is represented by hybrid tag architectures, as illustrated in the
following.

(> 50 Mb/s at a few tens of centimeters) from a cell phone
to a tag embedding a large memory [39].

B. Tags Based on Backscatter Modulation
Recently, some applications of the UWB technology in
tags based on backscatter modulation have been proposed
[19], [40]–[42]. Due to its extremely low complexity,
backscatter communication appears very promising, especially in the perspective of the adoption of efficient energy
scavenging techniques for the tag’s control logic power
supply [36]. For this reason, in the following, more details
to this solution are offered.
In Fig. 6, the architectures proposed in [40] and [41]
and analyzed in [19], [32], and [43] for tag and reader are
shown. The reader is composed of a transmitter and a
receiver section both connected to the same UWB antenna
through a TX/RX switch. During the interrogation phase,
the reader transmits a sequence of UWB pulses, each
having energy Et , modulated by a periodic binary sequence
fdn g of period Ns , with dn 2 f1; þ1g, specific to that
particular reader (reader’s code). Without loss of generality, an infinite sequence of pulses separated by Tf seconds
(frame time) is considered, that is

sðtÞ ¼

1
X

dn  pðt  nTf Þ

(4)

n¼1

A. Hybrid Tags Based on UHF and UWB Modulations
Hybrid tag solutions are proposed in [23] and [37]–
[39]. The main idea is to have an asymmetric link where a
conventional transmission protocol at UHF in the downlink (reader–tag) is adopted to power up the tag. The
accumulate energy allows an IR-UWB transmitter to send
data for a short time interval at high data rate in the
uplink (tag–reader). Similarly to conventional passive
tags, the incoming radio-frequency signal transmitted by
the reader at UHF is used to provide power supply and
receive the data. In particular, in [23], the reader radiates
the radio-frequency signal with no data for at least 7 ms,
which is sufficient time for a storage capacitor to fully
charge. After enough energy has been collected, the tag
switches to the receiving mode to receive commands from
the reader at a low data rate (40 kb/s). The uplink transmission is performed using the IR-UWB transmitter.
Thanks to the high transmission data rate (1 Mb/s with
Ns ¼ 10 pulses per bit) and the low transmitter
consumption (64 W), the energy stored in the capacitor is sufficient to allow the transmission of packets
containing more than 128 bits. Circuit implementation
and simulations have shown that an operating range up
to 10.7 m with 4-W effective radiated isotropic power
(EIRP) emission is feasible from the energy budget point
of view.
Remote powering of a passive UWB tag by UHF has
recently been achieved for high data rate exchanges
1576

characterized by a transmission power Pt . The frame time
Tf is chosen so that all signals backscattered by the
environment are received by the reader before the
transmission of the successive pulse. In an indoor scenario,
Tf ¼ 50–100 ns is usually sufficient for this purpose.
During the transmission of each pulse the antenna is
connected to the transmitter section. It is then kept
connected to the receiver section during the remaining
time until the successive pulse is transmitted. Each pulse
in (4) is backscattered by the tag’s antenna as well as by all
the surrounding scatterers present in the environment
which form the clutter component. The main task of the
receiver section of the reader is to detect the useful
backscattered signal (i.e., that coming from the tag’s
antenna mode scattering which depends on antenna load
changes) from those backscattered by the antenna
structural mode and other scatterers (clutter) which are,
in general, dominant.
For this purpose, in [40] and [41], a quite general
backscatter modulator architecture is proposed allowing
for different signaling schemes such as PAM, PPM, and
on–off keying. Here, for the sake of illustration, the
performance of a simplified version of the tag architecture
is illustrated by considering the 2-PAM signaling. In this
case, the backscatter modulator reduces to a simple switch
as shown in Fig. 6. To make the uplink communication
robust to the presence of clutter, interference, and to allow
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Fig. 6. Scheme of the tag and the reader composed of a transmitter and a receiver section proposed in [19].

multiple access, the tag is designed to change its status
(short or open circuit) at each frame time Tf according to
the data to be transmitted and a zero mean periodic tag’s
code fcn g, with cn 2 f1; þ1g, of period Ns . Specifically,
each tag information symbol bk 2 f1; þ1g is associated
to Ns pulses, thus the symbol time results Ts ¼ Tf Ns .
Therefore, the tag status xn at the nth frame time is
xn ¼ ðcn bdn=Ns e þ 1Þ=2 and can take the values xn ¼ 0
(open circuit) and xn ¼ 1 (short circuit).3 In this way, the
polarity of the reflected signal changes according to the
tag’s code during a symbol time, whereas the information
symbol affects the entire sequence pulse’s polarity at each
symbol time (see the example of Fig. 7).
In the following analysis, the tag response due to the
antenna mode (depending on the data) is considered
whereas the antenna structural mode will be treated as a
part of clutter since it does not depend on data symbols. In
a multipath scenario, the received signal at the reader is

rðtÞ ¼

1 X
L
X
n¼1 l¼1
1
X

l dn wl ðt

 nTf  l ; xn ; 0Þ

dn wðcÞ ðt  nTf Þ þ nðtÞ

þ

(5)
(6)

n¼1

where nðtÞ is the AWGN with two-sided power spectra
density N0 =2, and L is the number of received paths due to
3

Operator dxe denotes the smallest integer larger than or equal to x.

the multipath related to the tag’s antenna mode component of the backscattered signal. Parameters l and l are,
respectively, the path’s amplitude and delay of the lth
multipath component related to the reader–tag–reader
round-trip channel. Assume that l G Tf , 8l ¼ 1; 2; . . . ; L
(no intersymbol interference present) and static channel
conditions during a symbol time Ts . The function
wl ðt; xn ; 0Þ represents the backscattered pulse from the
lth path which is in general distorted and depends on the
tag status xn and on the orientation 0. The first path
corresponds to the direct path (when it exists) between
the reader and the tag and its TOA 1 can be exploited
to estimate their reciprocal distance as explained in
Section II-C. The signal wðcÞ ðtÞ represents the backscattered version of the pulse pðtÞ due to the clutter component which also accounts for pulse distortion, multipath
propagation, and tag antenna structural mode.
Considering the receiver scheme reported in Fig. 6,
where a simple single-path MF demodulator is adopted,
the received signal is first passed through a filter having
impulse response hMF ðtÞ to obtain the signal
vðtÞ ¼ rðtÞ  hMF ðtÞ, where  is the convolution operator. In the absence of other information, hMF ðtÞ can be
chosen to be proportional to wref ðt; 0; 0max Þ
wref ðt; 1; 0max Þ, where wref ðt; x; 0max Þ, for x ¼ 1 and
x ¼ 0, is the received pulse at the reference distance dref
in free-space propagation at the orientation 0max of
maximum tag’s antenna radiation for open and short load
conditions, respectively. This receiver is optimal in
AWGN when 0 ¼ 0max , but it is suboptimal in a
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Fig. 7. Example of reader transmitted and received signals. For simplicity, an all-ones sequence for fdn g is considered.

multipath scenario. In such a case, the receiver in Fig. 6
can be extended easily to a Rake structure composed of a
number Lp of fingers, each of them synchronized to a
different path [43].
Supposing perfect code and pulse synchronization to
the first arriving path TOA 1 , vðtÞ is sampled at
sampling intervals ti;m ¼ iTf þ mNs Tf þ 0 , with i ¼ 0;
1; . . . ; Ns  1, thus obtaining the samples vi;m .4 Looking
at the example in Fig. 7, note that only the antenna mode
scattered signals are modulated by the combination of the
tag’s and reader’s codes fcn g and fdn g, whereas all clutter
signal components (including the antenna structural mode
scattering) are modulated only by the reader’s code fdn g.
Then, as shown in Fig. 6, to remove the clutter component
at the receiver, the sampled signal vi;m is multiplied by the
composite sequence fcn  dn g, which identifies both the
reader and the desired tag.5
Considering resolvable multipath, an exponential pathloss model with exponent
[24], and perfect pulse
symmetry, i.e., wl ðt; 0; 0Þ ¼ wl ðt; 1; 0Þ, the bit error

4
Note that the reader and the tags have their own clock sources and
hence have to be treated as asynchronous. Only the tag’s code fcn g, which is
not in general time aligned to the reader’s code fdn g, has to be acquired. For
this purpose, powerful acquisition techniques [44] and the TOA estimator
proposed in [45] can be adopted. Once the TOA 1 is estimated, the reader
can adjust its internal clock so that it becomes synchronous to that of the
intended tag, and the optimal choice for 0 is obtained. A more general
analysis considering asynchronous multiple tags can be found in [43].
5
Multiple readers can access the same tag by using different reader
codes provided they are designed with good cross-correlation properties.
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probability conditioned to the first path amplitude
is therefore
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2 ﬃ
u
u
d
uPt Gref 21 21 ref
t
1
d
Pb ¼ erfc
2
N0 Rb

1

[19]

(7)

where Rb ¼ 1=ðNs Tf Þ is the data rate (symbol rate), Gref is
the round-trip channel power gain at the reference distance
dref and the maximum direction of radiation 0max in
AWGN scenario, and erfcðÞ is the complementary error
function. Parameter l represents the normalized cross
correlation between pulses ½wl ðt; 0; 0Þ  wl ðt; 1; 0Þ and
½wref ðt; 0; 0max Þ  wref ðt; 1; 0max Þ, which accounts for
the mismatch due to pulse distortion. Note that 2 is
present instead of in (7) to account for the two-way
link.
Results on the potential operating range of the passive
UWB RFID system are obtained starting from measured
data described in Section III using a balanced antipodal
Vivaldi antenna and the sixth derivative Gaussian pulse.
For the balanced antipodal Vivaldi antenna under test,
Gref ¼ 75 dB. The following system parameters are
considered: F ¼ 4 dB (reader noise figure), Greader ¼ 5 dB
(reader antenna gain), Tf ¼ 100 ns (frame time), ¼ 2,
and Pt ¼ 10.2 dBm (transmitted power). The transmission power Pt has been chosen to obtain a transmitted
signal compliant with the 3.1–10.6-GHz FCC mask.
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does not exceed 2.5% [21]. This would mean ten times
increased data rate, thus making passive UWB RFID very
attractive for next generation RFID systems. However, for
a complete characterization of passive UWB RFID technology, important related topics that have not yet been
sufficiently addressed in the literature need to be investigated, for example, experimental clutter and round-trip
multipath channel characterization, performance assessment in the presence of multiple tags/readers, and
narrowband interference [43].

Fig. 8. Tag–reader operating range in meters as a function of the
data rate for Pb ¼ 103 and different tag orientations, channel
and receiver configurations [19].

Fig. 8 shows the achievable operating range as a
function of the data rate Rb for a fixed target bit error
probability Pb ¼ 103 . The operating range related to a
single-path MF receiver in AWGN channel ð 1 ¼ 1Þ is
considered using measurement data for different tag’s
antenna orientation offsets  with respect to the maximum
radiating angle. It can be seen, for example, that for data
rate Rb ¼ 103 b/s, an operating range larger than 20 m can
be achieved, which is significantly larger than the operating range of UHF-based RFID systems (typically 3–4 m),
with a dramatically transmitted power level reduction
( 0.09 mW versus 2–4 W). However, antenna radiation
pattern and pulse distortion determine a significant
performance degradation when devices are not oriented
to the maximum radiating direction as noted in Fig. 8 (see
curves with  6¼ 0). This degradation can be mitigated
using, for example, multiple readers or antennas [46]. In
the same figure, the operating range is evaluated in the
presence of multipath with Nagagami-m fading characterized by fading severity parameter m ¼ 2 and uniform
power delay profile. No pulse distortion is considered, i.e.,
l ¼ 1 8l. Larger operating ranges can potentially be
obtained when the multipath resolution of UWB signal is
exploited by using partial Rake receivers (see, for example,
the curves corresponding to Lp ¼ 8 fingers). A more
extensive analysis and other results obtained in a typical
indoor environment can be found in [32] and [43]. It is
important to remark that ongoing work in the European
Regulatory Framework is trying to establish that location
tracking equipment, operating indoors in the reduced frequency band 6.4–8.5 GHz, could increase both the average
and peak EIRP by up to 10 dB (31.3 dBm/MHz and
10 dBm/50 MHz, respectively), provided their duty cycle

C. Localization Capability
The theoretical performance of a localization system is
investigated based on passive UWB tags. Consider a
scenario composed of N readers placed at known
coordinates which interrogate a tag located in unknown
coordinates with the purpose of obtaining an estimate of
the reader–tag distance (through the measurement of the
round-trip time of the backscattered signal) and determine
the tag’s position by means, for example, of a classical
multilateration localization algorithm [26], [27].
In Fig. 9, an example is given of theoretical achievable
localization accuracy in a square area of 20
20 m2
composed of N ¼ 4 readers. Results are derived starting
from measured data in AWGN and considering random
tag orientation. The same system parameters used in
Section V-B are considered with Ns ¼ 1000. In particular,
Fig. 9 shows the covered locations in a predefined grid,
where a location is defined as covered if for at least 70%
of possible tag orientations the localization estimation

Fig. 9. Coverage map using four readers (R1–R4) and passive UWB
tags. Locations with position estimation RMSE less than 20 cm
are marked.
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RMSE is less than 20 cm. Note that even in a relatively
large area, the number of locations covered with high accuracy results is quite large, thus making submeter accuracy localization using backscatter signaling feasible.

VI . CONCLUSION
UWB technology in next generation RFID systems is a
promising solution to overcome most of the limitations of
current narrow bandwidth RFID technology. Thanks to the
high-definition ranging capabilities of UWB RFID systems,
new advanced real-time object identification and localization applications are possible in several fields such as logistic, automotive, surveillance, and automation systems.
While active UWB RFID commercial systems have reREFERENCES
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