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Introduction

Motivations

In the last decades the introduction of pervasive wireless technology revolu-
tionized our daily life making available in almost any time and in any place
services able to guarantee communication between people. More recently
wireless devices introduced the possibility of connecting to the Internet net-
work not only indoor when using fixed workstations, but also in mobile en-
vironments, enabling a myriad of new services capable of sharing data and
providing real time information to the end user. Contextually mobile de-
vices, for example cellphones, increased their computational capabilities and
different technologies, such as global positioning system (GPS)) were incor-
porated in the same apparatus, opening for the first time the possibility of
location-based services, now more and more interconnected with the Inter-
net world. The innovation in wireless computing did not involve the mobile
devices for end users only, but also the professional market, as in the case
of mobile computing for logistic applications. In this field we faced on the
introduction of the concept of “Internet of Things”, defined by MIT Auto-ID
Labs, according to which the physical world will be mapped into the Internet
space, thus enabling a potentially huge number of novel applications [T} 2} [3].
Ideally, it is expected that every object in our every-day life will be assigned
to an IP address and will be responsive to the presence of people. From
the technological point of view, a key enabling technology is represented by
radio-frequency identification (REIDI) [4].

The next technological step could be represented by the increasing of ag-
gregation of different technologies and paradigms, enabling services strictly
related to the environment in which the device is operating, whatever its
nature is. This is the concept of contert-aware networks. Context-awareness
has been introduced in several fields related to wireless services, involving
every stack layer, from the physical one to applications. The ideas behind
context-aware computing have been presented in [5] where the author in-
dicates a phenomenon for which computing takes into account the natural



human environment and allows the computers themselves to vanish into the
background. The term was firstly adopted in [6] referring to systems that
adapt according to their location of use, the collection of nearby people and
objects, as well as changes to those objects over time [7].

The context information can serve on one hand to drive, as anticipated,
future applications and services, and on the other hand to improve the net-
work efficiency itself. Examples of both applications can be find in the ideas
of context-aware approaches to wireless transmission adaptation [§], context-
aware wireless sensor networks [9], context-aware and adaptive security [10]
and in a myriad of context-aware applications for monitoring, sensing, secu-
rity, emergencies, multimedia services [11, 12} 13|, 14} [15, 16} 17, 18, 19, 20].

From these works it emerges how the context-awareness, also when in-
tended at application level, implies ad-hoc functionalities that the technology
must provide [21, 8, 9 22, 23]. In fact, context-aware applications need differ-
ent kinds of information sources. In particular the two pillars are represented
by the location information (from which the concept of location-awareness is
often derived) and the sensors embedded in the devices able to provide data
regarding the surrounding environment. Although available services such
as can provide accurate location information in outdoor environment,
context-aware networking often requires the availability of this information
anywhere and anytime, indoor environments included. Indoor positioning
is much more challenging than outdoor and, in recent years, an important
research activity has been carried out in order to design practical schemes
capable of dealing with the main limitations deriving from the propagation
environment and the fact that positioning must be guaranteed in many cases
by already existing technologies not originally developed for this kind of ser-
vice. Localization is usually realized by an infrastructure including tagged
nodes (agents or tags) attached to or embedded in objects and of reference
nodes (anchors) placed in known positions, which communicate with tags
through wireless signals to determine their locations [24].

Figure [I] shows an example of context-aware network where several en-
tities are involved. Specifically, we have a set of mobile or fixed reference
nodes, whose position is known, which can communicate with active agents
for exchanging information and for determining agents’ position. Agents’
localization can be performed by extracting some feature from the signal
exchanged with reference nodes (e.g., by measuring the distance thanks to
time-of-arrival (TOA]) estimation or analyzing the received signal strength
indicator (RSSI))) also adopting cooperative techniques according to which
agents exchange messages and perform measurements among them. More-
over, relay nodes can be adopted to extend the coverage and repeat the
wireless signals, to improve both the communication and the localization
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Figure 1: Context-aware wireless network.

processes. In order to exploit the environmental information sensors can be
attached to agents so that their measurements are reported to the reference
nodes by using wireless communication. Sensing can be performed also by
reference nodes, thanks to the transmission of interrogation signals and the
analysis of the environmental response from which the extraction of particular
features allows detecting the presence of a certain target (a passive scatter)
by using radar techniques. Furthermore, interrogation signals emitted by the
reference nodes can be exploited by tags capable of modulating them
so that the reference node, by analyzing the variations in the interrogation
signal response, can detect the presence of the tag. Thanks to the adoption
of backscatter modulation a passive wireless channel can be also created be-
tween the tag and the reference node so that information can be transmitted
(e.g., the data collected by a sensor attached to a tag, or the tag ID). In
this example the entities composing the network have to provide communi-
cation, localization and sensing. These capabilities must be guaranteed with
a reasonable complexity level and the possibility of working in presence of
propagation impairments, as happens in indoor environments. Examples of



application scenarios are related to wireless sensor networks (WSNE), appli-
cations for monitoring factories, security areas (e.g., to detect if intruders are
present in a scenario where also authorized persons with tags embedded are
moving).

This thesis investigates some topics related to context-aware wireless net-
works, focusing on technological solutions able to provide these kind of ser-
vices and fulfill particular requirements such as availability of the position-
ing service also in challenging environments as the indoor ones. The focus
is mainly related to the physical layer and to signal processing aspects, and
several issues are treated such as performance analysis, algorithms develop-
ment, fundamental limits and practical solutions for implementation. The
applications encompass personal communications, monitoring, logistic, social
networking, games, sensing and radar. Due to the demand of a technology
able of guarantee both communication capability and possibility of high def-
inition localization, also in difficult propagation environments (as indoor due
to the multipath propagation) ultrawide-band ([UWB]) signals are chosen as
candidates for certain type of applications.

The main issues related to the development of such context-aware net-
works and investigated, in part, in this thesis are related to:

e Propagation impairments: presence of line-of-sight (LOS])/non-line-of-
sight (NLOS)) channel conditions to be detected, design of localization
algorithms able to cope with these situations;

e Estimation of position dependent quantities: e.g., [TOA] estimation,
necessity of understanding the achievable accuracy also when adopting
low-complexity estimation techniques and in realistic working condi-
tions;

e Adoption of [TWHBI technology: possibility of providing communica-
tion with the same signal adopted for localization, necessity of low-
complexity demodulation techniques (non-coherent receivers) able to
exploit the indoor multipath channel diversity;

e Coverage problems: introduction of relaying techniques for wireless
localization and communication;

e Energy efficiency: adoption of semi-passive techniques such as [REID}

e Sensing and enhanced functionalities: integration of radar with com-
munication and localization;

e Cooperation: exploitation of cooperation among nodes for enhanced
localization and for sensing (e.g., multistatic radar).



Thesis Outline

Part [[, composed of two chapters, focuses on the communication task, pre-
senting some recent advances in the demodulation of signals, with
the introduction of a low-complexity architecture able to exploit the propa-
gation environment characteristics thus improving the performance without
adopting complex channel estimation schemes. Specifically, autocorrelation
receivers (AcRk) and energy detector receivers (EDRE) are considered. A
new method for determining the optimum integration time, to be adopted
in the receiver, is proposed and characterized in terms of performance in
Chapter [l Improved receiver structures able to enhance the performance in
clustered multipath channels are described and characterized in Chapter 2]
also providing an analytical performance evaluation and practical solutions
for the receivers optimization.

Part [T moves onto the problem of time delay estimation (TDE]), or [TOA]
estimation, which is the key enabling processing from which accurate rang-
ing information between wireless devices can be obtained. This is the first
step for network localization. In particular, fundamental bounds are derived
in the case the received signal is partially known or completely unknown at
receiver side, as often happens in practice due to multipath propagation or
the need of low-complexity solutions for [TOA] estimation. Moreover practical
estimation schemes, such as the well known energy-based estimators, are also
revised and their performance compared with the theoretical bounds. The
energy detector (ED) is, in fact, well investigated also from the theoretical
point of view for what concerns the detection problem, but a very few theo-
retical attention has been given to energy-based estimators, widely adopted
in practice. The results represent fundamental limits, able to drive the design
of practical algorithms for the [TOA] estimation problem with application to
wireless localization and synchronization.

Part [II, composed of two chapters, is related to positioning aspects of
context-aware wireless networks. In particular Chapter E] introduces an ex-
perimentation methodology for characterizing the performance of cooperative
localization services in realistic indoor environments. Algorithms for the de-
tection of [LOS/INLOS channel conditions are presented and characterized
starting from experimental measured data. It is also proposed a method
for exploiting the information coming from environment maps or from chan-
nel state identification algorithms for improving the localization accuracy.
In many applications cooperation among nodes cannot be exploited due to a
complexity limitation demand or the impossibility of a direct communication
between nodes. For such situations, Chapter [0 focuses on non-cooperative
localization networks in which coverage limitations caused by channel



conditions are mitigated by introducing the idea of non-regenerative relaying
for network localization.

Part [V] concludes the thesis presenting a broad study on a novel [TWBH
[RETD|system, which represents an example of context-aware wireless network
particularly suited for logistic and security applications due to its characteris-
tic of providing identification, communication and sensing of the environment
also thanks to wireless sensor radar (WSR]) methodologies. In this part four
chapters analyze different aspects, from system design to implementation,
problems related to interference, clutter, multiple access, and propose prac-
tical and effective solutions to make the system capable of dealing with these
issues maintaining a fundamental low-complexity design. Moreover, a new
theoretical derivation presents the fundamental limits in the achievable lo-
calization accuracy when adopting passive technologies, such as in the case
of the mentioned system or in radar applications.

Contributions

Results presented in this thesis have been, in part, published in the proceed-
ings of international conferences and journals, and in part will be included
in following up publications under preparation or revision.

The main results related to non-coherent [TWD| demodulation, showed
in Chapter [l and Chapter 2] in particular the integration time optimization
and the new proposed receiver structure, have been presented in [25] and
included in following up journal paper [26].

The new fundamental bounds for the [TDEl problem, derived in Chapter
(3, as well as the results of the comparison with practical estimators, are part
of a journal paper currently in preparation [27].

Experiments regarding cooperative localization and techniques for har-
nessing environmental information, presented in Chapter 4l have been in-
cluded in the journal publication [28] and in the conference proceeding [29].
The novel relaying techniques for enhanced performance and coverage in
network localization have been introduced in [30] and extended in a journal
paper currently under review [31].

Outcomes of the case study on the novel system have been
presented in the conference publications [32], [33] 34} B5] 36], and are included
in two following up journal papers [37, 38]. This part has been developed
within the European project SELECT, and thanks to the fruitful cooper-
ation with the partners Datalogic IP Tech s.r.l.E Fraunhofer Institute for

1
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Part 1

Non-Coherent Signal
Demodulation






Introduction

There has been considerable interest in utilizing [TWB] spread-spectrum com-
munications [47) 48] for military, homeland security, and commercial applica-
tions [49, [50]. [TWB]systems, in particular impulse radio (IR){UWB]systems,
involve the transmission of extremely narrow pulses in conjunction with time-
hopping (THI) and /or direct-sequence spread-spectrum (DS-SS)) techniques to
allow multiple user access, and pulse position modulation (PPM]) or pulse am-
plitude modulation (PAM]) for data transmission. One of the key peculiarities
of [TWHBI technology is related to the possibility of performing high-accuracy
[TOAI estimation [51], opening the possibility to high-definition network lo-
calization in harsh, dense multipath environments [52) 28]. The possibility
of enabling, with the same signal, both high-speed communication, even in
harsh propagation environments, and high-accuracy [TOA] estimation, and
hence positioning, appears very appealing for context-aware networking.

[UWBI results very robust also in dense multipath environments, (e.g. in-
door), where receivers can effectively take advantage of the large number
of resolvable multipath components that arise from extremely large trans-
mission bandwidths [53, 54, 55, 56, (57]. One big issue is how to exploit
this inherent system diversity. In fact, as the number of multipath compo-
nents grows, conventional architectures become increasingly inadequate for
capturing all the available multipath energy [58]. Furthermore optimal co-
herent detection of [UWHB] signals, that is a matched filter based detection,
requires complex channel estimation at the receiver to build a local reference
[59]. These problems can be alleviated by using non-coherent demodulation
techniques [60].

Usually, the non-coherent definition is referred to receivers working on
signal envelope, that is, without knowledge of the signal carrier phase [61],
62, 63, 64, 65]. Non-coherent receivers have a complexity advantage since,
exploiting the envelope only information, carrier recovery is avoided. When
adopting [RHUWB]I signals a non-coherent receiver can exploit the envelope
of the channel response (ICRI) In this manner it is completely avoided the
recovering of the phase, amplitude, and timing information of each multipath
component (MPC) as required for ideal matched filtering. In fact, the opti-
mum non-coherent receiver consist of a filter matched to received waveform
envelope (i.e., working without the phase information), followed by an energy
evaluation, or [66, 61]. Adopting this approach in the case the
optimum non-coherent receiver would require a filter matched to the TWB]

Note that with this kind of signals the phase changes from multipath component

(MET) to DT [60].
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envelope prior to and [60]. Tt is obvious that this process would de-
stroy the complexity advantage, due to the impossibility of prior knowledge
of the [CR] envelope (as well as low-complexity estimation). Hence practical
solutions have been proposed in literature, mainly based of two receiver and
signaling structures: the[AcRlin conjunction with transmitted-reference (TRI)
signaling; the [EDRI [60].

[TRI] technique was firstly considered in the early 1960s and involves the
transmission of a reference and data signal pair, separated either in time [67]
or in frequency [68] Due to the simplicity of [TR]lsignaling, there is renewed
interest in its use for [UWB] systems, in conjunction with [PAM] [69, [70), [7T], [72]
73, [74], to exploit multipath diversity inherent in the environment without
the need of channel estimation and stringent acquisition. Multiple variations
of the classical [TRlsignaling have been recently proposed in order to overcome
the main limitation of the traditional scheme where a long wideband analog
delay line is required at receiver side [75} [76, [77]. Differently, [EDRk are based
on the observation of the received signal energy, and are adopted with on-off
keying ([OOK]) modulation or [PPM] [60].

Chapter [Iland 2l treat these non-coherent demodulation techniques, propos-
ing different methodologies able to enhance the performance, by keeping low
the complexity of the demodulation process.

12Tt is necessary that this pair of signals experiences the same channel, so either the
time separation must be less than the channel coherence time, or the frequency separation
must be less than the channel coherence bandwidth.
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Chapter 1

Integration Time Optimization
in Non-Coherent Receivers

1.1 Motivations

In order to achieve optimal performance in a non-coherent [[WB]| system, the
integration time 7' of the [AcRl and [EDR] must be optimized [78] 60]. If T is
small, part of the useful multipath energy will not be collected. On the other
hand, large T" may result in noise accumulation where multipath is negligible
or absent. In literature various works focused on integration time optimiza-
tion are present, especially for the [TR] signaling in conjunction with [EDRk.
The importance of a proper setting of this parameter is underlined in [79]
where the problem is addressed as a generalized likelihood hypothesis test
for channel delay spread estimation or for the maximization of the effective
signal-to-noise ratio (SNRI) at the receiver. The major difficulty is due to
the fact that the optimum integration time is not equal to the channel excess
delay since the last multipath components generally exhibit a high attenua-
tion and a consecutive high noise degradation leading, in this way, to a less
significant contribution on the captured energy. For this motivation many
works are based on particular assumptions on the channel characteristics:
[80), BT, 82], B3] study the optimal integration time for different channel mod-
els such as IEEE 802.15.3a, Saleh-Valenzuela, and exponential power delay
profile (PDP]). A different approach is followed in [84] where a data-aided
technique is presented. Other possibilities to improve performance are mod-
ified [TR] schemes, such as [TR] pulse cluster system [85]. In general available
techniques assume a given [PDP| or channel model, assumptions in general
too strong for a system capable of working in a real environment. In fact, in
a real indoor environment, there are large variations of delay spread values
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as highlighted in various measurements campaigns [56].

In this chapter, a method for determining the integration time, which does
not require any a-priori knowledge on the channel propagation characteristics
and SNR, is proposed. The strategy is based on information theoretic criteria
(ITC) for model order selection.

The discussion is here focused on the [AcR] with [TR] signaling, but can
be easily extended to others non-coherent [[WB| demodulation techniques.
Moreover, a more general and robust solution, able of further improving the
performance is presented in Chapter 2l

The remainder of the chapter is organized as follows. In Section [[.2] sys-
tem and channel model used for the results validation are introduced. In
Sec. [L.3], the proposed integration time determination scheme is described.
Some numerical results are presented in Sec. [L.4] where the bit error proba-
bility (BEP]) expected for [TR] systems optimized with this blind approach is
presented. Finally, a chapter conclusion is given in Sec. [[L3l

1.2 Signal and Channel Models

1.2.1 Transmitted-Reference Signaling

Focusing on a generic user k, the transmitted signal, according with the [TRI
scheme, can be decomposed into a reference signal block ptk) (t) and a data

modulated signal block bék) (t). The transmitted signal is therefore given by
s(t) = > b (t — iNJTy) + d (t — iNJTh) (L.1)

where Tt is the average pulse repetition period, dgk) € {—1,1} is the ith data
symbol, N,Tt is the symbol duration (i.e., duration of each block), and N;/2
is the number of transmitted signal pulses in each block. The reference signal
and modulated signal blocks, for the conventional [TR] implementation, can
be written as

Ns 1

2
(1) =" VEpalp(t — j2T; — &UT;,)
§=0

N g
2

b (1) =" VEpalp(t — j2T; — VT, - 1) (1.2)
=0
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where p(t) is a unit energy bandpass signal pulse with duration 7}, and center
frequency f.. The energy of the transmitted pulse is then E, = E;/N;, where
E; is the symbol energy. Considering binary signaling the symbol energy
equals the energy per bit, F},. In order to allow multiple access and mitigate
interference, and /or [TH] spread-spectrum techniques can be used as

accounted for in ([2). In case of [DS-SY signaling {ag»k)} is the bipolar

pseudo-random sequence of the k-th user. For the [THl signaling scheme
{cg-k)} is the pseudo-random [THl sequence related to the k-th user, where cg-k)
is an integer in the range 0 < cg»k) < Ny, and NV, is the maximum allowable
integer shift. The duration of the received [UWB] pulse is T, = T}, 4+ Ty, where
Ty is the maximum excess delay of the channel. To preclude inter-symbol
interference ([SI) and intra-symbol interference (isl), we assume that 7, > T,
and N1, + T, < 2Tt —T,, where T, is the time separation between each pair

of data and reference pulses.

1.2.2 Channel Model

The received signal can be written ad]

r(t) = s(t) ® h(t) + n(t) (1.3)

where h(t) is the channel impulse response (CIR]) and n(t) is zero-mean, white
Gaussian noise with two-sided power spectral density Ny/2. We consider
a linear time-invariant multipath channel with [CIR] h(t) = S°r | oyd(t —
7;), where §(-) is the Dirac-delta distribution, L is the number of multipath
components, and «; and 7; respectively denote the amplitude and delay of
the [-th path.

1.2.3 Autocorrelation Receiver Structure

Without loss of generality, we consider now a single user system, therefore
we omit the index k in the rest of the chapter. As shown in Fig. [LI] the
conventional [AcR] first passes the received signal through an ideal band-pass
zonal filter (BPZE)) with center frequency f. to eliminate out-of-band noise.
If the bandwidth W of the [BPZH is wide enough, signal distortions and
consequently ISI and i.s.i. caused by filtering is negligible.

The received signal at the output of the [BPZF] can be written as

1The notation ® stands for continuous-time convolution.
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Figure 1.1: Conventional autocorrelation receiver.

F(t) = s(t) ® hlt) @ han(t) + (1)

Ns

> 1 L
- Z Z Z V Epona;p(t— iNsTf—j2Tf—C§»k)Tp—Tl)
i j=0 I=1
+ V Epala’jdip(t_ ZNsTf_]QTf—Cgk)Tp—Tr—TZ)+ﬁ(t)
— (1) + (), (1.4)

where hzp(t) is the impulse response of the [BPZE] and n(t) is the filtered
thermal noise.

The filtered received signal is then passed through a correlator with in-
tegration interval T', as shown in Fig. [LT Under the hypothesis of perfect
synchronization, considering the detection of the data symbol at ¢ = 0, the
decision statistic for [TR] signaling is then given by

Ns_q

2 j2Tf+Tr+Cij+T
Z=> / )Tt — T, dt . (1.5)
_]:0 jQTf—f—Tr-f—Cij

In the next section we propose a strategy to determine the optimum integra-
tion time 7.

1.3 Integration Time Determination

The aim of this section is to present a totally blind approach to determine
the value of the integration time 7' that allows the receiver to approach the
best compromise between the useful captured energy and the excessive noise
accumulation caused by the reference signal.

Figure represents the block diagram of the receiver for the integration
time determination. The filtered received signal is firstly passed in an to
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Figure 1.2: AcR with proposed integration time estimation.

collect signal energy in a certain time slot (or bin) of duration Tgp within the
observation interval T, < T,. The is composed of a square-law device
followed by an integrate-and-dump device whose integration time is Tgp,
thus Npin = |Ton/TEp| consecutive energy samples (named energy profiles)
are collected.

Suppose now to collect N, received signal energy profiles assuming that
the channel is invariant for the entire acquisition time. The collected energy
samples can be arranged in a Ny, X Ny;, matrix, denoted by Y, with elements

tn+1
yl,n:/ 72(t) dt (1.6)
tn

forn=0,...,Npn —land [ = 0,..., No, — 1. Integration intervals ¢, are
chosen to ensure the alignment of the received pulses, for example considering
Ns=2 we have t,, = coT, + 1217 + T, +nTxp .

The probability density function (p.d.f]) of the random variable ()
(LE) can be evaluated using the equivalent low-pass (ELP]) representation
of 7(t) and the sampling theorem as presented in [86]. In particular, it is
possible to show that (L)) is a non-central Chi-square distributed r—va with
v = 2WTgp degrees of freedom, that is with [p.d.f] [86]

with y > 0, where 02 = Ny represents the noise power, I,,(-) is the m-
th order modified Bessel function of the first kind, A, is the non-centrality
parameter representing the energy of the noise-free received waveform in Tgp
given by
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tn+1
)\n:/ w(t)? dt. (1.8)
tn

In the case that a bin contains only noise, (IL7) reduces to a central Chi-
square distribution with [p.d.f] given by [80]

rro = (5) tgen (<20) uzo )

where I'(+) is the Gamma function.

Received signal energy profiles contained in the matrix Y are then ana-
lyzed to detect the last energy bin that contains an useful amount of energy
from which the optimum integration time 7T is determined. The algorithm
used to decide if significant energy is present in a certain bin is based on [TC]
typically adopted in model order selection problems [87, [8§].

The rationale behind the use of model order selection strategy to find the
integration time is the following. We define a family of models to fit observed
data. The family of models is chosen in a way that for each model, the number
of free adjusted parameters (unknown parameters) is univocally related to the
number of signal-plus-noise bins# Model order selection chooses the model
that best fit the data, which results in a model with the number of unknown
parameters that allows to determine the effective sets of signal-plus-noise
bins and noise-only bins, respectively [89]. Once the set of signal-plus-noise
bins is known, the integration time can be readily calculated from the index
of the last bin in this set.

Having defined a family of models to fit the observed data (in our case
represented by a matrix X) dependent on a certain unknown number k of
parameters,AG(’“), a model order selection rule has the purpose of choosing
the number k of parameters (in our case the number of bins containing useful
energy) that allows to best fit the data.

Formalizing the problem, the [TC| chooses as % the value that minimizes
the function

ITC(k) = —21n f <X; (:)“f)) + L(k) (1.10)

where f(+;-) is the likelihood of observed data X, ©® is the vector of the es-
timated parameters under k-th model order hypothesis, and £(k) is a penalty
factor associated to the specific model order selection rule as defined later.

2Since we assume that the noise variance is not known, one of the free adjusted param-
eters is the noise variance.

18



In order to exploit this model order selection strategy for our problem,
we proceed with an approach similar to that presented in [89] which can be
summarized in the following steps.

1. Starting from the collected energy samples Y construct the vector d,
adopted for unknown parameters estimation, by column averaging

Nop—1

dy=Y thn, n=0,... Nyy—1. (1.11)
=0

2. Sort the vector d in decreasing order obtaining z. We indicate with 7w =
(7m0, 1, - ., Ty,,—1) & vector of permutation indexes, so that z, = d, .
Then, define the matrix of observed data, X, that contains the columns
of Y re-arranged according to the same ordering, that is, ;,, = yi.x,.-

3. In the k-th model order hypothesis, perform estimation of the param-
eters vector

er — <Xg’“), S VRN U ,o,a(zk)) (1.12)

N

v TV
k bins with energy Ny;,;k noise-only bins

Wher(ﬁ

. vo2 \"
)\gc):(zn_%;)), n=0,...,k—1, (1.13)

is the non-centrality parameter estimate (i.e., signal energy estimate) of
the n-th ordered bin, and &7, is the maximum likelihood (ML) estimate

of noise power o2, that is,
]Vbin_1

= . 1.14
7 Tep Npin — k ( )

4. Evaluate ITC(k) for k = 1,..., Ny, — 1 and take as k the value of k
which minimize (LI0), that is

k= argmin ITC(k) (1.15)
ke{lv--vain_l}

3The operator (z)* stands for the positive part of z, that is (x)™ = max(0,z). Note
that the maximum likelihood (ML) estimator of the non-centrality parameter of a Chi-
square ¥ cannot be expressed in closed-form. However, in [90] it is shown that (LI3)) is
a good approximation of the [MI] estimate when v > 1.
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5. Now k is an estimate of the number of bins, in the received signal,
containing useful energy. Then, the integration time 7" in the [AcR] can
be set from the permutation vector 7 as

T =Tgp- max {m}. (1.16)
i=0..k—1

The joint [p.d.f] of the matrix X in (LI0) can be calculated consider-

ing that the output of the energy detector consists of independent random

variablesinn =0,..., Nyju — 1l and [ =0,..., Ng, — 1. Therefore we have
ob 1me
—21nf(X;®(k))——2 > ¥ lnf(xln, ") 5 k)) (1.17)
=0 n=0

where f(-;-) is given by (L) for the first k£ bins containing the useful signal
and by (L9) for the last Ny, — k bins containing only noise.

The algorithm assumes that, under the model order hypothesis &, the
first k& bins contains useful energy and therefore are represented by ([L7)), and
the last Ny, — k bins are noise-only bins so they are represented by (L.9).
Then, the model that best fit the data is chosen as the estimate, 7{:\, of the
number of signal-plus-noise bins. The complexity in evaluating (LI7) can
be drastically reduced using approximations of the statistical distribution of
energy samples, vy, ,, without significant performance loss, as shown in [89].

Note that, equation (L)) returns an indeterminate form in the case the
estimated parameter (L.I3]) is equal to zero. However, the noise power esti-
mation is performed on the bins taken from the ordered vector z, hence 3(2k) is
always smaller than, or equal to, the energy of the presumed signal-plus-noise
bin, guaranteeing that PYRIPS 0,n=0,...,k—1.

As far as the penalty factor L£(k) is concerned, it is related to the num-
ber k + 1 of free adjusted parameters, and the number of observations Ngy.
Different penalty factors are proposed in literature depending on their ca-
pability to correctly estimate the model order. In this work we considered
three penalty factors widely adopted in the literature [87] 88| O1]:

o L(k)=2(k+1) (Akaike information criterion (AIC]));
o L(k) = (k+1)log Ny, (Bayesian information criterion (BIC]));

e L(k) = (k+ 1)(log Nop + 1) (consistent Akaike information criterion
(CAIC)).

The performance of a [TRHACR] with integration time estimation based on
these penalty factors will be compared in the next section.
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1.4 Numerical Results

In this section, numerical results are presented to illustrate the performance
of the proposed blind integration time estimation scheme. For [BEP] analysis
we have followed the approach presented in [78] using semi-analytical Monte
Carlo simulations with 300 different channel realizations for each channel
model analyzed. In particular, we consider a [TRHAcR] scheme that adopts
N; = 2 pulses per information bit; root raised cosine (RRC]) pulsed] with
pulse width parameter T, = 0.95ns, roll-off factor v =0.6, center frequency
fe = 3.95GHz, and an ideal [BPZF| with bandwidth W = 1/T,, centered at
frequency f.. Results are given for two different multipath channel models.
The first one is a tapped-delay line channel model with an exponential [PDPI
[78] with L =100 independent paths spaced apart of T},, each with Nakagami-
m distributed amplitudes with parameter m = 2, a probability a = 0.8 of
having a path in a given time slot and a power decay factor G=0.09. The
second one is the IEEE 802.15.4a CM4 type (indoor office, NLOS|) model
[92]. Channel impulse responses have been truncated to 7, = 100ns since,
with the parameters specified, after T, seconds the channel impulse response
vanishes and does not provide significant energy. For the [TCl algorithms an
energy detection time Txp =57, Nob, = 128 channel observations and To, =1,
have been adopted.

Figure [[.3] compares the BEP| for the [AcR] with fixed integration time
and for the [AcR] with the proposed blind integration time determination al-
gorithm. In particular the curve in dot-dashed line (—-) is related to the
receiver with fixed integration time which captures all the multipath compo-
nents (integration time equal to the maximum excess delay Ty = 100 ns). The
dashed curve (--) is for the receiver with the channel ensemble optimum inte-
gration time: this one has been found a-posterior: for the considered channel
model as the value that minimize the [BEP] for each The continuous
curves (—) in the same figure represent the performance of the proposed blind
integration time estimation scheme, where for each channel realization, the
integration time is determined by the receiver observing N, energy profiles.
The results obtained show that [AIC] tends to overestimate the useful channel
length resulting in noise accumulation that produces performance compa-
rable to that of the fixed (maximum) integration time. Better results are
given by the [BIC|, while determines the best integration time for the
[AcR] receiver. Despite the proposed algorithm is completely blind, the per-
formance of [CAIC]is coincident to that with the channel ensemble optimum
integration time.

4See ([B.63) for the definition.
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Figure 1.3: BEP for the TR AcR as a function of the SNR for exponential PDP channel
model, considering different strategies for the integration time determination.
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Figure 1.4: BEP for the TR AcR as a function of the SNR for IEEE 802.15.4a CM4 channel
model, considering different strategies for the integration time determination.
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Figure[L.4lshows the performance of the same system for the IEEE 802.15.4a
CM4 channel model. The behavior of the [TRHACR] with various integration
time determination are essentially the same as in Fig.[L3l Note that here, the
performance obtained with [CAIC] are in some cases slightly better than the
channel ensemble optimum integration time: this is due to the fact that the
channel ensemble optimum integration time is an average value determined
a-posteriori for the given channel model while the [TCl algorithm estimates
the optimal integration time T for each channel realization.

In both cases it is possible to see that the integration time determined
with the proposed algorithm can give about 2dB gain at 104 [BEP] over the
fixed integration time equal to the channel maximum excess delay. Higher
gains for the proposed scheme are expected in real environments where the
channel delay spread can exhibits significant variations.

1.5 Conclusion

In this chapter, a blind algorithm for the integration time determination
in [TRHACRk has been proposed. The algorithm is based on information
theoretic criteria for model order selection, and is able to find the portion
of the received signal that contains useful energy minimizing the collection
of noise energy. The algorithm analyzes the energy profile of the received
signal and identifies the appropriate integration time without the need of
any additional hypothesis on the channel statistics, noise power, and SNRL
Simulation results show that the proposed blind algorithm provides at least
the same performance as that achievable by the channel ensemble optimum
integration time which is determined a-posteriori having specified a channel
model. The proposed approach requires, in general, synchronization at the
receiver side, and presents good performance in dense multipath channels.
When the includes clustered multipath, an important improvement can
be achieved with the novel solution presented in Chapter
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Chapter 2

Stop-and-(GGo Receivers

2.1 Motivations

In Chapter[lit has been shown how the integration time 7" plays a fundamen-
tal role on the performance achievable by non-coherent demodulation
schemes, as well known from the literature [25] [82] [79] (80, 8T, [85) 83, 84 [93].
However, when the channel [PDP] involves multipath clusters, the collection
of excessive noise is unavoidable regardless of the choice of T since a certain
amount of the integrated signal is composed of noise only. In order to enhance
the effective of non-coherent receivers, different weighting strategy have
been proposed for both [AcRk and [94, 95, 96, 97, 98, 99], based on
assigning small weights to those portions of the received signal containing a
small amount of multipath energy. The main drawback of these techniques
is the need of a-priori channel knowledge or a potentially complex weights
selection procedure that requires parameters estimation and functions mini-
mization at the receiver.

In this chapter, a low complexity strategy, based on the work [100] and
capable of alleviating excessive noise accumulation, for non-coherent [TWB]
demodulation is introduced. The proposed stop-and-go (SaGl) scheme allows
the and the to stop integrating whenever there is no significant
signal energy present in the channel output. The main advantages of the
proposed scheme over conventional [AcR] and are:

e The maximum integration time 7" can be kept as large as possible (e.g.,
equal to the maximum expected channel excess delay) without noise
penalty;

e No a-priori channel information is required to optimize the perfor-
mance;
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e Better performance than conventional [TRHAcR] and [EDR] even when
adopting integration time optimization, in the presence of clustered
multipath.

The analysis is here carried out considering the classical [TRlbinary pulse
amplitude modulation (BPAM]) implementation with the reference and data
pulses separated in time domain when adopting the [AcRl and binary pulse
position modulation (BPPM]) when adopting the[EDRl however the proposed
scheme can be applied to different non-coherent [[WB| demodulators and
different signaling formats such as code-multiplexed [TRI [76], OOKHEDRI or
MPPMEDRI [60].

The remainder of the chapter is organized as follows. In Sec. 2.2] the
system and the channel model are introduced. In Sec. 23] the proposed
scheme is described. In Sec. 4] performance in terms of [BEPI for both
[AcR] with [TRI BPAM] and [EDR] with [BPPM]| are analyzed. The sampling
expansion approach originally proposed in [I01] is adopted to analyze the
[Sadl receiver schemes. In particular a semi-analytical method to evaluate
the BEP] of the [SaGl exploitable for any kind of multipath channel is derived.
Section shows different strategies to optimize the performance of the
proposed receivers. Numerical results are presented in Sec. to show
the performance gain of the [SaGlreceivers in comparison with a classical [AcRI
or [EDRI Finally, a conclusion is given in Sec. 2.7

2.2 Signal and Channel Model

2.2.1 TR-BPAM

In [TRUBPAM signaling, the transmitted signal for a generic usetl] can be
decomposed into a reference signal block b,(t) and a data modulated signal
block bq(t). The band-pass transmitted signal is given by

str(t) = Y be(t — iT%) + diba(t — iT.) (2.1)

where T,= N,T{'® is the symbol time, with T'™® the average pulse repetition
period, d; € {—1,1} the ith data symbol, and where N;/2 is the number of
transmitted signal pulses in each block [69, 102, [70]. The reference signal

'Without loss of generality we focus on a single user system to simplify the mathemat-
ical notation.
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and the modulated signal blocks can be written adl

7S
b(t) = ETR q; p(t — j2TFR — ¢;T}),

OF
F

w‘wz g\,

ba(t) = Ra;p(t — j2T R — ¢;T, — 1) (2.2)

O

where p(t) is the normalized band-pass signal pulse with duration 7}, center
frequency f. and unit energy. The energy of the transmitted pulse is then
E® = EIR /N, where Ef™ is the symbol energy associated with [TR] signal-
ing. In the case of binary signaling that we are considering, the symbol energy
equals the energy per bit, E},. Note that the transmitted energy is equally al-
located among N; /2 reference pulses and N;/2 modulated pulses. To enhance
the robustness of [TR] systems against interference and to allow multiple ac-
cess, and /or [THl spread-spectrum techniques can be used as shown in
(22). In case of signaling {aj} is the bipolar pseudo-random sequence
of the user. For the [TH signaling {cj} is the pseudo-random [THI sequence
related to the user, where ¢; is an integer in the range 0 < ¢; < Ny, and Ny,
is the maximum allowable integer shift. The duration of the received [TWB]
pulse is T, = T}, + T4, where Ty is the maximum excess delay of the channel.
To preclude [S] and sl we assume that 7, > T, and M1, + T, < 277" —T,,
where T, is the time separation between each pair of data and reference
pulses. We consider perfect synchronization at the receiver side although, as
shown later, the proposed receiver is more robust to synchronization errors
with respect to conventional []:EE

2.2.2 BPPM
In this case, the transmitted signal can be expressed as
1+d; , 1—d; ,
SBPPM@) = Z [%bl (t - ZTS) + %bz(f — ZTS)) (23)

i

where d; € {—1, 1} is the ith data symbol, Ty = NS TEP is the symbol duration
with Ny and TFP denoting the number of pulses per symbol and the average

2Note that other combinations of data and reference pulses are also possible. For
simplicity, and without loss of generality, we have adopted the conventional [TR] signaling,
in which the number of reference and data pulses are equal[69].

3The sensitivity analysis to synchronization errors, however, is beyond the scope of this
work. See, e.g., [103] [104].
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pulse repetition period, respectively [7?]@ The transmitted signal for d; =-+1
and d;=—1 can be written, respectively, as

Ne1
b(t) = > \/EFPa;p(t — jiTi" — ¢T;)
j=0
K
bo(t) = Y \/EEPa;p(t — jT° — ¢;T;, — A) (2.4)
§=0

where A is the time shift between two different data symbols and the other
terms are defined as in (Z2]). The energy of the transmitted pulse is EED =
2EED /N, where EFP is the symbol energy. Note that, adopting the posi-
tion modulation, the transmitted energy is allocated among N;/2 modulated
pulses. To preclude [ST and [is] we assume A > T, and N, T, + A < TFP —T,.

2.2.3 Channel Model

The received signal can be written as rrr(t) = str(t) ® h(t) + n(t) and
reppM(t) = seppm(t) @ h(t)+n(t) for [RHBPAM and for BPPM], respectively,
where h(t) is the and n(t) is zero-mean, additive white Gaussian noise
(AWGN]) with two-sided power spectral density (PSDl) Ny/2. We consider
the linear time-invariant channel model which can be written as h(t) =
Zle a;0(t — 1) where J(-) is the Dirac-delta function, L is the number of
multipath components, and o; and 7; denote the amplitude and delay of the
Ith path, respectively [57].

2.3 Stop-and-Go Receivers

2.3.1 Conventional AcR

As shown in Fig. 2Tal the conventional [AcRI first passes the received signal
through an ideal band-pass filter with center frequency f. to eliminate out-of-
band noise. If the bandwidth W of the filter is wide enough, then the signal
passes through undistorted, so [[SIl and [isil caused by filtering is negligible.
The received signal at the output of the band-pass filter is denoted by

Fr(t) =Y bt — iTy) + diba(t — iT2) +7i(t) (2.5)

TED
“We set TR = =%

so that the two signaling scheme present the same symbol duration.
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Figure 2.1: Conventional non-coherent receivers. (a) AcR. (b) EDR.

where b, (t) = b.(£)@h(t)@hzp(t) and ba(t) = ba()Rh(t)Rhzp(t), hye(t) is the
filter impulse response, and the term 7(¢) is a zero-mean, Gaussian random
process with autocorrelation function Ry(7) = W Nysine(W ) cos(27 f.7),
with sinc(z) = sin(7x) /(7). Note that, when |7| is a multiple of 1/WV, noise
samples are statistically independent, and when |7| > 1/W | that is, |7| > T4,
noise samples can be reasonably considered as statistically independent. The
filtered received signal is passed through a correlator with integration interval
T, as shown in Fig. 2.Tal The incoming signal is correlated with a delayed
version of the reference signal, thus collecting the received signal energy.
The integration interval T" determines the number of multipath components
(or equivalently, the amount of energy) captured by the receiver, as well as
the amount of noise energy accumulated. Hence, for the conventional [TRI
signaling, T, < T < T,.

Focusing on the data symbol at ¢ =0, the decision statistic generated at

the [AcR]is then given by

- 2T RA T4 e; Tp+T
Zrp =) / Frr(t) Frr(t — Tp) dt . (2.6)
=0 JI2LTR 4 Tete; Ty
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Figure 2.2: Stop-and-go receivers. (a) SaG-AcR. (b) SaG-EDR.

2.3.2 Conventional EDR
As shown in Fig.[2.1B)] similarly to the[AcR] the conventional [EDR]first passes

the received signal through an ideal band-pass filter with center frequency
fe to eliminate out-of-band noise. The received signal at the output of the
band-pass filter can be written as

Feppu(t) = {(1 zdi)zél(t —iTy) + 4 ;di)i)?(t —iT)| +7)  (2.7)

where by (t) = by (£)@h(£)Rhze (t) and by(t) = by (t)@h(t)@hzp (t), and the other
terms are defined as in (2.5). The filtered received signal is passed through
a couple of [EDk, with integration interval T, that measure the energy in
two different time windows separated of A. As for the [AcR] the integration
interval T" determines the number of multipath components captured by the

receiver, as well as the amount of noise energy accumulated.
Focusing on the data symbol at ¢ = 0, the decision statistic generated at
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Figure 2.3: Decision device (DEC).
the [EDRI is then given by
Ns 1 . ED
2 ij +cJ-Tp+T )
ZEp = E / (reppMm(1))” dt
j=0 JITFP+eiTy
ZED,1
Ns g ED | ..
2 JTe° +c; To+T+A
7 > d 2.8
- (FeppM(t))” dt . (2.8)

]:0 ijED—f—Cij-i-A
.

'

J

ZED,2

2.3.3 SaG Receivers

As described earlier, the integration interval T' of the conventional [AcR] and
[EDRImust be suitably designed to avoid excessive noise energy accumulation,
while capturing the maximum energy from the desired signal. However, in
the presence of clustered multipaths [105], an optimal choice of T" may still
lead to excessive noise energy accumulation due to time gaps (inter-cluster
intervals) in the received signal that do not contain useful energy. To alleviate
this problem, we propose the shown in Fig. 2.2al and the SaGHEDR]
shown in Fig. 2.2Bl The proposed [SaGl receivers include a decision device
(DEC) composed of an (see Fig. 2.3) to detect which portions of the
received signal contain useful energy. In particular, the idea is to decompose
the integration interval into Ny, short time slots (or bins) of duration Tgp =
T/ Npin, and to select among them only those which contain significant energy
from the desired signal. When no significant signal energy is detected in a
given bin, that bin is not used by the correlator in the [SaGHACR] or not
integrated in the [SaGHEDR] preventing noise energy accumulation.

The adopted for the decision regarding the bins to be integrated
operates on the delay path in the case of [AcR] or in one of the two branches
of the[EDR] when a training sequence is transmitted [l We denote the energy

5In case of BPPM] the receiver needs to operate in the specific time window where the
signal is effectively present, so the presence of a training sequence is assumed. Moreover,
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samples at the output of the resulting from the jth received pulse with

tIR

gj,n = / ”F%R(t — Tr) dt, n = ]_, 2, ey Nbin (29)
t

TR

for the SaGHACR] with ¢I® = j2T"™R + ¢, T, + T, + nTgp. In the case of [SaGH
[EDRI we consider that the energy samples adopted for the demodulation of
the jth received pulse are collected on the previous data symbol that we
suppose part of the known training sequence, that i

tEP

tED

n—1

with t5° = jTFP + ¢; T, + nTip.

The energy samples &;,, are then used to select the desired bins through
the variable u;,, which represents the state of the switch in the nth bin of the
jth pulse. Such a variable is generated by the bin selection strategy as de-
scribed in Section Note that for the generic received pulse j, Ny, binary
decisions u; 1, . .., u; n,,, are produced by the decision device. For notational
convenience, in the following we will use the continuous-time switch signal
u;(t) that commands the switching at the jth pulse defined as

N in
b <t—t3R1—TED/2) 2.11)

TR

u: () = E U; , TECH

9 () g 75 TED
for the [SaGHACR] and

Nbin ED Nbin ED
t—t,2 —Tgep/2 t—t,20—A—Tgp/2
ED n—1—1ED n—1 ED
u;” ()= E Ujn rect( Ton )—l— E Ujn rect( T )
n=1 n=1

(2.12)

for the SaGHEDR] where rect(t/Tgp) is a unit-amplitude rectangular pulse
with duration Tgp centered at the origin. The parameter Tgp determines
the ability to separate time intervals containing paths from those containing
noise only. Small Tgp results in high temporal resolution but larger Nyy,;
hence, a trade-off between receiver performance and complexity is expected.

after a first phase, it is possible to operate with a decision-feedback approach, similarly to
what presented in [95].

SWithout loss of generality we considerer a training sequence of all +1 so that the
channel response is concentrated in the first part each pulse repetition period is divided
in.
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Note that with the[SaGlstrategy the maximum integration time 7" can be
kept as large as possible (e.g., equal to the maximum expected channel excess
delay) without noise penalty; moreover, in case of imperfect synchronization,
noise-only bins preceding the signal [TOAl do not produce further penalty
since they are discarded by the switch driven by the decision device.

2.4 Performance Evaluation

2.4.1 SaG-AcR

Considering the presence of the switching signal u;rR(t), the decision variable
Zrgr in (2.6]) can be rewritten as[72, [102]

N 1
2 T
Zin= Y [ a0 (5 2 ) 4 R+ 20 4 )
j=0 70
(2.13)
x (dOBd(t + 2T 4 T, + To) + 7t + j2T + T, + Tr)> dt

where @ R (¢) = u™(t + j2T7"R +¢;T,,+T;). Note that if the symbol duration
is less than the channel coherence time, all pairs of separated pulses will
experience the same channel condition, implying that l;r(t+ G22I +¢,T,) =
ba(t + j2T R + ¢T, 4+ T;) for all t € [0,T]. Therefore, we can significantly
simplify the expression in ([ZI3]) as follows:

7= 3 [0 ) o0 + st = 3
J ’ (2.14)

where w;(t) 2 b(t + j2T™ + ¢/T,), my(t) 2 fit + 2 + ;1) and
m2.(t) £ 0t + 72T + ¢;T, + T;) defined over the interval [0, T]. With the
position made on the T} value to avoid [SIland [si, the noise samples are then
spaced by T, > T, so they can be considered as independent, regardless of ¢; f
We further observe that V; represents the integrator output corresponding
to the jth received modulated pulse.

Since the received signal is a real band-pass signal of bandwidth W, it
can be sampled at a frequency greater than or equal to 2WW [86]. Sampling

"Hence, no further assumption on ¢; is required in our analysis.
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the received signal at rate 217 in the interval [0, 7] is then represented by
2W'T real samples. Following this approach, we can represent V; as [72] [102]

2WT

1 m
Vi= == ﬂ]TR (—> ' (dowjz'm + WjmM2,jm + doWjmM jm + nl,j,mnz,j,m>
2w 2 g

(2.15)

where the mth samples in the interval [0,7] of w;(t), m ;(t) and 72 ;(¢) in
(2.14)) are respectively denoted as w; m, N1 jm and 1z j,. We can now express
(2.13)) conditioned on dy and a;=+1 in the form of a summation of squares

2WT

m 1 ?
Vi =2 5 (55) | (g + ) =
m=1 2w 2w

2WT m 1 2
Viid=1=Y _ " (—) —(—wj,m —52,j,m) +6%m (2.16)
= 7 \2W V2W g

where 3 ;. = ﬁ(nmm + M1 jm) and Bo ., = ﬁ("h,j,m — M jm) are
statistically independent Gaussian rvs with variance Np/4. Due to the
statistical symmetry in (2.I0]) of V; with respect to dy and {a;}, we simply
need to calculate the BEP] conditioned on dy=+1 and a; =+1. For notational
simplicity, we define the normalized ¥ Yrr 1, YTR2, YTR,3, and Yrr4 as

9 2 12WT~TR m 1 2
9 S —loawT m
YRy = No ; leﬂ?R <W> B3 g
9 B—towr P 1 2
Yrrs = ﬁojzomzﬂuj (2W> (\/ij,m 52,J,m) ’
9 B—lowr m
YTRA = —0 ]ZO mz_lﬂ]TR (W) .6%7]»,1%. (217)

Notice that in the summation, ﬂ;rR (%) € {0,1} and accounts for the inclu-
sion of the mth sample resulting from the decision. It is thus convenient

8For convenience it is assumed that 2WT is an integer.
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to define

TR __ B ~TR (™
N Z 3 il ( ) < NWT (2.18)
7=0 m=1

as the total number of signal samples accumulated during 7', related to a
symbol.

Conditioned on the channel, Ypg; and Y7g 3 are non-central Chi-square
v with NER degrees of freedom, whereas Yrr o and Y7g 4 are central Chi-
square I-vs with the same degrees of freedom as Yrgr 1 and Y7r 3. Both Yrg
and Y7g 3 have the same non-centrality parameter 2y, where

~Lowr o w? ] -1
555 i (o) = 2 [ - wkd
j j
NO j=0 m=1 2w 2w NO Jj=0 0
(2.19)
which, according to (2I1), can be rewritten as
&_ Nbln
7 Z D Ay (2.20)
j=0 n=1
where
nTEp
A= / w3 (t) dt, n=1,2,..., Npn (2.21)
(n—l)TED

represents the energy of the noise-free received waveform in the nth bin. Also,
(220) suggests that the non-centrality parameter is proportional to the ac-
cumulated energy from selected bins (where selection is operated by u;,) of
the N;/2 received modulated pulses that form a symbol. More precisely, the
parameter 7R represents the instantaneous [SNR] obtained by accumulating
the energy from a fraction of the received signal bins, hence named accumu-
lated signal-to-noise ratio (ASNR]). In fact, ™ is in general different from
the SNR] measured at the input of the [AcR] due to the possible suppression
of certain paths by the bin selection strategy.

The [p.d.Tk of Yrr1, conditioned on v™ and Yrr, are then given by

fYTR,1|'YTR' (yl) = fNC(ylu 27TR7 NER/Q) and fYTR,Q <y2) = fC<y27 NER/Q) where
=1

fuely, p,v) = e W (%) L1(2yyp), y>0, (2.22)

y(y_l)
I'(v)

fc(y7 V) = e, y=0 (223)
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with I,.(-) the xkth order modified Bessel function of the first kind [106], ch.
9, p. 374] and I'(-) the Gamma function [106, ch. 6, p. 255].

Using the approach presented in [72] [102], the BEP] of [TR signaling with
SaG-AcR conditioned on the single realization and the decisions u,;,, is
given by P{Yrr1 < Yrra|do = +1}. Thus, after some mathematical deriva-
tions:ﬂthe [BEPI can be expressed in the closed-form P.rtr = P (TR, NER),
wher

-1 Mg
Y~ L (kN2
il L= 2k (b — ) (Ny/24i— 1)

=17

oz

e

2

(2.24)

Pe(’%Nu) -

l\.’)L:Z

\)

1=0

ol

2.4.2 SaG-EDR

Considering the presence of the switching signal u?D(t), the decision variable
Zgp in ([ZX) can be rewritten as [73]1

J

2 T 1_'_d o . 2
Zop =Y. / ™ (1) << > O)bl<t+ijED+chp)+n<t+JTfED+Cﬂ'Tp>> «
0

Ns 2

— [T 1—dp)y _
—Z/ aED(t)(( 5 0)bQ(t+ﬂ}ED+chp+A)+n(t+ijED+chp+A))dt
0

J

(2.25)

where P (t) = uFP(t + jTFP + ¢;T,,). We can now rewrite (2.25)) as follows:

Zwp = il /T ay (1) (<1 J;do)wl,j(t) + ﬁl,j(t))Q dt

=0 O -~
Vi
% Lor (1 d) 2 ]\2%71 %71
-5 [ o (U 0+ m0) @= S va- 3 v
7=0 8 —_— . j=0 =0
Vi
(2.26)

where wy () £ Z;l(t + ijED + ¢;T},), waj(t)
m;(t) & n(t + JTFP + ¢;T,) and no;(t) =
over the interval [0, 7.

£ byt + JTF° + T, + A),
n(t+j

TEP + ¢;T, + A) defined

9See also Appendix for the derivation.
Note that (ufP (1&))2 = uiP(t) and aFP(t + A) = aFP(t) for t € [0,T7].
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Following the approach adopted for the [SaGHAcR] we can exploit the
sampling expansion representing V;; and Vj, as

2WT 2
1 ~ED m (1 —+ do)
Vi =g mzluj (2W> ' ( 3 Whim T m

1 o m (1= do) 2
Vie =i mzluj (2W> ' ( 5 W2gm 772’“”) (2.27)

where the mth samples in the interval [0,7] of wy ;(t), wa;(t), m ;(t) and
12,;(t) in (226]) are respectively denoted as w1 jm, W jm, M jm and 12 jm.
For mathematical convenience, we define the normalized s Y&p 1, YD 2,
YED,37 and YED,4 as

s S —lowrT 2
1 1 < ~ED m (wl, j,m + ?71, ‘7m>
Yip = ZVvudo D ID I ()
7=0 m=1
. Ns_q ] B —lowr 7
~ED m 2,9,m
Yepo = Fo Z Viioldo=11 = ﬁ Zu] (ﬁ) 2[}/ ’
7=0 m=1
. Ns g . F-lowr
B ~ED [T "1,j,m
s = g 3 Ve = 2 2 08 () i
7=0 m=1
N S-lowr 2
o = S W 3 S () (i
ED,4 N, 2|do=—1 = N, j oW 2W

(2.28)

Again, in the summation, @ (F&) € {O 1} and accounts for the inclusion
of the mth sample resulting from the [EDI decision. It is thus convenient to
define

—lowT

NED — Z 3 (;;V) < NWT (2.29)

7=0 m=1

as the total number of signal samples accumulated during 7', related to a
symbol.

Conditioned on the channel, Ygp; and Ygp 4 are non-central Chi-square
vk with NP degrees of freedom, whereas Ygp 2 and Ygp 3 are central Chi-
square Vs with the same degrees of freedom as Ygp 1 and Ygp 4. Since, given
the channel h(t), wy ;(t) = wo ;(t) = w;(t) (i-e., Wi jm = Wojm = Wjm), both
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Yep,1 and Ygp 4 have the same non-centrality parameter 27EP  where

—lowT

2 2 T
~ED (M Wim _ 1 ~ED 2
2N0 Z D (2W> 2 T 2N, Z/O ;o (t) - wj(t) dt
] 0 m=1 jZO
(2.30)
which, according to (2Z12)), can be rewritten as
1 %71Nbin
4D N Z Zum A (2.31)
0 j=0 n=1
where
nTEDp
N = / wi(t)dt,  n=1,2,..., Ny (2.32)
(n—1)TeD

represents the energy of the noise-free received waveform in the nth bin. As
for the SaGHACR] the parameter v*P is the [ASNRI

The BEP of the [SaGHEDR] conditioned on the single [CIR] realization
and the decisions w;,, is then given by P{Ygp1 < Ygp2|do = +1}. Since
ESR = JEFP. we have that A = 1)\?5, so YR = ~AED fixed the
realization and the decisions u;,, (i.e., the same [ASNR] and NJ® = NEP),
Hence the the [BEPI of the [EDRI with [BPPM P.gp = P.(7"P, NEP)| where
P.(v, Ny) is given by (Z24)), equals the BEP] of the [SaGHAcR] with [TRHBPAM]
as for conventional [AcR] and [EDRI [107, [73] 60]. For this reason in the rest
of the chapter we will refer generically to v and NV,.

In Fig. 24|, the conditional [BEP| is plotted as a function of « for differ-
ent values of NV,. Fixing the amount of energy captured, or equivalently the
[ASNR], the performance is worse for dispersive channels that have a long
impulse response. In fact, a long [CIR] implies a high N, and consequently
more noise is accumulated, as expected in a non-coherent scheme. To ob-
tain the [BEP| of the [SaGl receivers, (2.24) can be used in a semi-analytical
Monte-Carlo approach that requires the generation of the only and the
evaluation of IV, and ~ based on the bin selection strategies described in the
following section.

2.5 Bin Selection Strategies for the SaG Re-
ceivers

The analysis of the[SaGlreceivers has shown how the performance is related to
the number of accumulated samples N, and to the[ASNR]~, both dependent
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Figure 2.4: Conditional BEP of the SaG receiver as a function of the ASNR for different
number of samples accumulated N,.

on the bin selection strategy. To perform bin selection related to the jth
pair of pulses, we consider the observation of N, previous reference pulses

for the SaGHACR] or N, pulses in the training sequence for SaGHEDRI!M

collecting the energy samples &, &1 n,...,Ej—Nut1n fOr 1= 1,.. ., Nypiyp.
Without loss of generality and to simplify the notation, in the rest of the
chapter we suppress the index j, and we define &, = &;_441,, with ¢ =
1,....,N,and n = 1,..., Npjn. Moreover, for notational convenience, let us
arrange the energy samples &, ,, in a N, X Np;, matrix € and define the vector
e = (e1,...,€n,,) obtained by accumulation of N, previous energy samples,
where the nth element of the vector is computed a
1 &
an:ﬁaqzleq,n n=1,..., Nyn. (2.33)

Since it is advantageous to start collecting energy from bins with the higher
energy (and thus most probably those containing the useful signal), we define
a vector € = (g],...,€y,, ) obtained by sorting e in decreasing order. In
particular, indicating with 7 = (7, w9, ..., Ty, ) the vector of permutation
indexes to sort € in decreasing order, we have ¢/, = ¢, . Similarly, we denote

"Provided that the [CIR] remains constant during the time interval 2N, T7® for the

SaCHACE] and N, TEP for the SaCHEDR so that ATR = ATR and AED = \ED v/
12This corresponds to column averaging of £.
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with A" the ordered version of the vector A = (Aq,..., Ay, ), with elements
A= Ap, defined in (2.27]) and (2.32]) , and unknown at the receiver[ld Their
estimation can be performed having in mind that A, is the non-centrality
parameter of the Chi-square distributed rxa &, ,, [86, 89]. Unfortunately, the
MLl estimator of the non-centrality parameter of a Chi-square I—vJ cannot be
expressed in closed-form [90] Thus, instead of the [MILl, we use the simpler
estimator [90]

)\, = (E;L — 0'2,1—‘}3;]3)Jr (234)

n

with 02 = N,W.

2.5.1 Threshold-Based Bin Selection Strategy

A simple way to implement a bin selection strategy is to compare each sam-
ple €, with a threshold, to make a binary decision regarding the presence of
significant useful energy. Intuitively, and in accordance to numerical results,
there is an optimum threshold that minimizes the[BEP| In fact, if the thresh-
old is zero, all energy samples collected are used in the demodulation process
and the scheme is equivalent to conventional [AcR] or [EDRl Conversely, if
the threshold is too high, only very few samples contribute to the demodula-
tion process resulting in a drastic reduction of the ASNRI Therefore, in this
section we analyze the problem of designing a proper threshold for the [SaGl
receivers, proposing various schemes with different complexities and perfor-
mance. In a threshold-based [SaGl receiver the bin selection strategy output
is the variable u,, which represents the state of the switch in the nth bin (of
the jth pulse), according to the following rule

", = { 1, ife, >¢ (2.35)

0, otherwise

where £ represents the threshold. Due to noise averaging in (233]), more
reliable decisions u,, are expected increasing IV,.

Optimum Threshold

To find the optimum threshold (OTI), which guarantees minimum [BEP] we
calculate the corresponding number of bins to be collected, by analyzing

13Here A, refers indistinctly to AT or AED,

14The maximization of the likelihood function leads to a numerical solution of an equa-
tion involving modified Bessel functions.

15The operator (x)T stands for the positive part of z, that is (z)™ = max(0, x). In [90] it
has been shown that the [MI]estimate is dominated by the simplified estimator (Z34]) with
squared error as the loss function. As will be shown in Section such simple estimator
gives satisfactory results.
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the vector of ordered average energy samples €. In particular, since every
collected bin gives a contribution, in terms of accumulated samples, equal
to NJWTgp, the total number of samples collected by k bins is Nu(k) =
kNSWTED@ Considering the ordered vectors € and X/, the 220)
or (231)) corresponding to the selection of the first k& ordered bins can be
rewritten as

N k
(k) — 's N 2.
" =5 Z ; (2.36)
for the [SaGHAcRI] and
N k
(k) — s N 2.
v Iy ; " (2.37)

for SaGHEDRI Therefore, the optimum number of bins can be expressed as

k= argmin P, ('y(k),Nu(k)> (2.38)

ke{ly---bein}

where P.(v®, N,®) is given by (Z24). Once k is calculated, the threshold
¢ in (2.37)) can be set as

e+ et
£ = % (2.39)

Note that the minimum search in (2:38)) can be stopped when the [BEP] starts
increasing since the energy samples are considered in decreasing order[!]

This optimal approach for the threshold setting requires the knowledge
of the and the noise No. In general, v*) is not known a-priori
therefore it has to be estimated through (236) or (Z37) by substituting A/,
with V,, calculated by (2.34). Similarly, if Ny is not known, it needs to be
estimated as explained in Section 2.5.1]

Approximate Optimum Threshold

Analyzing the properties of (2.24)), it is possible to avoid its direct evaluation
and minimization in (2.38) by an alternative solution which consists on the
search for an approximate optimum threshold (AOT]) through an iterative
approach. For instance, suppose to perform the minimization (2:38]) and to

16The notations A*) and Ay, indicates that the quantity A refers to the case where
only the first k out of Ny, bins with indexes 71, ..., 7 are selected.
17This leads to a function with only one absolute minimum.
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be at step k£ having already collected the k — 1 strongest bins: if we add
another bin there is an increase of AN, = N,WTgp collected samples. This
increment is favorable only if the corresponding [ASNR] variation, indicated
with Av, is such that Pp(7y*~1 + Ay, N,®Y + AN,) < Po(y* =D, N,
Since the increment AN, depends only on receiver parameters (i.e., W and
Tgp), it is possible to define the function

AP.(v, Ay, Ny) = Po(v+ A7y, Ny+AN,) — Pe(y, Nu) (2.40)

which represents the variation of the [BEP! from step k to step k + 1. This
function can be numerically inverted, by setting AP,(y, Ay, Ny) = 0, finding
the [ASNR] variation Ay = g(v, N,) required to decrease the BEP. The
particularity that leads us to this approach is the fact that g(~, N,) is, with
good approximation, not function of v and N, individually but of the ratio
v/Ny, that is, equivalently g(yN,, Ny) is only function of 4. To prove this,
in Fig. we shows the curves g(yN,, NV,) as a function of v, varying N;
in particular we consider N, =10 (blue lines with o) and N, =50 (red lines
with A), and different increments of the number of samples collected, that
is, AN, =2, AN, =4, AN, =8 and AN, =16. The figure confirms only a
very weak dependence of g(yN,, Ny) from N, hence the above approximation
appears reasonable. As further confirmed by numerical results in Section 2.0]
such an approximation is more than satisfactory, especially for small AN,.
Therefore, for a given AN, we define a new function, g(s) ~ g(sNy, Ny),
reflecting the approximation, where N, is a fixed Vaulue,@> such that now
A~y =~ g(v/N,). This function g(s) is so represented by the curves of Fig.
substituting v with s = v/N,, in the horizontal axis.
Starting from these considerations it is possible to find the optimum num-

ber of bins to be collected with the following iterative algorithm

E=0

repeat

k=k+1
calculate Ay = ~®) — (k=1

until Ay < :ci(fy(k_l)/Nl(lkfl))

set k=k—1
where v*) is given by (Z36) or (Z37), depending on the receiver, and as-
suming () =0, NO #0. Once found % the threshold ¢ can be set according
to (2:39). As for the scheme it is necessary to estimate the [ASNR] and,
the noise

18The value does not affect the result.
9The function g(s) can be stored in a lookup table.
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Figure 2.5: Required ASNR improvement A~ as function of the ASNR ~ for different N,.
Continuous lines () are for AN, = 2, dashed lines (--) are for AN, = 4, dot-dashed lines
(--) are for AN, = 8, dotted lines (--) are for AN, = 16.

Channel Ensemble Optimum Threshold

A third method for setting the threshold is based on the a-posteriori analysis
of the average [BED], that is, averaged over several [CIRk, as a function of the
threshold-to-noise ratio (TNR]) TNR = &/Ny. More precisely, we define the
channel ensemble optimum threshold (CEQT]), as the one that minimizes the
average [BEP] for each average and for the considered channel model.
Such definition is motivated by the numerical results in Section showing
that the [TNRI] giving the minimum average [BEP| for the [SaGl receivers has
a weak dependence on the channel model and on the Therefore, by
the use of such curves, it is possible to derive the optimum and conse-
quently the [CEOT] once the noise is known. Note that, such threshold
is fixed for a given channel and average [SNR], and does not guarantee optimal
performance for each channel response realization as the[OT]|presented in Sec-
tion 25.1] or the [AOT] search in Section 2.5.1] but it produces the minimum
BEPI on average over the channel ensemble. The advantage is that once the
optimal [TNR] is known, it does not need any further calculation unless the
system parameters are changed, leading to a rather simple implementation.
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Noise Power Estimation

All threshold-based proposed receivers require noise power knowledge,
hence if Ny is not known a-priori, it must be estimated. A simple method to
perform noise power estimation is to consider the average energy of the last
k bins taken from the vector €’ of ordered energy samples, that likely contain
noise only. In this manner the estimator for Ny is given by

Npin /
~ ~ &

o (Noin— 75) WTep

(2.41)

Obviously the estimation accuracy is related to E, N, and availability of
at least k mnoise-only bins. Therefore, the parameter k needs to be chosen
carefully to avoid the presence of signal-plus-noise bins in the last k elements
of €. Such information requires in general some a-priori knowledge of the
duration. If not available, the blind bin selection strategy described in
the next section can represent a very robust and viable solution.

2.5.2 Blind Bin Selection Strategy

To derive a bin selection strategy that does not require any a-priori knowl-
edge about the [ASNR] and the noise [PSD] and does not need to set-up a
threshold, we propose an approach based on [TC] for model order selection
problems [108] 87, 109, [88]. The key idea is the same as the one already
presented for the integration time determination problem in Sec[l.3] and
involves determining the bins containing noise only by using model order
selection methods. In this way, the decision device in Fig. 2.3 acts as a non-
linear excision filter, which allows the deletion of the noise-only bins [89] 110].
In particular, we define a family of models to fit the observed data €. The
family of models is defined in a way that for each model, the number of free
adjusted parameters is equal to the number of signal-plus-noise bins. With
model order selection we then choose the model that best fits the data, which
corresponds to the model with the number of free adjusted parameters equal
to the actual number of signal-plus-noise bins. Once the bins containing the
desired signal are detected, noise-only bins can be deleted by the switch.

Formalizing the problem, the [TCl chooses as k the value that minimizes
the function [87]

ITC(k) = —21n f (£;0)) + L (k) (2.42)

where f(;) is the likelihood function of observed data £ conditioned on the

vector of estimated parameters, (:)(k), under model order hypothesis k, and
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L(k) is a penalty term that depends on the specific model order selection
rule as shown later.

To exploit the model order selection strategy (2.42) the [p.d.f}k of the
s representing the observations is required. The energy sample &, at the
output of the [EDlis a non-central Chi-square distributed w1 whose [p.d.f] is
186, [111]

w (W w

fS(g; )\n70'2) = ﬁfNC ?5, o2 )\n, 17) , g Z 0 (243)

with v = 2WTgp degrees of freedomPd For those bins containing noise only,
(2:43) reduces to a central Chi-square distribution with [p.d.f] [86, 111]

In(e;0”) = (W)

o2

[SIN]

w
fe (;e, u) ., e>0. (2.44)
In the k-th model order hypothesis the parameter vector is

~ ~(k ~(k
e® — (\Xi . N0 0, a?k)) (2.45)

k signal-plus-noise bins Ny;, —k noise-only bins

~(k
where Xi) > 0 represents the non-centrality parameter estimate, obtained
by (2.34]) where o2 is replaced by its [MI] estimate, a?k), under the hypothesis
of having Ny, — k noise-only bins, that is

1 ZNBin E/
~2 n=k+1%~n
— 2.46
7 Tep Npin — k (2.46)
Then,

k= argmin ITC(k) (2.47)

ke{lv---vain}

and the corresponding switch state to allow deletion of noise-only bins during
symbol detection is u,, =1 forn=1,...,k and u,, = 0 elsewhere.

The joint [p.d.f] of the matrix £ in (2.42) can be calculated considering
that the output of the energy detector produces independent random vari-
ables in ¢=1,..., N, and k=1,..., Ny, [89]. Therefore, the log-likelihood

20For convenience it is assumed that 2W Tgp is an integer.
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function of observed data become

Na k Nypin
In f (8; 9(’“)) = qz; Lz:l In fs (&LM; @glk)’a(QkO +n:zk;11n In (gqﬂrn?a(Qk))

(2.48)

Finally, the term L£(k) in (2.42]) is a penalty term which has different
expressions according to the model order selection rule. For the[AIC] [T08] [O1]
it is L(k) = 2(k + 1), since k + 1 is the number of parameters under the
hypothesis k& (k non-centrality parameters for the k signal-plus-noise bins,
plus the noise variance G(Qk)). For the BIC| [T12] it is £L(k) = (k + 1) log N,.

2.6 Numerical Results

In this section, we compare the receivers with the conventional [AcR] and
[EDRl In particular, we consider Ny =2 and transmitted pulses compliant
with the IEEE 802.15.4a standard [113]: pulse with pulse width pa-
rameter Ty, =1 ns roll-off factor v = 0.6, center frequency f.=4GHz are
adopted. At the receiver, an ideal band-pass filter with bandwidth W =2 GHz
centered at frequency f. is considered Performance analysis is proposed
in the IEEE 802.15.4a multipath channel model [IT4] and, if not otherwise
stated, the channel model CM1 is considered, with channel responses dura-
tion truncated up to 150 ns. For both conventional [AcR] and [EDR] and [SaGl
receivers we consider a time-bandwidth product W71 =300, which guarantees
to capture the entire [CIRk. The [BEP] averaged on different channel realiza-
tions, as function of the average [SNR] is adopted as performance metric.
Figure presents the averaged [BEPI of the proposed [SaGl receivers as
function of N, considering the bin selection strategy (Section 2.5.]) with
perfect knowledge of the noise power and of the non-centrality parameters

2INote that, because of the ordering imposed to the parameter vector A’ (and as a
consequence on the non-centrality parameters in ([2.45])) the column indexes in £ are
permutated accordingly to 7. Equation (2.43)) returns an indeterminate form in the case

the non-centrality parameter estimate N flk) is equal to zero; this fact seems to occur since
we adopt the estimator (2.34)) that subtracts the average noise energy from each energy
sample. However the noise power estimation is performed on the last Ny, — k energy
samples of €', hence 8(21@ is always smaller than, or equal to, the energy of the signal-plus-

~(k
noise bins, guaranteeing that N\ i

22Gee (B.63) for the definition.

ZThe correspondent pulse duration is T}, ~ 3T%.

24 The value of the receiving filter bandwidth W =2/T,, =2 GHz ensures that the signal
spectrum of bandwidth (1 + 8)7Ty = 1.6 GHz passes undistorted.

)>0f0rn:1,...,k:.
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Figure 2.6: Performance of the proposed SaG receivers as function of the number of
accumulations N, with optimal threshold. Dashed line (--) is for the conventional AcR
and EDR.
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Figure 2.8: Performance of the proposed SaG-AcR for different number k of bins considered
for noise PSD estimation. Continuous lines (—) are for the receiver with OT, dotted lines
(++) are for the receiver with AOT. Dashed line (--) is for the conventional AcR. Dot-
dashed line (--) is for the prior knowledge of Ny and the non-centrality parameters A,
(ideal receiver).

An (ideal receiver). An integration time Tgp = Ty, is considered. For
comparison, the performance of the conventional AcR is reported. The figure
shows that the proposed scheme presents a gain of about 3—4 dB with respect
to the conventional AcR if a proper number of accumulations on the energy
profile is adopted (e.g., N, > 8). In the following, a value N, = 128 is
considered. The impact of a different integration time Tgp of DEC
is reported in Fig. 27l As expected, the best [BEP] is achieved for a Tgp
comparable to the pulse duration (Tgp =Ty ), but significant gains are also
present for longer integration times with a consequent decrease of the receiver
complexity. In the following results we will assume Tgp =T,.

We now focus the analysis on the effects of the different bin selection
strategies. In the following we consider the Figure 2.8 presents
the performance of the [SaGHACR] with (in continuous lines), for different

number of bins &k considered for noise [PSDI estimation operated by (2.41]).

25Tt has been demonstrated that the [BEP] is the same for [SaGHACR] and [SaGHEDRI
However, the [EDRI performs the bin selection with an effective [SNR] 3 dB higher than the
[AcR] due to the fact that EJ® = $EEP. The effective performance of the SaGHEDR] is
then improved due to the possibility of taking more reliable decisions on the bins to be
integrated.
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Figure 2.9: Performance of the proposed SaG-AcR with fixed threshold ¢ as function of
[TNRI for different [SNRk. Continuous lines (—) are for the CM1 channel model, dashed
lines (--) are for the CM5 channel model.

From the estimate ]/\70, the non-centrality parameters X’n are obtained by
(234]). Comparison with the case of perfect noise knowledge and esti-
mation of \,, as well as perfect knowledge of both noise power and )\, is also
provided. In the same plot the results obtained with [AQT] are also reported
(in dotted lines). Regarding the [AOT] given the adopted N, W and Tgp,
we have AN, =4 for the threshold calculation P9 A realistic implementation
accounting for a quantization step of 0.1dB for s = /N, in the lookup ta-
ble containing g(s) is considered. As we can see, increasing k decreases the
variance of noise power estimate with a corresponding performance improve-
ment. The value £ = 50 allows obtaining a performance almost comparable
to the one of the receiver with perfect parameter knowledge at high [SNR]
while a loss of about 1dB is present at medium [SNRI correspondent to a
BEP] of 10~3. It is important to remark that a significant gain is in any case
present with respect to the conventional [AcR] and the estimation of the non-
centrality parameters A, adopting the simplified estimator (2.34]) does not
significantly worsen the performance. Moreover, the adoption of the[AQT] re-
sults in a minimum performance loss with respect to the[QTl It is important
to remark that in this case the threshold setting procedure is significantly
simplified.

26The curve corresponding to N, =10 in Fig. is adopted.
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We now consider on the [CEOT] described in Section Z5.1l Figure
shows the averaged [BEP] as function of the for different average [SNRk
and considering the CM1 and the CM5 channel models. For high [TNRk the
performance worsens as the bin selection reduces the amount of signal energy
at the input of the integrator, while when the [TNR]is below 2 dB the perfor-
mance is that of the conventional [AcRl For the parameter Txp considered,
there is an optimum [TNR] value between 4 to 4.5 dB, which minimizes the av-
eraged [BEP]irrespectively, with good approximation, of the and channel
model. Hence, it is possible to set-up a threshold that depends on Ny and the
receiver parameters, in particular the integration time Tgp. Adopting this
approach the only estimation of Nj is necessary with a significant reduction
of the receiver complexity In Fig. 2.10] the averaged BEP] of the proposed
receiver with TNR =4 dB and that of the conventional AcR are reported as a
function of the number % of bins considered for noise power estimation. It is
important to underline how in this case with £=10 only the performance is
significantly close to the one of the receiver with perfect noise power knowl-

2"The value of TNR=4dB which results in a minimum [BEPlis also easily explainable:
a noise-only bin has an average energy NoWTgp, which corresponds to 2Ny since we
considered Tgp =Ty and W =2/Ty,, as a consequence the threshold ¢ is just 1dB above
the average energy of noise bins, enough to remove noise-only bins and preserve signal-
plus-noise bins.
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edge: this fact can be explained since adopting this threshold setting method
the estimation of the non-centrality parameters \, operated starting from N,
is avoided, with a consequent prevention of estimation errors propagation.
Finally, the performance of the[SaGHAcRlreceiver with the blind bin selec-
tion strategy presented in Section[2.5.2 is reported in Fig. 211l For compari-
son, the results regarding threshold-based bin selection strategies with k=10
are reported. Analyzing the curves we can conclude that the [ATC] criterion is
not the best choice to properly select the bins, especially at high SNRE this is
mainly due to the fact that [AIC] tends to overestimate the model order, that
is, the number of bins containing useful multipath energy, hence collecting
energy also from noise-only bins [87]. On the contrary the[BIC]is a consistent
criterion and for a sufficient number of observations, N,, it properly selects
the signal-plus-noise bins. Adopting the [BIC] criterion the performance of
the proposed receiver with blind selection strategy is very close to that of
the receiver adopting the and the ideal receiver with and a-priori
parameters knowledge, and performs better than and [AOQT] when noise
power and non-centrality parameters A, need to be estimated. It is interest-
ing to remark despite the [CEOT] is optimal for the channel ensemble while
the and [AOT] are optimized for (hence dependent on) each [CIR],
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performs better for intermediate [SNRE. This behavior can be explained con-
sidering that while[CEOT] requires only noise power estimation, and [AOT]
need also non-centrality parameters estimation, therefore [CEOQT] results to
be more robust at low and medium SNRE, where estimation errors can be
relevant.

2.7 Conclusion

In this chapter, novel [AcR] and [EDR] schemes for [[WBI BPAMHTR] and
BPPM| called receivers have been introduced. They are based on energy
detection, that avoid noise energy collection from those intervals of the re-
ceived signal that do not contain useful energy. The proposed strategy is easy
to implement and therefore is attractive for robust low-complexity commu-
nication systems. First, a closed-form semi-analytical expression, which pro-
vides insight into the impact of noise and energy collection on system perfor-
mance has been derived. Starting from this, different bin selection strategies
with different complexities and performance have been investigated. Finally,
the numerical comparison of the proposed receivers with the conventional
[AcRl and [EDRI and for different bin selection strategies highlights the perfor-
mance gain that can be obtained adopting the [SaGlstrategy, with a potential
extension of the benefits to other non-coherent [[WB] signaling techniques.
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Part 11

Time-Delay Estimation
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Introduction

Time-delay estimation (TDE), also referred to as epoch estimation or [TOAI
estimation, is a classical signal processing problem and a fundamental opera-
tion in different context [115] 116} 117, 118, 119 120, 121, 122} 51, 123]. [TDEl
is necessary for timing digital receivers, audio processing and source localiza-
tion [124, 125] [126] radar and sonar target distance estimation [127, 128 [129]
130}, 131], synchronization of wired or wireless systems [132] [133], and it is
one of the functionalities enabling localization, key feature of context-aware
wireless networks [134] 135], [51].

In fact, among different localization techniques, those based on distance
estimation (ranging) are more suitable for high localization accuracy Start-
ing from [TOAl measurements, that is starting from the knowledge of the prop-
agation time between two devices, it is in fact possible to recover directly the
distance (i.e., the range) by simple multiplication for the speed of light. It is
well known that ranging accuracy is directly proportional to the signal band-
width and hence the use of wideband or [TWB]signals is attractive for ranging
applications. In particular, technology offers the potential of achieving
high ranging accuracy even in harsh environments [51], 139] [134] 140, 138],
due to its ability to resolve multipath [53] [54] [55]. Ranging techniques based
on [TOA] estimation of the first arriving signal path are mainly affected by
noise, multipath components, pulse distortion, obstacles, interference, and
clock drift [141] [51] 134} 140, 142]. These problems, mainly due to the prop-
agation environment, especially when indoor, pose several limitations on the
achievable performance in terms of accuracy since the received signal has em-
bedded some unknown parameters or, in the worst case, must be considered
almost totally unknown. In these cases practical estimation techniques have
been proposed. Unfortunately, the known bounds are very optimistic when
compared to the performance of these practical estimators [51].

The aim of this part is presenting some novel results on performance
bounds for [TDE] when signals are partially known or unknown at the re-
ceiver, with applications to the various contexts already remarked and with
a particular emphasis on the problem of ranging for location determination.

28We refer the reader to [24} [52] for more information on the variety of localization
techniques and to [I36] [137) [I38] for the fundamentals bounds.
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Chapter 3

Bounds on Time-Delay
Estimation for Partially Known
and Unknown Signals

3.1 Motivations

Several papers address the [TOA] estimation problem in the presence of mul-
tipath such as [55 59], where amplitudes and delays of the multipath compo-
nents are jointly estimated using the approach [55 [59] or the generalized
ML based technique analyzed in [143] (see for example the survey [51] and
the references therein).

Such kind of estimators rely on coherent correlation, that is, they as-
sume local knowledge of the received pulse template, and offer in theory
the best performance. However their design and implementation is not al-
ways practical for several reasons. In fact the waveform shape estimation
might be computationally intensive when signals are distorted by the chan-
nel. Even with perfect knowledge of the waveform, especially adopting [TWB]
signals, pulse overlap due to multipath might result in strong signal distor-
tion. In addition, the waveform could not be completely well specified at
the transmitter side due to random phase of the local oscillator, as will be
clarified later. For these reasons a plethora of approaches with different lev-
els of complexity and performance have been developed in the literature.
Among them, of particular interest when dealing with low complexity re-
ceivers and unknown waveforms, are those relying on energy measurements
(144, 51, [145] 132, [146] 147, 148, 135, 149]. In many of these approaches
the energy of the received signal is evaluated in time slots with duration
T comparable with the pulse duration. Several techniques are proposed to
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identify the index of the time slot containing the first arriving signal com-
ponents. Unfortunately one drawback of these approaches is that a floor on
estimation mean squared error (MSE), equal to 7?/12, arises due to time
discretization.

Moreover, although energy detection is widely investigated both from
the practical and from the theoretical point of view for the signal detection
problem, especially when in presence of unknown deterministic signals [86,
150, 151, 152, 153), 1111 154), (155, [156], a general lack of theoretical foundation
is present for the [TOA] estimation problem, despite the broad application of
the technique.

Besides specific [TOAl estimation algorithms, estimation error bounds play
a fundamental role since they serve as useful performance benchmarks for the
design of [TOA] estimators.

Cramér-Rao bound (CRB]) has been widely used as a performance bench-
mark for assessing the estimator error [157, [122] 158 51, 159, 160]. Tts use is
justified by asserting that the performance of the [MLl estimator approaches
asymptotically to the for sufficiently high [66]. Tt is well known,
however, that the is not accurate at low and moderate SNRIl In fact,
the performance of the [TOA] estimator, as all non-linear estimators, is char-
acterized by the presence of distinct [SNRI regions (i.e., low, medium, and
high [SNRE) corresponding to different modes of operation. This behavior is
referred to as the threshold effect [161] and it has been studied in a variety
of contexts (e.g., [116, 162, 117, 163, 118, 119]). In a low [SNRI region (also
known as the a priori region), the [MSE] is close to that obtained solely from
the a priori information about the TOA] and signal observations provide little
additional information. In a high region (also known as the asymptotic
region), the [MSE] is accurately predicted by the Between these two
extremes, there may be an additional region (also known as the transition re-
gion or ambiguity region) where observations are subject to ambiguities that
are not accounted for by the [66].

Although accurately predicts the[MSE]in asymptotic region, operat-
ing conditions in such a region are often impractical due to the requirements
on emitted power level typical in short-range systems. In addition, the
cannot be derived in certain conditions [66]. Therefore other bounds, which
are more complicated but tighter than the [CRB| have been proposed in
the literature. In particular, the Barankin bound identifies the values
(thresholds) that distinguish the ambiguity region [164] [165]. The Ziv-Zakai
bound (ZZB]) [166], with its improved versions such as the Bellini-Tartara
bound [167] and the Chazan-Zakai-Ziv bound [168], as well as the Weiss-
Weinstein bound (WWBI) [163] are more accurate than the Barakin bound.
They can be applied to a wider range of and account for both ambiguity
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effects and a priori information of the parameter to be estimated. However,
they may not be analytically tractable in many cases or require more com-
plicated evaluations compared to the [CRB], especially when operating in the
presence of multipath [169] 170, 171, 172].

In [I73] the expression of the [CRBl for multipath environments is given
starting from the joint estimation of channel parameters. In [I72] the ap-
proach developed in [116, [162] for the estimation of the relative delay be-
tween two sensors emitting noise-like signals is extended to that emitting
signals. The work [174] evaluates the for Gaussian signals assum-
ing perfect channel knowledge at the receiver. A few results are present for
the case where the receiver has a partial or no knowledge about the channel
[T70, I71]. In particular, in [I70] the [ZZBl using measured data as well as
Monte Carlo generated is investigated, whereas [I71] derives the [ZZB
using second order statistics approach by modeling the received signal as
non-stationary Gaussian random process.

The aim of this chapter is to investigate [ZZBk on the [MSE] associated
with the [TOA] estimation of partially known and unknown signals. These
bounds represent the performance limits of any [TOAl estimator dealing with
the same hypothesis about signal knowledge. To allow for a comprehensive
overview of the problems, some previous results are also revised and discussed
when necessary.

The key contributions of the chapter can be summarized as follows:

e Derivation of the [ZZB] for [TOAI estimation for signals with unknown
phase;

e Derivation of the [ZZBl for [TOA]| estimation for unknown deterministic
signals;

e Comparison of the[ZZBk and [CRBk with the performance of the revised
and derived [MIJ estimators under the same hypothesis on the signal
knowledge.

The remainder of the chapter is organized as follows. In Sec. the
signal and channel models are introduced. The [ZZBl is reviewed briefly in
Sec. B3l The bound is then derived in Sec. B.4] and it is compared to the
in the ideal [AWGN] scenario. Section extends the classical [ZZBl
for the case of partially known signals, in particular signals with unknown
carrier phase. Section derives new fundamental bounds for the case of
unknown deterministic signals. For the derivations several tools such as series
expansion of signals are revised and extended to particular cases of interest in
the appendices. In Sec. 3.1 classical [TOA] estimators are reviewed considering
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the results obtained during the derivation of the bounds. Numerical results
are then presented in Sec. B.§| providing a comparison between the bounds
and the estimators performance.

3.2 Signal Model

We consider, as transmitted signal, a time-limited waveform p(¢) with du-
ration 7,. When p(t) has a bandpass nature, we denote by f. its central
frequency and we refer, for convenience, to its [ELP| as p(¢) so that

p(t) = R{p(t) ™'} (3.1)

Bandpass signals are usually generated starting from in-phase and in-quadrature
baseband components p;(t) and pg(t) that are further used as input to a
quadrature modulator adopting a local oscillator with carrier frequency f.
and initial phase ¢, that is, p(t) = po(t) e’?, with po(t) = pr(t) + 1po(t).

Note that every physically realizable signal is time-limited, and hence,
rigorously, not limited in bandwidth. However, in practice, the signal band-
width can be truncated to a suitable value W so that the energy contribution
of out-of-band signal components is negligible. More rigorously, we consider
p(t) band-limited at level € with bandwidth W, if W is the smallest value for
which]]

/f| PP <o (3.2)

where P(f) is the Fourier transform of p(t) and the energy e lying outside
the frequency range is less than the smallest amount we are able to detect
by any means in the real world [I75].
Signal p(t) is transmitted through a channel and the received signal can
be expressed as
r(t) = st — 1)+ n(t) (3.3)

where s(t) = p(t) @ h(t) is the [CR] h(t) is the [CIR] 7 is the [TOAI of the
received signal to be estimated, and n(t) is [AWGN| with zero mean and two-
sided spectral density Ny/2 in the signal band of width W We consider the
delay introduced by the channel de-embedded from h(t) and accounted for
by 7. The duration of the received s(t) is Ty = Ty, + T4, where Ty is the

"When p(t) has a bandpass nature, the integration in ([3.2)) is performed over the interval

1> {fe+Fu{lfl<fe— 5}

2We consider the presence of a zonal filter that removes all the noise components outside
w.
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maximum excess delay of the channel. In the absence of other information, we
assume the [TOA] 7 to be unknown and randomly distributed in the interval
[0,7,]. The goal is to obtain the estimate 7 of 7 by observing r(¢) in the
interval [0, Top], with Ty, > T, + Ty, with partial (even statistical) or no
knowledge on s(t) available.

For further convenience, we make use of orthonormal series expansion
representations of signals in [0, Typ] [66, p. 178] using a suitable complete
orthonormal basis {®,,(t)}M_, as detailed in Appendix B.Al Specifically we
can write

M
r(t) =) rm®u(t), 0<t< Ty (3.4)
m=1
and
M
n(t) =Y ny®u(t), 0<t<Ty, (3.5)
m=1

with M = [2W T, |+1 for lowpass signals and M = 2(|WTg,] +1) for band-
pass signals [I76]. Adopting the classical Karhunen-Loéve (KLl expansion
(see Appendix B.AT] and B-AZ2) we have that n,, = ¢, 0,, with 02 = %,
where coefficients {¢,,} are independent zero mean Gaussian r-v> with uni-
tary variance. According to the previous series expansion, signals r(t) and
n(t) are fully represented by the coefficients vectors r = [ri, 7o, ..., 7|7 €
RM and n = [ny,ng, ..., npy)t € RM | respectively.

Signal s(t), instead, is by definition time-limited in 0 < ¢ < T}, therefore
it can be conveniently expanded, as reported in Appendix [3.A.3] and 3.A.4]),
using an orthonormal basis {V,,(¢)}2_|

s(t) =) s, U,(t), 0<t<T, (3.6)

n=1

where N = |2WT,| +1 for lowpass signals and N = 2(|WTy] + 1) for
bandpass signals. Since T, < T, the dimensionality of coefficients vector
s = [s1,8,...,sn]T € RY is less than that of r, that is, N < M.

It is possible to express y(t) = s(t—7) in ([B.3]) over the orthonormal basis

3There is complete freedom on the choice of the orthonormal base. If the same base
leading to the [KI] expansion of random signals is adopted, it has to be remarked that
functions {®,,(t)} are different from the ones considered in the expansion n of the noise,
since they are function of the signal duration (see Appendix B.AT]). Differently, if the
basis leading to the sampling expansion, as reported in ([B.77)), is adopted, the same basis
can be used for expanding signals of different duration.
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{®,,(t)}M_, as follows

N M
y(t) = st —7) = s, Ut =7) = Y Ppu(t) (3.7)
n=1 m=1
where
N Tob
Ym :an/ U, (t —7) (1) dt = anh(T (3.8)
n=1 0
and

Tob
hir), = / U, (t —7) P, (t) dt . (3.9)
0

Defining the matrix H(™ = {h,(fb)n} e RM*N expression ([B.3)) can be ex-
pressed equivalently in the following form

r=H”s+n=y+n. (3.10)

In partlcular vector y lies in a N-dimensional subspace of RM denoted by

H with N < M. In particular, given a vector x € RM containing the
series expansion coefficient of a generic signal z(t), the orthogonal projection
of x onto (H(T)) is denoted by Py X, where Py is the orthogonal projec-

—1
tion matrix (or projector) Py = H™ (H(T)TH(T)> H™". Note that the
orthogonal projection of x onto (H() corresponds to the projection of z(t)
onto the interval [, 7 4 T}, that is, the signal x(t) - IT (%), for t € [0, Top),
with II(z) = 1 for 0 < x < 1, and zero otherwise[] The vector y = Pyor is,
in fact, the estimation of the noise-free received signal y [I77, p. 368]@ and
since we are making the hypothesis of a delay 7 through H(™, this estima-

tion must be equal to the received signal itself for the portion containing the
useful signal, and zero otherwise [I78, p. 250]. In addition it can be shown

that
[oe] t — T T+Ts
X P X :/ xQ(t)H( T ) dt :/ 22 (t) dt (3.11)

[e o]

4This is the span of the column vectors composing H(™.

®See the proof of (B.IT]).
5The matrix Py is, in fact, singular, otherwise it would be possible to recover the

received signal r from his projection ¥, that is clear impossible since different r can have
the same projection y.
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which represents the energy of z(t) in the interval [, 7 + Tj).
Proof of (3I1) See Appendix B.Bl
The conditional [p.d.f] of r is given byﬁ

1 02
pfrlr) = gl HOS} (a2

p—

with o2 = N,W.

In the rest of the chapter we will consider different models for s(¢). The
simplest is the model of known deterministic signal for which the shape s
is exactly known. As partially known signal we consider the case of a de-
terministic signal for which the shape is not completely known, for example
because s(t) has embedded some unknown parameters, such as the carrier
phase when it is a bandpass signal. As last we consider an unknown but de-
terministic signal, for which the shape of the signal s() is totally unknown.
In this case the only information available on the signal is its bandwidth
W, (its nature of lowpass or bandpass signal) and its duration T;. For the

deterministic signal case (known, partially known or unknown) we define the
[SNRI as SNR = £=, having indicated with E; the energy of s(t).

3.3 The Ziv-Zakai Lower Bound

For reader convenience, we begin with a brief review of the ZZBH Tt can be
derived starting from the following general identity for [MSE] estimation]

MSE:E{ez}:%/O z-P{|e|2%} dz (3.13)

where €, = 7 — 7 represents the estimation error, and then by finding a lower
bound on P {|e,| > z/2} [167]. It can be easily shown that

(123}~
Lhorfses

el = x7x.
8 Actually, the Bellini-Tartara improved [ZZB] version [I67] is here considered and the
correct name should be BTZZB, however we will continue to refer to [ZZBl for conciseness.

9Here the expectation is with respect to 7 and r.

T}+pT(T+z)P{%§T+§

T+ zH dr (3.14)
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where p,(7) is the [p.d.f] of the [TOAl 7. The previous expression can be
lower-bounded by

2 / " min {pr (1), pa(r + 2)}

1
X {ép{%27+—

z +1IP . o +z
T P <7+ =
2 2 - 2

The term in square brackets in (B.15) represents the probability of error for
testing of two equally probable hypothesis

T+2H dr . (3.15)

Hi: or(t)
Ho o 7(t)

s(t—7)+n(t) or r=H"s+n,
s(t—T—2)+n(t) or r= H s+ n (3.16)

using a suboptimum decision rule in which the parameter is first estimated
and a decision is made according to minimum distance between 7 and 7+ z as
described in [168]. Then (B315) can be further lower-bounded by replacing the
term in square brackets with the error probability P, (7, z) corresponding
to the optimum decision rule based on the log-likelihood ratio test (LRT))
[66], p. 26]

() = 2T %y (3.17)

p{rlt + 2} n

In general P, (7,2) does not depend on the delay 7 thus the bound is
formulated with respect to Py, (2) [168]. When 7 is uniformly distributed
in [0,7,] (most ignorance case), the [ZZBlis given by [167, [16§]

77B — — /Ta Pan (2) dz. (3.18)

The main challenge in (B.I8]) is to design the optimum binary detection
scheme based on (B.I7) and to derive a tractable expression for its perfor-
mance P, (z). It is interesting to observe that the is obtained by
recognizing that the performance evaluation of an estimation problem can
be transformed to a binary detection problem. We will exploit this observa-
tion in successive sections to obtain the [ZZBl for the cases of interest.

3.4 Z77B for Known Signals

As explained in Sec. B.3] the [ZZBl requires the evaluation of the error proba-
bility Ppin (2) corresponding to the optimum binary detector (BI7). What-
ever test we design can never be better than a “genie test” in which the genie
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provides the receiver with perfect s(t), or equivalently s, and then the
receiver performs the optimum likelihood ratio test conditioned on that [CRI
This is equivalent to evaluate the error probability P, (z‘s), conditioned on
s, corresponding to a classical coherent binary communication system em-
ploying the waveforms s(t — 7) and s(t — 7 — z) for hypothesis H; and Hao,
respectively, with known s(t). It is well known [66], p. 254] that the optimum
binary detector passes its input r(t) through a filter matched to the signal
s(t — 1) — s(t — 7 — z) and samples its output at time ¢ = Tip,. If the output
is positive, it chooses hypothesis H;; if negative, hypothesis H,. Therefore,
the error probability is given by [65, p. 129]

Poin (2]8) = @ <\/SNR 1- ps(z))> (3.19)

where @ (-) is the Gaussian Q-function, and we have defined ps(z) the nor-
malized auto-correlation function of s(t) as

1 o
ps(z) = f/ s(t)s(t—z)dt. (3.20)
By replacing in BI8) Puin, (2) with P, (z‘s), we obtain the [ZZB condi-
tioned on s(t)

1 (T
Z7B| = 7/ 2 (T, — 2) Puin (2]s) dz. (3.21)
a Jo
It is known that in this case for large the [ZZBl converges to the
[CRBl given by [168]

0> ! Ny/2 1
CRB = {—E{wlnp{r\r}}} = )2 E. 72 = SZSNR (3.22)

where 3 is the effective bandwidth of s(t) defined by

I PISPd

2

(3.23)

and S(f) is the Fourier transform of s(t). Moreover, indicating with §(¢) the
[ELPl of s(t), in the particular but common case where 5(t) = so(t) is an even
function, ([3:23) can be rewritten as 32 = f2? 4+ 32 where

RIS df
g === (3.24)
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and Sy(f) is the Fourier transform of so(t).

Notice that the denominator of (8.22) is proportional to the energy in
the signal, where the constant 5 depends on the shape of the signal and the
skewness of its spectrum through (3:23). Having large values of 3, that is, a
signal with wide transmission bandwidth and/or large center frequency f.,
is beneficial for time-delay estimation.

3.4.1 Average ZZB

In the presence of a frequency selective channel, s(t) is characterized statisti-
cally according to some channel model and it belongs in general to a random
process S(t) modeling the channel characteristics. The unconditional (aver-

age) [ZZB can be evaluated by averaging ([3.2I]) on S(¢), that is,

1 Ta av
ZZB=E {ZZB}S(t)} - ?/0 2Ty — 2) P™)(2) d> (3.25)

where

P& (2) 2 E{ Puin (2]S(1))} (3.26)

min

and the statistical expectation is taken with respect to the realizations of
S(t).

We want to stress that the bound in (328 assumes that the receiver has
perfect knowledge of the [CRl This approach was first proposed in [I70] for
[UWBI multipath channels. Note that (8.26]) can be seen as the average [BEPI
for coherent detection of a ideal binary [PPMl Rake receiver in the presence of
multipath assuming perfect channel state information. Such [BEP]expressions
are known in the literature [179, 180, [174] and can be exploited to derive the

ZZBl through (3:25]).

3.5 ZZB for Signals with Unknown Phase

In Section we mentioned that usually signal s(¢) is obtained through
modulation of a baseband component py(t). In most cases, the initial phase ¢
of the carrier is uncontrolled (non-coherent transmitter), for example, because
the local oscillator is free-running and not synchronized with the generator
of the baseband signal py(t). This means that the shape of the transmitted
bandpass signal p(t) is not completely determined at the transmitted side and
hence coherent [TOAIl estimation at the receiver does not add any additional
information on the [TOA| as will be clearer later.
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The [ZZBl in (3:2I)) and the [CRBl in ([3.22) are meaningful when s(t) is
completely recovered at the receiver (corresponding to the adoption of a co-
herent estimator) and the carrier phase ¢ of the transmitted pulse is perfectly
controlled at the transmitted (i.e., a coherent transmitter is adopted). As
already anticipated, when the initial phase ¢ of the carrier is uncontrolled,
it does not carry any additional information on [TOAl Hence, the [TOA]
estimation must rely on the signal envelope |5(t)| only.

To evaluate the [ZZBl the optimum detector can be derived from the
following log LRI [178, p. 200],[66, p. 87]

Jo"p{rlr. o} pal@)do %
17 p{xl7 + 2, 6} pa(0) dp 70

I(r) =In (3.27)

where the marginal [p.d.fk are evaluated with respect to the uniform distri-
bution pg(¢) = 1/27 in [0, 27] of the rwva & (most ignorance assumption).
In this case the optimum detector corresponds to the envelope detector for
binary, equally-energy correlated signals [66, p. 341], which error probability
expression is given by [61, p. 312]

Prin (2) = Q1(a(z),b(z)) — %G_SNR/ZIO(Q(Z) b(z)) (3.28)
with
a(2) :\/SNTR (1- VI-Tm(IE).
b(z) :\/SNTR (1 /1o |p0(z)|2> (3.29)
and where
polz) = 225 /0 U 08— o)t (3.30)

is the normalized complex-valued correlation coefficient between the [ELP]
§(t—7) and §(t — 7 — z). Q1(a,b) denotes the Marcum @ function and Iy(x)
is the modified Bessel function of first kind of order zero [106], p. 374]. When
z > Ty, 5(t—7) and §(t—7—2) are orthogonal and P, (2) = Piin = e SNR/2)
that is, it corresponds to the performance of the optimum envelope detector
with orthogonal signals [61, p. 311].

19Some authors refers to this test as average-LRT (ALRT) [I81].
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3.5.1 Asymptotic ZZB
In Appendix B.Cl it is shown that for large [SNR] the asymptotic behavior of

Ppin (2) in (B28) is

Poin ()= 1|75 2L @ (VERRTL= eI ~ @ (VSR (L= (A1)

2|po(2)

(3.31)
Equation (B.31]) is formally identical to (3.19]), therefore by following the

same approach as in [168] it can be shown that, for high [SNRI]
Z7ZB ~ ! 3.32
~ 872 32SNR (3:32)
where [y is the effective bandwidth of the baseband envelope |5(¢)| defined in
GB:E) The result in ([B.32)) tells us that the [ZZBl tends to the corresponding
Bl evaluated considering the received signal [ELP] instead of the bandpass
s1gnal. Contrary to the bounds (B.21)) and (B.22]), this bound depends on
the signal [ELP] effective bandwidth only and not on the center frequency
fe. This is one of the motivation that justifies the adoption of wideband
or, better yet, [[WHB] signals to achieve accurate ranging. Adopting a wide-
band signal, it is possible to achieve high-accuracy time-delay estimation also
without exploiting the phase information, through non-coherent estimation
techniques and also in the presence of a non-coherent transmitters. Vice
versa, to obtain high [TOA| estimation accuracy with narrowband signals,

coherent transmitters as well as coherent receivers are necessary.
Notice that, in the highdSNR] region, the SNR] gap between the case be-

tween a coherent and a non-coherent estimator is ASNR=10log,, <1 +5 >dB

3.6 ZZB for Unknown Deterministic Signals

We consider now s(t) be a deterministic but unknown signal. Note that in
the absence of additional hypothesis on s(t), it is not possible to identify
uniquely the [TOAl because the starting and ending instants of s(¢) would
not be defined. Therefore the only assumption we consider is that s(t) is
zero outside the interval [0, 7], and so it can be represented according to the
series expansions presented in Section 3.2l The estimation of the [TOAI has
to embed the estimation of the received waveform s(t) by means of its series
expansion coefficients s that have to be treated as nuisance parameters.

1 The [CRBl resulting from a phase uncertainty on the received signal, hence related to
the [ELP] is evaluated in [I82] p. 278].
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3.6.1 Detector Design

In the absence of any statistical characterization of the nuisance parameters
(i.e., in presence of an unknown deterministic signal), the test design pro-
cedure to determine Py, (z) in (B.I8) is not uniquely defined. A possibility
could be the adoption of the detector presented in Section B.4] assuming per-
fect knowledge of the received waveform [ However, as will be shown in
the numerical results, the corresponding [ZZBl would be in general quite loose
with respect the actual performance of realistic estimators.

A practical and usual approach for this kind of problem is to design
the detector performing the generalized likelihood ratio test (GLRI) [178|
p. 200][66, p. 88]. Unfortunately we cannot state the optimality of the
[GLRT], then the corresponding expression is not in general a lower
bound. However further considerations about the optimality can be done,
considering invariance properties of the detector [183], and will be included
in a following up work.

The logdGLRT] is obtained by replacing the nuisance parameters s by
their [MTl estimates §; and S, respectively, under hypothesis H; and H, true
[66], p. 92]

pir|r,s;}
(r)=n—""""— 20 3.33
(r) pAr|T + 2,82} 7§2 ( )

where the [MI] estimates §; and §,, obtained as least squares (L) solutions,
are given by

8 = (H(T)TH(T)> THOT
8 = (H(T+Z)TH(T+Z))1 H+) p (3.34)
As a consequence from (B.12), the statistics {(r) in (3.33]) becomes
) =[r = HOD 8"~ r = HO8 | = ] — ]* - (335)
where

n=r—H"Dg§ = (Iny — P r,
ny =r—H" g, = (I); — Pgeen)T (3.36)

12This leads, for the detector performance evaluation, to the perfect measurement bound
[66, p. 88].
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—1
having defined the projectors Py = H™ (H(T)TH(T)) an"

-1
and Pyess = HH2) (H(T“)TH(T*Z)) H(T“)T, with I,; the Mth order

identity matrix. The [GLRT]is therefore

Hi
[(r) =r" Pyt — 1" Pyeenr =17 Gr 2 0 (3.37)
Ha

where G = PH(T) — PH(T+Z).

Proof of B3T). Recalling that |x]|> = xTx we have from (3.35) and
0335]) that Z(I‘) = rTQ£(7+z)QH(T+z)r - rTQﬂm Qo where Qg = Iy —
Py and Qge+s = Iy — Pge+s are projectors in the spaces (H™)L and
(H+2)) L respectively [I77]. This imply that QL. = QH(T)% QLii. =
QH(T+z) and Q%(T) = QH(T), Q%I(T+Z) - QH(T+2), SO that l(r) =T QH(T+z)r —
r’ Qu»r, which gives immediately the result (3.37).

According to (BI1)) it results that

T+Ts T+2+Ts Hi
I(r) :/ r2(t) dt—/ r2(t)dt = 0. (3.38)
T T+2 Ha

3.6.2 Detector Performance
The [GLRT] performance is given by the [BEP]

1 1
Puin (2) = B P {l(r|H1) <0} + 5 P {l(r|Hs) > 0} (3.39)
where [(r|H;) and I(r|Hz) denote the [GLRT] (3:38)) specified in the case of
H, true and H true, respectively.
Considering that, under #;, s(t — 7) is by definition zero outside the
interval [1, 7 + T3], it is

T+Ts T+Z+Ts

[(r|H1) = / (s(t —7) +n(t))*dt — /+ (s(t —7) +n(t))* dt
_ fTT+TS(S(t —7)+n(t)*dt — f:zZJFTS n*(t)dt, »>T1s,
T n)2dt— [T et dt, 0< 2 < T

(3.40)
After similar considerations, under Hy, s(t — 7 — z) is by definition zero
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outside the interval [T + z, 7 + z + T3], so that

T+Ty T+2+Ts
I(r|Hs) :/ (s(t — 7 — 2) +n(t))2dt—/ (s(t —7 —2) +n(t)*dt
T T+2z
T - = ) @) dt+ [T R dt, 2> T,
| =S == ) ) dt+ [T R dt, 0< 2 < T

(3.41)

We now proceed with the evaluation of this P, (2) in (839), corre-
sponding to the detector (B.38). Note that Py, (2) corresponds to the error
probability of a [PPM demodulator with partial pulses overlap and energy
detection receiver. In the following we make use of the series expansions de-
tailed in Sec. and Appendix B.Al considering separately the case z > T}
and 0 < z < T;. Moreover, as will be detailed in the derivation, it is nec-
essary to resort to different approaches when z is small, depending on the
signal type. Specifically, we define the value &, so that a different derivation
in the detector performance is followed if z < £ and if z > £. In particular,
as will be clarified afterward, we have £ = 1/2W for lowpass signals, and
¢ = 1/W for bandpass signals.

1) Evaluation of Py, (z) for z > T,

Making use of the orthonormal expansions detailed in Appendix[3.Alwe define
the rvs

T4+T% Ts
Y, = N%/T (s(t —7)+n(t)dt = N%/O (s(t) +n(t+7))*dt

S ()
- ‘ Nonm 1,m 9

2 T+z+Ts ) 2 Ts ) N )
Y:—/ ntdt:—/ n“(t+7+z2)dt = Com s
= [ w0a= s [Cer -3
2 T+z+Ts 2 Ts
nz——/' @@—T—@+n@fﬁ:——/‘@@+ﬂ@+7+@fﬁ
No T+z No 0
N 5 2
=X (Vg em)
2 [T, 2 (", - 2
Y:—/ n tdt:—/ n°(t+7)dt = Im 3.42
= rea-g [Teeena=ya (342)



where N has been defined in Section B.2] {c1,,}, {com} are related, respec-
tively, to the series expansion coefficients of 4 / —n(t+7‘) and 4/ —n(t+7‘+z)
and 7,, are the series expansion coefficients of s(t) for ¢ € [0, T,] '3 . According
to the signal model considered, {c1,,}, {c2m} are statistically independent
Gaussian s with zero mean and unit variance. As a consequence Y; and
Y3 are non-central Chi-square distributed rvs, whereas Y5 and Y} are central

Chi-square distributed s, each having p = N degrees of freedom [ The
non-centrality parameter p of Y7 and Y3 is given by pu = 27, where

1 Y 1 (%
_ 2 _ 2 dt = = 43
Ny mzlnm Ny /0 s°(1) Ny (3.43)

is the received SNR] In addition Y7, Y5, Y3 and Y} do not depend on z, then
the probability of error Py, (z) results independent on z. Making use of
(3.:42) we can express the P, in (839), for >> T} as

min

1 1
Py, = SPY: < Yo} + 5P{Ys <Yi} . (3.44)

Due to statistical symmetry in (B:42), the BEP can be evaluated ad'

PO —P{Y; < Y2} = Py(v,[p/2]) (3.45)
where
1 q—1
exp( 7/2 < 7/22 (j+q—1)!
Py(7.q) = > ZQU_Z sl G

whose derivation is given in Appendix [3.Dl

13For bandpass signals 7,, are for odd m (even m) the series expansion coefficients of
the in-phase (in-quadrature) components of the [ELP] 5(¢) of s(t).

14The [p.d.fk of these Ik are reported in (3.89).

15Since it is required 2¢ to be even (i.e., ¢ € N) in the error probability expression (B.48]),
the ceiling operator [-] is adopted on p/2 in (B43).
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2) Evaluation of Py, (2) for £ <z < T;

We now define the rvs

Y = N /TT Z(s(t —7)+n(t)*dt

B p(2) \/7 . 2
- N() 771,m Cl,m )

Il
2|
o\&;

w
=
S~—
+
3
=
~

+

\]

S~—

S~—
oW
~

m=1

9 T+2+Ts 9 z p(2)
Y:—/ thdt:—/ n*(t+ 71+ T,)dt = .
v [ = [ my =Yg

2 T+z+Ty
Ygz—/ (s(t —7 —2) +n(t)*dt

NO T+Ts

2

N/((t—z+T)+n(t+7‘+Ts))2dt

2

Z(\/ 772m+c2m) )

9 T4z ) 9 z p(2)
Y4:Fo/7 n(t)dt:m/ (t+7)dt = chm (3.47)

where p(z) = [2W z] 4+ 1 for lowpass signals and p(z) = 2(|W z| + 1) for
bandpass &gnalsE and {c1m}, {com} are related, respectively, to the series

expansion coefficients of ,/—n(t + 7) and ,/—n(t + 7+ T) for t € [0, 2],

while 71, and 72, are the series expansion coefficients of s(t) for ¢ € [0, 2]
and t € [Ty — z, T3], respectlvely. Again, {c1m}, {com} are statistically
independent Gaussian Iy with unit variance. As a consequence Y7 and Y3
are non-central Chi-square distributed v, whereas Y, and Y, are central
Chi-square distributed s, each having ¢(z) degrees of freedom. The non-
centrality parameter p;(2) and pa(z) of Y7 and Y3 are given by 1 (2) = 27v1(2)

16This corresponds to the representation with at least two elements for a lowpass signal,
and with at least two elements for the in-phase and in-quadrature components of the [ELP]
of a bandpass signal.

"For bandpss signals 71, and 72, are for odd m (even m) the series expansion coef-
ficients of the in-phase (in-quadrature) components of the [ELP] 5(¢) of s(¢).
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and ps(z) = 2y9(2), where

n(z) = ; = | S (3.48)

anm: L /T $2(t) dt (3.49)

now both dependent on z. Note that (BEE) and (349) represent the [SNRI
captured in the intervals [0, z] and | |, respectively, under the two
hypothesis. The probability of error resultsE‘I

1 1
Prin (2) =3P {¥1 < Yo} + 5P {¥3 <Y4}

min
1

=3Py (n(2), [P(2)/2]) + 5 Pr((e). To()/2]) . (3.50)

3) Evaluation of Py, (2) for z < ¢

When z < &, a lowpass signal is represented, according to Appendix [B.Al
with one only element, while a bandpass signal with one element in each of
the two components of its [ELPl In the following we specify the resulting
detector for these two cases.

18Tn the presence of a waveform with even symmetry with respect to Ty/2 it is v1(z) =
1
72(2), hence P (2) = Pr((2), [p(2)/2])-
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Lowpass signals For 22 W < 1 we use the result (3.70) in Appendix B.Al
Define the rs

1:%/ s(t—7) + n(t)) dt = §O/Z<s(t)+n<t+r>>2dt
> (it W) ,

No
9 T+2z+T5 92 z ) 9
QZV/TJrTs Fo/o n“(t+r+T)dt=2Wzc,,
9 T+Z+Ts )
- s(t—71—2)+n(t) dt
=g [ )+ n(t)
2
:ﬁ/ (t—2+T)+nlt+7+T))>dt
9 2
= V (7]2,1 + V N(] WZCQJ) s
2 2 i 2 2
4_V =N i n (t+7)dt =2W zcy, (3.51)

where ¢; 1 and ¢y 1 are related to the series expansion coefficients of 4/ Nlon(tJr

7) and ,/N%)n(t + 7+ T) for t € [0,z], while 1, and 7., are the series

expansion coefficients of s(t) for ¢t € [0, z] and ¢ € [Ty — z, T3], respectively.
Again, c;; and cy; are statistically independent Gaussian rw:s with unit
variance. Now /Y; and /Y, are Gaussian I-vs, with mean, respectively,
Vin(z) = /27(2) and y/pa(2) = /272(2), where v, (2) and 7»(2) are given
by (B348) and ([B.49), and variance 2W z. Differently, /Y> and /Y are
Gaussian Iy with zero mean and variance 2 W z. The [BEP] results

P () = %P{\/?l < \/72} + %P{\/E < \/74}
1 7(2) 1 72(2)
_§Q< 2Wz>+§Q< 2Wz> ' (3:52)
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Bandpass signals For z W < 1 we use the result ([8.76]) in Appendix B.Al
Define the rs

2 T4z 2 z
m:—/ @pﬂ+mwﬁ:—/@@+m+mmt
NQ - NO 0
2 2
. 2 4 NO Wz 4 4 NO Wz
= Ny M,1,1 5 C1,1,1 m,2,1 5 C1,2,1 )
2 T+z+Ts 2 z
YQ:_/ n2<t)df=_/ n*(t+ 7+ T)dt =Wz (51, + a1),
No Jrim, No Jo w w

2 T+z+Ts
Y?,:—/ (s(t =7 — =)+ n(t) dt
NO 7'+Ts

2 z
:—/ (s(t—2+T) +nt+7+T))dt
NO 0

2 2
2 NO Wz NO Wz
-~ N2,1,1 Cco11 | + | 221+ €221 )

~ N, 9 9

2

T4z 2 z
Y, = Fo / n?(t) dt = VO /0 n*(t+7)dt =Wz (ciL1 + 03271) . (3.53)

Now ¢111 (c121) and ¢a11 (c221) are related to the series expansion coeffi-
cients of the in-phase (in-quadrature) components of the [ELPI |/ 5=n(t 4 7)

and \/Nzoﬁ(t + 7+ Ty) of \/Nzon(t + 7) and \/Nzon(t + 7+ 1Ty), for t € [0, 2],
where, in ¢; j x, index ¢ defines the signal (delayed of 7 for ¢ =1 or 7+ T} for
i = 2), j defines the in-phase or in-quadrature component, and k£ = 1 since
one only coefficient is not zero. Coefficients 111 (17121) and 1211 (72,21) are
the series expansion coefficients of the in-phase (in-quadrature) components

of the ELPI 5(¢) and §(t — 7 — z) of s(t) and s(t — 7 — 2), for ¢ € [0, z]. Conse-
quently, /Y, and /Y5 are Ricean I, that is, /Y] ~ Rice (\/ul(z), V Wz)
and /Y3 ~ Rice <\/u2(z), V Wz), whereas /Y, and /Y, are Rayleigh rvss
that is, v/Y5 ~ Rayleigh (\/ Wz) and /Y, ~ Rayleigh (\/ Wz) Recognizing

that the detector under analysis is analogous to the envelope detector with
orthogonal signals already known in the literature [61, p. 307], the BEPI

We have X ~ Rice(v,0) with [p.df] fx(z) = %exp{f(z%”ﬁ)}]o (%), and X ~

202
Rayleigh () with [p.df] fx (z) = Ze 207, for z > 0.
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results

P (2) = 5B {VT < VI } + 3P { VT < V1)

2

I

By substituting (3.43]), (8.50), and (3.52) (or ([8.54]) for bandpass signals)
in (B.I8]), we get the [ZZBl on [TOA] estimation [MSE] with unknown determin-

istic signal, that is

[\

1t Lo
228 — [ o1 9P () det o [ AT - PI )
Ta 0 Ta 3

> T? T3

The importance of this bound lies in the fact that the evaluation of the
[CRBI is not possible because its derivation requires that the [p.d.f] respects
some “goodness” conditions not satisfied in our case [66].

3.6.3 Asymptotic ZZB

For large SNR] and in accordance with numerical results, the dominant term
in (3.55) is the first one, related to the integral including pum (z) which

min

considers P (2) defined for small values of z. This corresponds to the

error probability of distinguishing between s(t) and a slightly shifted version
of itself.

Lowpass signals

In this case, for lowpass signals, we have

IR SNR
Z7B ~ Ta/o 2Ty —2)Q < #) dz (3.56)

with?d .
n(z) = —/0 s3(t)dt. (3.57)

20We consider, for convenience, a symmetric waveform so that 1 (2) = 72(2).
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Adopting the approximation for the Gaussian ) function presented in Ap-
pendix [3.C] we obtain

1 [y Wz SNR7(2)
Z7B ~ — Ty — o)) —eZoxp 4 — 2 E L
Ta/O (e —2) wSNRn( )eXp{ AW 2 } ©

—SNR 1/2W 3
= / WZ dz. (3.58)
VSNR m (=

Note that, for high [SNR] the slope of the [ZZBlwith respect to the SNRlis the
same as the [CRBl and Bl considering perfect mgnal knowledge, since the

detector performance is expressed in the form P, (z) = @ (\/ -SN )

with k(z) a positive constant.

Bandpass signals
In this case, for bandpass signals, we have

1w SNR7(z)
Z/B ~ T, — -
o7, |, 2(T, — 2) exp{ STV % }dz

o~SNR  f1/W .
= /0 Z exp {_;IEV,)?:} (3.59)

with 7(z) defined in (3.51).
From these results it can be noted that the asymptotic [ZZBl is affected
by the behavior of s%(¢) in the first ¢ seconds (edge behavior).

3.7 ML TOA Estimators

3.7.1 ML TOA Estimation of Known Signals

This is a classic non-linear parameter estimation problem where the corre-
sponding [MI] estimator, which is asymptotically efficient, is simply composed
of a filter matched to the signal s(¢) (or equivalently of a correlator with tem-
plate s(t)). Therefore the [MLI[TOAl estimate can be obtained by evaluating
the following classical expression [66]

7 = argmaxInp {r|7} = argmax/ r(t)s(t—7)dt. (3.60)
Tob

T T

The [TOAl estimation is performed by looking at the time instant correspond-
ing to the peak output of the filter matched to s(t).
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3.7.2 ML TOA Estimation of Signals with Unknown
Phase

Supposing the phase as unknown and statistically averaging its values under
the hypothesis of most ignorance as presented in (327 (Bayesian approach),
the result deals with correlations operated on the signal envelope as given by
[182] p. 277]

T = argmax/ Inp {r|7, ¢} d¢p = argmax / 7(t) §*(t — 1) dt (3.61)
T 2 T Tob

where 7(t) and §(t) are respectively, the [ELP| of r(¢) and s(¢). In this case,
[TOA] estimation is performed by looking at the time instant corresponding
to the peak output of the filter matched to §(t¢), having as input the [ELP] of
the received signal.

3.7.3 ML TOA Estimation of Unknown Deterministic
Signals

Modeling the signal as unknown but deterministic, the log-likelihood function
([333) can be used to derive the [ML estimate, that is

T+T%
7 = argmax Inp {r|r,s} = argmax/ r2(t) dt . (3.62)

T,S T
It is important to remark that estimator ([B.62) requires a pre-filtering of

the received signals to reduce the out-of-band noise since [TOAI estimation
relies on energy measurements without operating correlations.

3.8 Numerical Results

To better highlight the impact on the performance of main signal parameters
we analyze the theoretical performance limits of [TOA] estimation in AWGN]
channels. As example we consider a [RRC| received pulse [113], that is

4v cos((1+v)nt/Ty) +sin (1 —v)nt/Ty,) /(4vt ) Ty)
7Ty 1 — (4vt/Ty)? ’

where parameter Ty, and roll-off factor v determine the transmitted signal
bandwidth W = (1 + v)/T,. In particular, as first example, we consider
the lowpass signal g(t) = g(t), and as second example the bandpass signal
g(t) = g(t)cos(2m fet), with Ty, = 3.2ns, v = 0.6 and f. = 4GHz. The

g9(t) = (3.63)
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Figure 3.1: Results for lowpass signals.

signal (3.63) is exactly band-limited, so its time-limited version is obtained
by cutting it to its main two lobes.

Figure B.Ilshows the root-mean-square error (RMSEI) for [CRBk and [ZZBk
considering the indicated lowpass signal. In particular, the [CRB] (3.22)), and
the [ZZBk (BI8)) with (319) and (B.55]), where the bound for unknown signal
is obtained considering the [BEP| of the lowpass case ([8.52]), are reported.
A receiver bandwidth W = 8/T,, is considered to make signal distortion
negligible. For comparison, the performance of estimators (3.60]), and
(B:62) is depicted in the figure with dashed lines.

The presence of the threshold effect is evident from the [ZZBl In fact,
the a priori region can be observed in the [ZZBl which approaches to T}, /v/12
for low values. On the other hand this behavior cannot be observed in
the [CRBl For high [SNRE, that is in the asymptotic region, the estimator is
able to lock onto the correct peak of the matched filter (ME]) output and the
estimation error approaches that predicted by the

Figure shows the RMSE] for and [ZZBb using the indicated
bandpass signal. In particular, [CRBk (3.22)), (3:32) and the[ZZBk (3.I8)) with
(B19) and (B.28)) and (B.50), where the bound for unknown signal is obtained
considering the [BEP] of the lowpass case (3.54]), are reported. A receiver
bandwidth W = 8/T,, is considered. For comparison, the performance of
MTJ estimators (3.60), (B.61) and (3.62)) is depicted in the figure with dashed
lines.

As expected the resulting non-coherent bounds increase significantly as
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Figure 3.2: Results for lowpass signals.

they depend only on pulse bandwidth and not on f.. Note that a constant
[RMSE] gap between the [ZZB] and the can be observed in the ambiguity
region between 12 dB and 30 dB for a[RRClpulse with 7, = 3.2 ns. In general,
the gap depends on the ratio between the central frequency f. and
the signal bandwidth W as observed also in [162] [172] considering signal with
rectangular spectrum.

In both results related to lowpass and bandpass signals the and
obtained with the hypothesis of known signals (also with unknown
phase) are very loose, also in the high region. This shows that they are
not suitable for performance comparison of non-coherent estimators assuming
an unknown signal, as the estimator ([8.62). In this case the new expression
(B.58) provides a very tight and more realistic bound for all the range of SNR],
representing a fundamental tool for the comparison of practical algorithms
and for providing design criteria. The importance is even more pronounced
by the fact that the [CRBI for unknown signal is not defined.

3.9 Conclusion

In this chapter we have presented new bounds for [TDE] of partially known
and unknown deterministic signals. These bounds represent the performance
limit of any practical estimator operating under the same conditions. The
[ZZBl for unknown signals is particularly interesting since the corresponding
[CRBI does not exist for this kind of problem. The derived [ZZBk foresee the
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presence of different regions, clearly showing the threshold values of the
ambiguity region, where the signal observation adds a little contribution to
the estimation performance, and of the asymptotic region, where the estima-
tor performance is correctly predicted by the (when exists). Moreover
the proposed new bound for unknown signals results very tight considering
the real performance of [ML] estimators based on energy measurements on the
received signal, as it is the usual approach for the case of unknown signal
shape.

3.A Series Expansions of Signals

In this appendix, orthonormal series expansions are used to express the sig-
nals, both random and deterministic, as a linear combination of terms, pro-
viding a good approximation of the signal energy in a time-limited interval
T. When representing random processes, the classical [KI] expansion, lead-
ing to uncorrelated coefficients, is adopted [66} [184]. These expansions allow
characterizing the signal energy in a time-limited interval, in the presence
of Gaussian noise, with the Chi-square distribution, and their adoption is
justified by the resulting good accuracy when WT > 1. In [I85] it has been
shown that the accuracy is quite good also for moderate and small WT'. In
this chapter we adopt the conventional expansion also for small WT', extend-
ing the derivation to the case 2W'T" < 1 for lowpass signals and WT' < 1 for
bandpass signals.

3.A.1 Series Expansion of Baseband Random Signals

Consider a zero mean, wide-sense stationary (WSS]), Gaussian random pro-
cess n(t) with a flat power spectral density Ny/2 in [—W, W] observed in
t € [0,T]. Its autocorrelation function is R, (7) = Ny Wsinc (2Wr), with
sinc (z) = W for x # 0 and sinc (0) = 1.

The classical [KT] series expansion of n(t) over the interval [0, T i1

n(t) =Y VA Cn Pn(2) (3.64)

where {c,,} are independent zero mean Gaussian =¥ with unitary variance,
whereas ®,,(t) and A, are, respectively, the eigenfunctions and eigenvalues

2'The  equality in (3.64) means mean square convergence, ie.,

A}@@E{‘n(t) —SM A em @m(t)‘Q} = 0.
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of the integral equation [66, p. 180]

/ ' Ro(t — 7) @y (1) dr = Ay By () . (3.65)

The eigenfunctions of (3:65]), which form a set of complete orthonormal func-
tions {®,,(¢)} with support [O,T] are prolate spheroidal wave functions
[186], 187], whereas the corresponding eigenvalues are given by

2
A = NoW T [Rg%w T,1) (3.66)

being R\ (x,1) the radial prolate spheroidal function [I86]. The coefficient
A 2, corresponds to the energy along the coordinate function ®,,(t) of a
particular random process sample. Therefore the energy of a sample of n(t)
is

T o]
B, = / n’(t)dt =Y Anc2,. (3.67)
0 m=1

It has been shown in [I86, 188, 189] that for 2WWT > 1 the eigenvalues
Am rapidly drops to zero for m > [2WT| + 1, leading to the well-known
“2WT-theorem” [190, [191],[192, p.128], according to which the series can be
truncated to the first N = [2WT| + 1 terms. Moreover it is A, ~ & for
1 <m <2WT, and zero otherwise, so that

n(t) ~ \/? > e Pn(t) (3.68)

and [86]
T Ny, &
E, = 2(t) dt ~ — 2 .69
/0 n”(t) 5 m§:1cm (3.69)

Approximations (3.64]) and (3.69) get less accurate as 2WT approaches one,
and if N <1 (i.e., T < 1/2W), these approximations are no longer valid. In
such a case it is possible to see [I88] that A, ~ 0 for m > 1 and [188] suggests

the approximation \; ~ %%c (1 — %), with ¢ = #WT. Considering the

case of very small WT, where effectively only A\; # 0, we adopt here the
approximation \; &~ 22 ¢ (i.e., R(()ll)(wW T,1) =~ 1), so that \y & Ng W T', and
then

T
E, :/ n?(t)dt ~ NgW Tc:. (3.70)
0

22Even if not explicitly specified, functions {®,,(t)} depends on WT.
23Hence we have that the expected received energy in T is given by E { fOT n?(t) dt} =
E{> o i Amc2} = NoWT [66, p. 181].
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3.A.2 Series Expansion of Bandpass Random Signals

Consider n(t) to be a bandpass, zero-mean, WSS, Gaussian random process
with a flat power spectral density Ny/2 for |f| € [—f. — W/2, fo + W/2]
observed in ¢t € [0,7]. We have that a sample function n(t) of the random
process can be written as n(t) = V(t) cos (27 fet + ¢(t)). Using the conven-
tional approach it is [184] p.159]

n(t) = ng(t) cos(2m f.t) — ng(t) sin(2n f. t) (3.71)

where n;(t) and ng(t) are, respectively, the in-phase and in-quadrature base-
band components of n(t). In this manner we have n;(t) = V(t) cos(¢(t)) and
no(t) = V(t)sin(¢(t)). Moreover, the random processes related to n;(t) and
ng(t) are statistically independent, zero-mean Gaussian processes It can
be shown that their spectral densities are confined to the region |f| < W/2
with intensity Ny. The baseband components can be expanded in orthonor-
mal series as previously discussed

N/2

n(t) = VNo ) et ®unlt),

N/2

nQ(t) ~ V/No Y cam Pu(t) (3.72)

with ¢ ,, and ¢z, independent zero mean Gaussian [y with unitary vari-
ance, and N = 2(|WT] + 1). Therefore

T 1 (7 1 /T N, N
_ 2 ~ 2 - 2 _ v 2
En_/0 n?(t) dt ~ 2/0 nI(t)dt+2/0 ng(t) dt = = > e (373)

having defined o1 = €1, and cop, = o, for m = 1,2, ..., N/2. Note that
this expression is identical to (B.69)). This means that all the analysis carried
out for baseband signals still applies for bandpass signals when WT > 1.

When if N < 2 (i.e., T < 1/W), the hypothesis of large T" appears difficult

24This requires that spectral density is narrow with respect to the central frequency,
i.e., the envelope V(t) and the phase ¢(t) are slowly varying functions of the time, and
the observation time T is large enough [184] p. 158].
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to validate. In fact, this corresponds to the assumption that

E, = /OT n?(t)dt = /OT n3(t) cos®(2m fot) dt + /OT ng (t) sin®(2n ft) dt
T
- 2/ nr(t) ng(t) cos(2mfet) sin(2n f.t) dt
0
1" 1 ("
~ 5/0 n3(t) dt + 5/0 ng(t) dt . (3.74)

If (B.74)) is verified with satisfactory approximation we have that the ap-
proach followed for lowpass signals in Appendix B.A.] still applies. In this
case we obtain

T
E,, :/ nj(t)dt = NoW Tci,,
0

T
En, = / ng(t)dt =~ NoWTc3, (3.75)
0
and
T
NOWT NOWT
B, = / w(ydem T (@ 13 = " (G d) . (3.76)
0

3.A.3 Series Expansion of Baseband Deterministic Sig-
nals

In the case of a deterministic signal s(¢) observed in the interval [0, 7],
there is a complete degree of freedom in choosing the orthonormal basis.
Often the sampling expansion, considering the orthonormal base ¥, (t) =

V2Wsine (2Wt — n)@ is adopted [190], 191]

1 N
s(t) ~ ol ; Sn Uy (1) (3.77)

where s,, = s(n/2W) are the samples of s(t) taken at Nyquist rate 2IW over
the interval [0, T]. Also in this case, for 2WT > 1 the following approxima-

2>We will show in the numerical result that, for our problem, approximation (3.74) is
satisfactory also for wideband signals.

26Note that, differently from {®,,(t)}, the base {¥,(#)} is not concentrated in the
interval [0, T.
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tion for the energy of s(¢) in the interval [0, 7] holds [190), 176 86]

T 1 N
2 ~ 2
/o s°(t) dt S E s . (3.78)

In the detector derivation presented in Sec. B.6.2], it results necessary to
represent the signal in a portion [0, z] of the interval [0,7], with z < T.
In order to obtain a satisfactory approximation also when z < 1/2W, it is
important to adopt the basis {®,,(t)}, where now {®,,(t)} is related to the
interval W z, obtaining

S(t) =) 1 D) - (3.79)

3.A.4 Series Expansion of Bandpass Deterministic Sig-
nals

Consider the signal s(t) as deterministic and bandpass, with non-zero Fourier
transform in |f| € [—f. — W/2, fo + W/2], observed in t € [0,7]. We can
represent it by its [ELDI §(¢), that is s(t) = R {5(t) e?*"f'}. The [ELPl can be
decomposed as 5(t) = s;(t) + 75¢(t), therefore we obtain

s(t) = sp(t) cos(2m fot) — so(t) sin(2nm fet) , (3.80)

where the in-phase and in-quadrature baseband components s;(¢) and s¢(?)
have a spectrum confined to |f| < W/2. We can then apply all the deriva-
tion presented in Appendix [B.A.3] to each of the two baseband components,
adopting the expansions

NOEDIEL M0 (3.81)
sQ(t) = > Mo (1) (3.82)

with 7y, and n,,, the series expansion coefficients of sy(t) and sq(t) for
t € 10,77

2THowever, the representation error obtained when adopting {¥,,(¢)} is higher than with
{®,(¢)} that lead to the best approximation in ¢ € [0, 7] [176].
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3.B Proof of Equation (3.11)

Recalling (3.I0) we have that r = H™s +n = y + n. Consider a dif-
ferent orthonormal bases for r(¢) according to which the series expansion
coefficients are written as ¥ = S(Ws+nh = y + n. In order to prove

-1
that H(™) (H(T)TH(T)) HO r corresponds to the expansion of the signal

r(t) 11 (t;—7> for t € [0,T5p], we can try to recover the same results from the

-1
expansion S (S(T)TS(T) S™TE. Tt is now convenient to choose S so

that T represents the samples of the received signal in [0, T,p], and s repre-
sents the samples of the transmitted signal in [0, 73]. In this case it is easy
to show that S(™ has the block structure

ST = [0r.n, In, Oar-n-1.n]" (3.83)
with T = fT/ZW}@ 045 the A x B null matrix and Iy the Nth order
identity matrix. Moreover, matrix S(™) contains N linearly independent vec-
tors (it forms an orthonormal basis), and Pg(-) = S(™ (S(T)TS(T))_1 s’ =
SMSMT It is immediate to show that

Or 7 Or N Or p—N—T
Py = On,7 Iy On M—N—T (3.84)
Orv—~N-17 Orm—N—7N OmM—N—TM-N-T

and Pgr = [07, [T + 1],x[T + 2, r[T + N],04_n_7|", from which results
the quadratic form r"Pgmr = [777 r2(t)dt, that is @II) where r(t) is a
generic SL’(t)

3.C Asymptotic Expression of Py, (2)

Adopting, as approximation, the lower bound derived in [I93] for the Marcum
Q-functio

2482

Q1(a, B) > e =2 Iy(ap) (3.85)

we obtain

1 s=. /SNR
Prin (2) ~ 56—%10 (T|p0(z)|) (3.86)

28We consider, for convenience, the lowpass signal case.

29Note that Pg(-) is positive definite.

30This bound, valid for 8 > « is very tight especially for high 3 (i.e., high SNRI), see
also [194].
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since a®(z) +b*(z) = SNR and a(z)b(z) = 2¥|pg(2)|. Considering that

In(x) ~ \/Z% for large x [106], p. 377] we obtain

1
P (2) e e {-Fa-lmen}). e

Adopting now the approximation for the Gaussian @Q-function[195]

1 22
Qz) ~ Noreei (3.88)

we obtain (B.31]).

3.D Derivation of P{Y; < Y3}

In this appendix we derive P{Y; < Y3}. Y] and Y are defined in [3.60] with, re-
spectively, non-central Chi-square [p.d.f] fxc(y, 1, ), and central Chi-square
p.d.f] fo(y, v), where u = 27 is the non-centrality parameter and v = 2¢ are
the degrees of freedom, that is

1 v [y *
fNC(ynuvy):ie 2 (;) I%—l(vy:u)v ?/207

o) = ey ts w20 (3.89)

with I,,(-) the kth order modified Bessel function of the first kind [106] p.
374] and I'(-) the Gamma function [106] p. 255].
Consider two new v Ry and Ry where Ry = /Y] and /Y. The[p.d.Tk

of Ry and Ry can be found using the rrs transformation rule as follows

le (T1> = 2T1fNC<T%7/~L7 V) )
fry(ro) = 279 fo(ra, V). (3.90)

From (3.90), the cumulative distribution function (c.d.fl) of Ry can be ob-

tained as

Fi, (1) / P gy (3.91)
ry) = 2t e 2dt. 3.91
flall2 0 211(q)

Adopting the transformation % = £ we obtain

Pl = [ €Vetas = (0 2) o



where (-, ) is the lower incomplete gamma function [106], p. 260].
Since y(n,z) = T'(n) (1 —emry f—:) we get

=S
FR2(’I"2) =1—e" 7 ’i' 5 . (393)
i=0

By using ([3.90) and (3.93), we can rewrite P{Y; < Y5} as
P{Yi < YQ} I]P{Rl < RQ} =1 —]P{RQ < Rl}

=1- /OOO Fr,(r1) fr, (r1) dry

:1_/
0

The following integral is given in [196]
00 bnl—\(ern) 2
m—1 42,2 [n b dr =
/o o e (=) I (bn) dr = g e i D) P \

n—m b
I . .
Xl 1( 2 ) ) 4@2)

(3.95)

where 1 Fi(+; ;) is the confluent hypergeometric function of the first kind®?
[106], ch. 13] that is

o0
A
1Fi(e1;c05) = E

k=0

where (d), = I'(d + k)/T'(d) is the Pochhammer symbol [106, p. 256]. By
substituting (3.95]) in (3.94)), we obtain

' o M
20T (q) 4= 0120 1F1( ha 4) ' (3:97)

31The expression is derived from [I97, p. 394]. An equivalent expression in given in
[106, p. 486].
32 Also referred as Kummer’s function [I06] p. 504].

(3.96)

B{Yi < Ya} =
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The function 1 F} (—cy;co;) for ¢ > 0 and ¢ > 0, as in this case, can be
rewritten as a finite summation [106] p. 509], that is

1!
1F1(eq5e95) = @ng—l)(x) (3.98)
C1

having indicated with LS (z) the associated Laguerre polynomial given b

n

L) 2 3 (-1

m=0

(n+ a)!
(n —m)l(a+m)m!

a™ (3.99)

This leads to the following expression

2
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We can now rearrange (B.100) obtaining the final formulation

_u g-1 (H)Z q—1 (k 1\

e 1 +q—1)!
P{Y; <Y} = 4 : 3.101
<o} == z; il ;2k(k—i)!(k+q—1)! (3101)

33 Also referred as generalized Laguerre polynomial [I06] p. 775].
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Introduction

High-accuracy network localization is essential for a variety of wireless ap-
plications including logistic, search and rescue, automotive, medical services,
security tracking and military systems, and results one of the key enabling
features of context-aware networks [52]. Network localization is usually real-
ized by an infrastructure including tagged nodes (agents or tags) attached to
or embedded in objects and of reference nodes (anchors) placed in known po-
sitions, which communicate with tags through wireless signals to determine
tags’ location [198), 199] 24].

Common methods to determine the position of tags are based on fea-
tures measurement from received waveforms, such as [TOA| time difference-
of-arrival (TDOAJ), [RSSIL and angle-of-arrival [AQAl). The choice of the
features affects significantly the localization accuracy [24].

Future real time locating systems (RTLS) are expected to provide reliable
and secure high-accuracy localization of objects while maintaining low power
consumption and costs. This is challenging especially in harsh propagation
environments such as indoor and urban canyon. In this perspective, [TWBI
technology offers the potential of achieving high ranging accuracy through
signal [TOA] measurements due to its ability to resolve multipath [47, 51].
Other advantages of[[WBlinclude, low power consumption at the transmitter
side, robustness to multipath, low detection probability, and large numbers
of devices that can coexist in the same area. These properties encouraged
the adoption of [UWB] radio for active tags (i.e., devices equipped with a
radio transmitter), in localization systems [134) 200 201]. Passive tags based
on backscattered signaling have been recently proposed for next generation
and low-cost localization systems [50] and will be analyzed in the last
part of this thesis.

The presence of obstacles in real propagation environments generates
channel conditions that may severely degrade ranging accuracy due to
direct path blockage, direct path excess delay, lowering of the [SNRI [202, 28].
conditions can also disable ranging, leading to a limitation of the area
covered by the localization system. Several mitigation approaches
have been presented in the literature to improve the localization accuracy
in conditions [203], 204, 205]. All these methods and similar assume
that, even in[NLOS| a signal exchange between nodes is possible with certain
amount of degradation. Unfortunately in many scenarios the signal might be
completely obstructed by obstacles thus making the above-mentioned tech-
niques not effective.

In the presence of severe conditions, a typical solution consists
in increasing the number of anchors at the expense of higher infrastructure
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and deployment costsF4 Despite the possibility of increasing the number of
anchors, several different approaches can be adopted for improved network
localization in these situations. First of all, the possibility of cooperation
among tags can be considered [137, [52], 28] 206].

Chapter [ presents the results of several experimentation campaign ori-
ented to investigate the advantages of cooperation between nodes, of the
prior knowledge of the environment and of the identification of the channel
state (i.e., [LOS/INLOS) in the positioning process.

Unfortunately cooperation can be exploited only by active tags equipped
with sufficient computational capability, often in contrast with low cost re-
quirements. In addition, it has to be remarked that area coverage for lo-
calization systems is more demanding than area coverage in communication
systems because at least three anchors must be visible simultaneously by a
tag in each position to make tag localization in two-dimension feasible with-
out ambiguity. On the other hand, many applications pose several constraints
on infrastructure cost, thus a reduction of the number of anchors is desirable
regardless the presence of conditions. To address this issue and enable
localization with satisfactory performance also in non-cooperative networks,
Chapter [l introduces the idea of relaying techniques for localization, provid-
ing practical solutions and performance analysis.

34Note also that anchors have to be tightly time synchronized if time-based positioning
approaches are adopted.
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Chapter 4

Experimentation for
Cooperative Localization

4.1 Motivations

Cooperation among peer nodes at the physical layer can significantly expand
the capabilities of wireless networks [207, 208, 209, 210]. In context-aware
networks cooperation between nodes can be successfully exploited to improve
the performance and to reduce the outages due to an insufficient number of
anchors in visibility of a certain node [137, 211]. The performance of such
networks depends on the conditions of each link, and thus the experimental
characterization of channels associated with all links is essential for the design
of cooperative wireless networks.

For what concerns the characterization of cooperative location-aware net-
works, the following two kinds of measurements are necessary for all links{]

e range measurements for estimating the link distance between each pair
of nodes; and

e waveform measurements for estimating the range and channel state
associated with each link,

both of which are used as inputs to the localization algorithms. Network ex-
perimentation based on waveform measurements enables the characterization
of cooperative wireless networks for various applications. While there have
been numerous works on measurements and models of wireless environments

In principle range information can be extracted from received waveforms. However,
this could require network synchronization. In our experimental setting, this is alleviated
by radios that enable the collection of range and waveform measurements simultaneously.
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[212, 213, 214, 215, 216, 217, 218, 56, 55, 114 219, 105, 57], they have mainly
focused on point-to-point channels.

Providing location-awareness in cluttered environments is challenging pri-
marily due to multipath, LOS blockage, and excess propagation delays through
materials technology [47,, 48] 220] can provide accurate localization
[136], 134}, 24] in such environments [200), [138] 221] 222] 134] due to its ability
to resolve multipath and penetrate obstacles [54] [53] 218] 56| 55, 114]. [TWDBI
signals provide fine delay resolution, enabling precise [TOA| measurements
for range estimation between two nodes [135, 223| 224 5T]. However, the
accuracy and reliability of range-based localization techniques typically de-
grade in cluttered environments, where multipath, blockage, and excess
propagation delays through materials lead to positively-biased range mea-
surements [51] 225].

We consider in this chapter the problem of network localization in realis-
tic indoor environments, involving anchors (also referred to as beacons) and
agents (also referred to as tags or targets). In a noncooperative setting, each
agent estimates the distances from neighboring anchors, which are then used
as inputs to a localization algorithm for determining its own position. In
a cooperative setting, each agent estimates the distances from neighboring
agents in addition to that from neighboring anchors. The localization process
consists of a measurement phase where agents perform measurements with
anchors and others agents (in a cooperative setting), and a location update
phase where agents infer their position based on prior knowledge and new
measurements. The performance of localization algorithms depends mainly
on two factors: (i) the geometric configuration of the network described by
the positions of anchors and agents, and (ii) the quality of measurements
affected by the propagation conditions of the environment [134] [51) [137].
Localization performance can be improved significantly by selecting appro-
priate anchors [I38], 137, 226] and mitigating the effects of unreliable range
measurements [227], 204].

In this chapter, results of several measurement campaigns are presented,
providing a methodology particularly suited for cooperative wireless net-
works. This enables the performance evaluation of various network local-
ization algorithms under a common setting. The key contributions of the
chapter can be summarized as follows:

e Development of experimentation methodology for the characterization
of cooperative wireless networks in realistic environments;

2In these environments (e.g., inside buildings, in urban canyons, under tree canopies,
and in caves), the global positioning system (GPS) is often inaccessible.
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Figure 4.1: The experimentation environments.

e Establishment of database with range and waveform measurements for
cooperative wireless channels; and

e Presentation of experimental results related to localization in [LOS| and
INLOS| conditions.

The remainder of the chapter is organized as follows. The experimen-
tation methodology for cooperative location-aware networks is presented in
Sec. In Sec. 3] a range error model is introduced. Section [4.4] describes
techniques for range error mitigation and position refinement. Finally, a con-
clusion is given in Sec. [4.5

4.2 Network Experimentation Methodology

We now describe the network experiments for design and analysis of coop-
erative location-aware networks under a common set of measurements. The
performance of such networks is dominated by the behavior of range errors.
Range estimates based on [TOA] measurements are typically corrupted by
thermal noise, multipath fading, direct path (DP]) blockage, and [DP] excess
delay [51]. A range measurement is referred to as a[DPl measurement if it is
obtained from a signal traveling along a straight line between the two nodes.
A measurement is non{DPlif the [DPsignal is completely obstructed (i.e., DP]
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Figure 4.2: Connectivity matrix for the environment B.

blockage) and the first signal to arrive at the receiver comes from reflected
paths only. Another source of error is the [DP] excess delay caused by the
propagation of a partially obstructed [DPl components that travels through
different obstacles (e.g., walls in buildings)ﬁ

An important observation to be made is that [DP| blockage and [DP] excess
delay have the same effects on range measurements: they both add a positive
bias to the true distance between the nodes. These measurements are referred
to as measurements. A measurement occurs when the signal
travels along an unobstructed [DPL

The geometry of the network, the measurements of all links, and measure-
ments through obstacles, all of which affect the performance of cooperative
wireless networks, are described in the following.

4.2.1 Network Geometry

We consider wireless networks in realistic indoor environments with a geo-
metric configuration consisting of N}, anchors deployed in known positions to
determine the unknown positions of N, agents. In particular, we chose a set

3Given a homogeneous material with relative electrical permittivity €., the speed of
the electromagnetic wave traveling inside materials is slowed down by a factor /e, with
respect to the speed of light c. Hence the extra delay introduced by a wall of thickness dw
is A ~ (\/a - 1) dw /¢ (considering wideband signals, since ¢, is frequency-dependent, a
signal distorsion is also present).

98



17
)

§ - l ]
E v {
pet ‘
- s T 5 .

A

e : ;
(a) A view of measurement setup. (b) Through a wall measurement.

Figure 4.3: A typical apartment in Bologna, Italy, serving as the network experimentation
environment.

of positions for anchors and agents, and performed simultaneous range and
waveform measurements for all possible links between pairs of nodesl Two
measurement campaigns have been carried out: (i) in a typical apartment
with furniture and concrete walls with thickness of 15 and 30 cm (envi-
ronment A); and (ii) in a typical office indoor environment with furniture
and drywall with thickness of 10 cm (environment B). In the environment A,
N, = 25 possible node positions of which Ny, = 5 are anchors (labeled B1-B5)
and N, = 20 are agents (numbered 1-20) are considered. In the environment
B, N, = 20 possible nodes positions (numbered 1-20) are considered, despite
the adoption as anchors or agents.

As example, considering environment A, range and waveform measure-
ments for each pair of anchor and agent were made for a noncooperative
setting (i.e., 5 x 20 possible links). In addition, measurements between each
pair of agents were also made for a cooperative setting (i.e., additional (220)
possible links). A total of 1500 measurements were collected for each pair of
nodes in both environments, whose maps are reported in Fig. [4.1]

Note that situations can significantly reduce the at receiver
side so that, in some situations, a link between two nodes cannotexist, due
to the impossibility of detecting the presence of the signal by the receiving
radio. In this case the number of connections is obviously less than in a fully
connected network. Figure shows this fact presenting, as example, the
connectivity matrix related to measurements performed in environment B.

4In general, the selection of nodes positions can be based on a grid or by choosing key
positions in the environment (e.g., particular places in a room or in a corridor).
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Figure 4.4: Example of measured waveforms.

4.2.2 Links Characterization

The characterization of cooperative wireless networks requires measurements
for all links between pairs of nodes (agent and anchor or two cooperating
agents). Such measurements were performed using radios operating
in the 3.2 — 7.4 GHz band. These commercial radios can provide (i) range
measurements through [TOA] estimation based on thresholding technique
and (ii) samples of received signal waveforms. Waveform measurements are
the to the transmitted signals. When adopting [RHUWHB] signals these
are closely related to the [CIRk. Measurement setup examples for
and conditions are shown in Fig. L3(a) and Fig. @3[(b), considering
the environment A.

A pair of nodes can be in [LOS or condition depending on their
relative positions within the environment. Figure[4£.4shows typical waveform
measurements collected, representing channel pulse responses in and
conditions, respectively, in the experimentation environment A. It
can be seen from the figures that and conditions give rise to
different behaviors of waveform measurements. The presence of multipath,

A survey on ranging techniques and performance limits is given in [51].
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Figure 4.5: Obstacles characterization setup [228].

typical of indoor environments, is also noticeable in both waveforms. The
knowledge of the condition can be exploited to mitigate ranging errors
to significantly improve the performance of the localization algorithms.

Let d; ; denotes the Euclidean distance between two nodes (i.e., an agent
and a reference node, which can be either an anchor or a cooperative agent) in
positions p; and p;, respectively. Note that [TWDBlradios provide ranging ac-
curacy on the order of a few centimeters, and thus the true distance between
each pair of nodes must be measured with an accuracy better than a cen-
timeter. On the other hand, measuring the true distance between two nodes
with obstacles (e.g., walls) in between can be difficult even using laser-based
ranging devices. This difficulty is alleviated by using a 3D computer-aided
design software.

4.2.3 Obstacles Characterization

To characterize the bias of ranging errors due to obstacles, additional range
measurements were collected in the environment. The transmitting and re-
ceiving nodes were placed in several positions, such that one or two walls
with different thicknesses were present between the two nodes, according to
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Layout, dy [cm] | mean bias [cm] | std dev [cm]
1T wall, 15.5 16.4 37
1 wall, 30 29.5 3.2
2 walls, 15.5430 45.2 3

Table 4.1: Mean and standard deviation of ranging bias for different wall thicknesses.

Fig. 3 Range measurements were collected using [UWBI radios located in
five sets of short distances (i.e., 20, 40, 60, 80, and 100 cm from both sides
of the walls) to isolate the effects of excess delay from those of multipath. A
view of the measurement setup is given in Fig. [4.3|(b). By using the collected
range measurements ensemble (5 x 1500 measurements in total), the mean
(bias) and standard deviation of range errors were calculated respectively as:
16.4 ¢cm and 3.7 cm for one wall with thickness dw = 15.5 cm; 29.5 cm and
3.2 ¢m for one wall with dw = 30.0 cm; and 45.2 cm and 3.0 cm for two walls
with total dw = 15.5 + 30.0 cm (see also Tab. A.1]).

As can be noted, the bias appears to increase with the thickness of the
wall. The low value of the standard deviation indicates that the range errors
are dominated by the effects of excess delay rather than those of multipath
and thermal noise. From the collected ensemble of measurements we observe
that A ~ dw/c, thus €, ~ 45

In the following sections, the measurements from our network experiments
will be used to model ranging errors as well as to analyze signal processing
techniques able to improve the localization performance.

4.3 Range Error Model

Understanding the behavior of range errors is essential for the development
of cooperative localization techniques. In the following, range model based
on measurements in Sec. and range error bias model based on measure-
ments in Sec. [1.2.3] will be developed.

We start by categorizing these link measurements in Section [4.2.2]in terms
of the channel state (e.g., the state H; indicates i walls between a pair of
nodes with ¢ = 0,1, ...,4). Figure[£.6] shows the range error bias (i.e., average
range error over 1500 measurements) for each link as a function of the true
distance, in (Ho) and (H1, Ha, Hs, and H,) conditions. Note
that the bias depends strongly on the total thickness of the walls. Range

5The value of ¢, which depends on the material of the wall, is confirmed by a similar
result obtained in [229]. See also [230] for a more accurate wall behavior characterization.
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Figure 4.6: Range error bias as a function of distance for nodes pairs in LOS or NLOS
conditions.

measurements described in Sec. 4.2.2] also show that the range r; ; between
the pair of nodes ¢ and j, in both [LOS and [NLOS| conditions, can be modeled
as

Tij = d;j+ b+ € ; (4.1)

where d; ; is the true distance and b; ; is the range error bias. The quantity
€;,; is modeled as a zero mean Iy, 1ndependent of b; j, with variance 02 [228].
Our link measurements show that b; ; and o? ; depend on the obstacles (e.g.,
the number of walls) between nodes ¢ and j. Equatlon (A1) was also used in
[225] [138], where b; ; and criz, ; were modeled as a function of true distance.

We expect the bias b; ; to vary more in a cluttered environment (with
many walls, machines, and furniture such as a typical office building) than
in an open environment.

When the environmental information (e.g., the number of walls and the
excess delay) is available, b; ; in (£1]) can be modeled as a function of excess
delay, namely

b@j =C n,(j’j)Ak (42)

where c¢ is the speed of light, the summation is over the Ny (7, j) different

(@,4) ;

extra delay values, and nk is the number of walls that result in the same
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Condition mean bias [cm] | std dev [em] | frequency
7, (LOS) 17 6.9 0.27
#, (1 wall) 32.4 13.9 0.35
Hy (2 walls) 64.6 23.3 0.28
Hs (3 walls) N.A. N.A. 0.05
Hy (4 walls) N.A. N.A. 0.03

Table 4.2: Mean bias, standard deviation and frequency in different wall conditions.

extra delay value Ay (e.g., the number of walls with the same material and
thickness). We refer to this model as wall extra delay (WEDI) bias model.
The total number of walls between the two nodes is

n(9) = n,(f’j) : (4.3)

When every wall in the scenario has the same thickness and composition (i.e.,
Ag = A for each k), ([A2]) simplifies to

bi,j = cn(i’j)A . (44)

Mean bias, standard deviation and frequency for different number of wall
conditions are reported in Tab. [£.2]

We will show in Sec. 4lthat the[WEDIbias model can be used to mitigate
range errors, resulting in significant improvement of localization performance.

4.4 Harnessing Environmental Information

The knowledge of the environment can be harnessed to mitigate range errors,
and thus to improve localization accuracy. Such knowledge can be obtained
from environmental information or by processing the received waveforms us-
ing channel state identification techniques. These two cases will be referred
to as bias model with environmental information (the number of walls
is known) and bias model with channel state identification (the num-
ber of walls is estimated), respectively. Supposing that no estimation is
performed on the receiving signal, but there is availability of the environ-
mental information (i.e., the building map) we have the following algorithm
for improved localization performance:

1. Initial position estimate: obtain an initial position estimate p") based
on the range measurements;
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2. Range error mitigation: mitigate bias of the range error from measure-
ments according to the bias model and the initial position estimate
p;

3. Position refinement: update the position estimate p® with the cor-
rected range values.

Specifically the step (2) consists in subtract, from the ranging estimates, the
bias provided by the number of walls which the signal is supposed to has
crossed given the position estimate f)(l)E]

Differently, if prior knowledge of the environment map is not available,
but it is possible to estimate the number of walls from the receiving signal
we have the algorithm:

1. Range error correction: mitigate bias of the range error from measure-
ments according to the bias model and the estimated channel condi-
tions;

2. Position refinement: obtain the position estimate p with the corrected
range values.

It is clear how, in this case, the first position estimation is avoided. How-
ever, although the reduced complexity in the positioning algorithm, there is
an increase in the signal processing part due to the waveform elaboration
necessary for extracting environmental conditions information (i.e., estima-
tion of the number of walls). Note that, in this case, range measurements
are processed according to the estimation results performed on the received
waveforms. In the following section an example of this estimation process,
with numerical results obtained exploiting the described measurements cam-
paigns, is provided.

4.4.1 Previous Works

Several techniques have been proposed recently in order to identify channel
conditions in terms of obstruction [203] 231], 232} 233 234, 235] 236}, 237, 238
2309, 240], 247] 242| 204, 243]. Obstruction detection is generally performed
by extracting a certain feature from the received waveform that varies with
different channel conditions. For example in [238] the identification is based
on the first peak amplitude of the received signal and delay between the first

"Obviously, in case of a high estimation error in the initial position estimate p(*) the
number of walls can be erroneously detected with consequent error propagation.
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and the strongest path. In [232 233], root mean square (rms) delay-spread,
mean excess delay and kurtosis parameters are used for that purpose. The
detection can also be realized without observing the received waveform di-
rectly, which is the case of the non-parametric approach proposed in [231].
This work assumes that multiple and independent [TOAl measurements be-
tween agents and anchors are available and that the change in location of
the agents during such measurements is negligible. In these conditions, the
[p.d.f] of distance estimates between agent and anchor is obtained from the
measurements and is compared with the [p.d.f] corresponding to prop-
agation. If the distance between the [p.d.f} is less than a given threshold,
the channel is declared as [LOS|, otherwise it is stated as Others re-
cent non-parametric solutions based on machine learning can be found in
[242], 204], 243]. Here some existing and new channel [LOS/[NLOS identifica-
tion algorithms are presented and compared under common conditions.

We consider here the problem of detecting the and propaga-
tion conditions. However, it has been shown in [28] how it is possible, with a
similar procedure, to discriminate between the presence of one or more walls.

4.4.2 Channel State Identification Algorithms
Classic Identification Approach

Most of the [LOS/INLOS identification techniques proposed in the litera-
ture can be summarized according to the following classic binary detection
scheme, where the detection is performed by extracting a certain number N
of features v = {71,72,...,7n} from the received signal and applying the
classical decision theory with a [LRTE

p(v|LOS) #o p(NLOS)
p(v|NLOS) 7, p(LOS)

(4.5)

where p(7y| LOS) and p(~| NLOS) are, respectively, the joint [p.d.f}s of the set
of features {v1,79,...,vn} under and conditions, p(LOS) and
p(NLOS) are the prior probabilities of the and events, respec-
tively, Ho denotes the hypothesis of a[LOSl condition and #H; the presence of
a certain obstruction.

Different techniques are then often distinguished by different choice of the
set v of signal features. When more than one parameter are extracted from
the signal, for example v, and 72, obtaining the joint [p.d.f] can be difficult.
A sub-optimal approach is to consider v; and 7, as independent random
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variables. Then, the decision rule becomes

p(11,72|LOS) _ p(n[LOS)  p(1|LOS) *o p(NLOS) (4.6)
p(71,72| NLOS) — p(n|NLOS) p(72| NLOS) 7, 2 p(LOS) '

In many practical cases, nodes that are estimating their relative distance
perform several consecutive measurements; hence, a large set of waveforms
is usually available. In this case, we can decide for one or the other hypoth-
esis observing the complete set of collected waveforms (assuming a quasi-
stationary scenario), considering in (£I) or (£6]) the average value of the
parameter(s).

Distribution-Based Identification Approach

In this chapter we propose a different method for exploiting the complete set
of waveforms instead of taking decision on the single waveform. The idea
is to provide an estimation of the probability distribution of the parameter
of interest, and to compare it with the reference ones corresponding to
and propagation. The decision is taken in favor of the hypothesis for
which the estimated distribution is at minimum “distance” to the reference
one. The distance between distributions has to be defined according to a
certain metric. Examples of such metrics are the Euclidean distance and the
relative entropy or Kullback-Leibler distance. The decision criterion is then
given by

D(B,|[p5"™) %o p(NLOS)

D@, |IpS™) # p(LOS)

(4.7)

where p., denotes the estimated joint distribution while P9 and p" are

the reference distributions of the two hypotheses. For N = 1 and equal prior
probabilities for the two channel states, we have

S

7-[
(p“/Hp'y (nlos) ) H (p'y”p(los ) . (4-8)

1

The experimental results related to this identification method presented
in Sec. [1.4.3 are obtained by using as metric of comparison the Euclidean

distance given by
D(pllg) = \/ | b e (49)
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Features choice

A fundamental step in designing (£5) or (A7) is the choice of the features
v, extracted by observing the received signal r(t) in a certain observation
interval T', which are usually more affected by channel conditions.

The first parameter taken into account is the delay spread that cap-
tures the temporal dispersion of the energy in a signal. It is defined as

(t — T 2t
Trms = Jo(t — Tl () (4.10)
fo |r(t)]2dt

where 7, is the mean excess delay given by

Jo tr()Pdt t\r t)[>dt
Tm — fo |2dt .

In case of propagation, the strongest path is typically the first one,
while in [ Sl conditions it is common to have the strongest path preceded
by some other smaller echoes resulting in a larger value of the delay-spread.
When distributions in (5] are unimodal and p(LOS)=p(NLOS)/} I then (5
is equivalent comparing v to a suitable threshold A\ corresponding to the
intersection between p(v| LOS) and p(vy| NLOS). In the delay-spread case
the decision rule takes the form

LO if rms < )\T
Decide : 5, 1 E : (4.12)
NLOS |, if Tpps > A

(4.11)

Another parameter taken into account is the kurtosis, defined by

41T/ (Ir ()] = pey)* dt (4.13)

Tr

where i, = % [.|r(t)|dt and a|r| = = [ (Jr(®)| = pyr)*dt. [LOS waveforms
usually produce a higher value for the kurtosis. For this reason the decision
is taken as

NL if
Decide : { 05, ifr <A (4.14)

LOS, ifw >\

where Ay is the threshold value for the detection performed with this scheme.
Parameters 7., and x are strongly related to the shape of the waveform. A

!This assumption is usually considered when no a priori information is available.
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Figure 4.7: Example of relative frequency for delay spread in LOS and NLOS conditions
derived from experimental data.

different feature exploitable for the identification is the energy of the received
signal given by

£ - /T I (1) [2dt (4.15)

In this case we decide for the NLOS hypothesis if this energy is below a certain
threshold due to walls, objects attenuation and reflections, and decide [LOS
otherwise.

4.4.3 Experimental Results

The identification methods have been tested with real waveforms obtained
from measurements collected in environment B. The totality of collected
waveforms has been split in two disjoined sets: a training set and a valida-
tion set. The former is used for the computation of the reference probability
distributions under and hypotheses and the choice of the thresh-
olds A\, A, ..., the latter is used for testing the identification algorithms.
In Fig. A7 an example of relative frequency distributions for 7, in
and conditions is shown; from that probability distributions are ap-
proximated. Each of the two sets contains 500 waveforms collected for each
pair of nodes. In this manner we have four disjointed sets; the training set
and the validation set for nodes in conditions and the same for nodes
in conditions. In the case of classic identification approaches param-
eters Trms, & and &, are first computed from the waveform under test; then
a decision based on (45 or (A0 is taken. The percentage of agreements is
considered as an indicator of the quality of the identification method. Even
though the parameters 7,5 and x have been already proposed in other chap-
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Decision | Tims k | Joint ek | &,
Ho|Ho 0.77 | 0.74 0.88 0.96
Hi|Hy 0.79 | 0.77 0.79 0.87

Error Rate | 0.22 | 0.25 0.17 0.09

Table 4.3: Classical identification approach.

Decision Trms K Joint Tpme-kK
Ho|Ho 0.81 | 0.96 0.93
Hi|Hy 0.76 | 0.71 0.82

Error Rate | 0.22 | 0.17 0.13

Table 4.4: Distribution-based identification approach.

ters by considering waveforms drawn from the IEEE 802.15.4a channel model
characterized by long channel responses (often > 100 ns) [232] 233], here the
same approach is tested on real data often characterized by shorter channel
responses (about 20 ns).

In the case of distribution-based identification approach, the observation
is taken, instead of on the single waveform, on a certain number of waveforms
belonging to the validation set related to the same pair of nodes. Specifically
the decision is taken according to (4.8]), having previously built the reference
distributions through the training set of waveforms, and again the percentage
of agreements is taken as an indicator of the quality.

For the identification based on delay-spread and kurtosis, waveforms have
been filtered with a band-pass filter compliant with spectral emission of the
devices used during measurements; subsequently they have been normalized
to have unitary energy. In this manner only the shape of the signal plays
a role in the identification. For the identification based on received energy,
waveforms have been clearly only filtered without any other type of process-
ing.

Table [4.3] shows the rate of correct and incorrect channel condition iden-
tification using classical detecting schemes. As can be noted, 7,s and k fea-
tures give similar results. The third column considers the joint distribution
(446 which leads to an improvement in the detection performance. Results
related to the energy parameter (AI5]) are reported in column 4 of Table 1.3
Surprising, the performance obtained is remarkable. Probably this result is
strictly related to the particular environment under investigation where there
is a tight correlation between low [SNR] and conditions.

Table .4l refers to the proposed distribution-based approach and shows
again the rate of correct and incorrect channel condition identification. For
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each couple of nodes the distribution is computed using 100 waveforms of
the validation set. We can observe how this approach gives in general better
results especially when using the kurtosis as parameter. Even in this case
using the joint distribution instead of considering a single parameter improves
the detection performance.

4.5 Conclusion

The notion of network experimentation and an experimentation methodol-
ogy particularly suited for cooperative wireless networks have been intro-
duced. Based on this methodology extensive measurement campaigns, in-
cluding ranges and waveforms measurements, have been performed. The
collected measurements enable the modeling of range errors for both
and conditions and the development of channel state identification
and range error mitigation techniques. The detection of the [LOS/INLOSI
conditions was performed with a classical binary hypothesis test using
delay spread and kurtosis of the received waveforms as features for the iden-
tification. The two classifiers based on these parameters provide about the
same results in terms of correct identifications. The performance can be
improved using the two parameters jointly for the test.

Further performance analysis and comparison between localization algo-
rithms harnessing channel state information can be found in [28].
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Chapter 5

Relaying Techniques for
Network Localization

5.1 Motivations

When cooperation among nodes is not feasible due to the low-complexity
requirements (or the impossibility of a direct communication between pair
nodes), relaying techniques can be adopted to deal with [NLOS| channel con-
ditions.

Communication coverage can be increased by using regenerative relays
called detect & forward (DE]) [210, 244] 245 209, 246] 247]. Localization
coverage extension has been addressed in [248, 249 250] for locating and
tracking passive point scatterers or regenerative relays using [UWD] signals.
An [UWB]localization system with a single anchor is proposed in [251] where
the knowledge of the room geometry is exploited to map the signal reflections
onto a set of virtual anchors. This approach requires accurate electromag-
netic knowledge of the environment, which is often not available. The adop-
tion of regenerative relays was proposed in [252] with the purpose to reduce
the overhead and scaling inefficiencies of conventional two-way ranging ap-
proaches. A similar approach based on secondary anchors performing ranging
is described in [253], while in [254] regenerative relays are employed in ad
hoc networks composed of master and secondary active nodes for localization
without need for prior synchronization between the nodes.

A fundamental issue to be addressed to make relaying approaches for
localization appealing is the complexity that must be considerably lower
than that of the anchor nodes. The above approaches for regenerative re-
lays require the same complexity of anchors because [TOAl estimation and
data communication capabilities are needed for the scheme to work properly.
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Moreover, the design of regenerative relays depends on the specific signal
format adopted by the localization system. This prevents the possibility to
use the same infrastructure to extend the coverage of systems adopting si-
multaneously active tags, passive tags (based on backscatter modulation), or
[UWBIWSREk for tracking moving untagged nodes.

The above-mentioned limitations can be overcome by using [UWDB| non-
regenerative relays where neither modulator nor demodulator sections are
present in the relay and the signal is repeated as is. Non-regenerative re-
lays can be active, also called amplify & forward {AF), or completely pas-
sive, namely just forward (IF) (also referred to as cold repeaters). Non-
regenerative relaying is well known in communication networks; for example
[JF relays are adopted as gap fillers in broadcast systems and Wi-Fi, to cover
shadowed areas, especially in indoor environments. Passive relay solutions in
[255] 256, 257, 258] are adopted to increase the coverage of systems in
harsh propagation environments such as inside a metal container, pallet or a
product container. [JF relays are usually composed of a couple of intercon-
nected directive antennas and take advantage of antenna directivity gain to
mitigate the additional path-loss caused by obstacles [258]. Non-regenerative
relay based systems present in the literature are oriented to improve commu-
nication and are not oriented to localization.

This chapter provides the basis for the design and analysis of localization
systems with non-regenerative relaying. Both [AF] and [TE are considered
for coverage extension and performance improvement in harsh propagation
environments (e.g., indoor environment with propagation conditions).
[MTI] position estimators accounting also for relayed signals are designed in
order to assess the feasibility of the approach. The benefits of the proposed
solution are quantified, enabling a direct comparison between performance
of non-relaying versus [JF| and [AT] relaying. The key contributions of the
chapter can be summarized as follows:

e Introduction of the concept of non-regenerative relaying for localization
systems;

e Analysis and design of localization systems with relays accounting for
nodes deployment, propagation environment, and channel state infor-

mation (CSI));

¢ Quantification of benefits given by relaying techniques on localization
performance.

This chapter is organized as follows. Section [5.2] presents non-regenerative
relaying, Sec. (.3l analyzes network localization with non-regenerative relays.
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Section [5.4] quantifies the impact of the proposed relaying technique for a
case study, and a conclusion is given in Sec. [5.5]

5.2 System Model

We consider (see Fig. [5.1]) a localization system with an infrastructure com-

posed of N, anchors located in known positions pﬁlA), forn=1,2,...,N,, a
set of N, non-regenerative unidirectional relays deployed in known positions
pER), for v = 1,2,...,N;, and a generic tag in unknown position p to be
determined. Anchors are supposed to be part of a network controlled by the

central processing unit and to have a common time scale (i.e., synchronized).

5.2.1 Non-Regenerative Relays

The purpose of relays is to repeat the signal exchange between tags and
anchors. Non-regenerative relays can be passive (JE) or active (AF]). With
reference to Fig.[5.2al, the[JEF relay is composed of a weak directional antenna
(antenna A), an electrical cable and a high gain directional antenna (antenna
B). The phenomenon exploited by the relay is the partial compensation of
the additional path-loss caused by the two-hop link thanks to the directional
properties of the antennas. Relays can be implemented in several ways.
Unidirectional relays are sufficient when operating in a localization system
with active tags adopting a one-way ranging protocol (e.g., [TDOAI) [24].
More complex bi-directional relays are necessary in case of two-way ranging
protocols in order to ensure two-directional transmission capabilities. In this
chapter we focus the attention on unidirectional relays due to their intrinsic
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Figure 5.2: Non-regenerative relays.

lower complexity. In Fig. 5.20 an example of one-way [AT] relay is depicted.
The difference with respect to the [JF relay is the insertion of an amplifier in
between antenna A and antenna B to reinforce the signal. Mutual coupling
between antennas must be controlled through proper isolation and device
deployment in order to avoid unstable loops caused by positive feedback that
could arise. This effect might cause a limitation on the maximum tolerable
signal amplification level. A more complex architecture that adopts echo
cancelers can be also adopted in order to increase the robustness against
feedback. Other similar solutions can be considered to this purpose (e.g.,
[259]), even though they still require an external synchronization signal.

A characteristic of non-regenerative relays is the additional thermal noise
generation. More specifically, if T, = 290 K is the antenna temperature, and
G the gain of the relay (G < 1 in [JF relays), the equivalent single-side noise
results Ng = k; Fr, where k;, is the Boltzmann’s constant and Fg is the
relay noise figure (Fg = 1/G in [JE relays).

As general guideline, the relays are deployed in such a way that antenna
B is in condition with respect to one preferred anchor, and antenna A
is with respect to all the possible tag positions of interest intended to
be covered by the repeater (e.g., a shadowed area).

5.2.2 Signal Model

Tags emit a signal s(¢) which may be received by one or more anchors through
a direct path (when [LOS), through reflections from walls and obstacles, as
well as through non-regenerative relays. Tags can coexist in the same environ-
ment by a suitable channelization method or a medium access control (MAC])
procedure. Consider the transmitted impulse-radio [TWBI ranging packet
s(t). Tt is, in general, composed of a sequence of Ny [UWB] pulses modulated
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according to a[THl sequence {c;}, with ¢ € {0,1,... H—1}, and/or a direct
spreading sequence {d} € {—1,1} to make the transmitted signal unique
for each specific tag [47]. The transmitted ranging packet can be written ad]

Ns—1

s(t) =Y dip(t — KT; — o, Th — to) (5.1)

k=0

where T} identifies the pulse repetition period (PRP)), typically chosen larger
than the channel excess delay, Tj, is the [THl time slot, usually chosen so
that H T, < Tt, and ty represents the time offset of the tag’s internal clock
with respect to that of the anchors. The transmission time instant ¢y is not
known to the anchors since, in general, tags and anchors are asynchronous.
However, in some system configurations tags can be partially synchronized
through a dedicated conventional control channel (e.g., at 2.4 GHz or ultra-
high frequency (UHE])) [264]. In such a case the initial uncertainty on ¢, can
be significantly reduced.
We define for notational convenience the quantities:

(A) B
a(p) = { VPP y, Jori=1, (5.2)
™ w(P,Pl(,R%)\/qu w(pl(ﬂ,pgn)) foril=2,...,L,
r(pote) — 4 TP b for I =1,
M (0, p)) + 6 + 7 (p") pW) by fori=2,...,L
(5.3)

where L = N, + 1 is the number of signal replicas potentially present at the
anchor, 7(p1,p2) = ||p1 — P2l|/c is the travel time taken by the signal to
reach position ps from p; being ¢ the speed of light (time-of-flight), G; is the
gain of the ith relay, and §® is the delay introduced by the relay mainly
caused by the presence of the electrical cable and/or the amplifier. When
a path between generic positions p; and ps exists, the coefficient w(ps, p2)
accounts for the transmitted power, antenna gains and path-loss. Especially
this coefficients can be expressed as:

1

L<p17 pz) (54)

w(P1>P2) =

where
L<p17 P2) = Lo ||p1 - P2||ﬁ‘I’(P17 pz) (5-5)

!Through a proper design of the spreading sequence {dy}, {cx} it is possible to reduce
the multi-user interference in a multi-tag scenario. The analysis of multi-user interference is
beyond the scope of this chapter and well investigated in the literature [260] 26T} 262 [263].
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is the intrinsic channel path-loss, with path-loss exponent 3, and L is the
channel path-loss at 1 meter. The term V(py, p2) is a comprehensive coef-
ficient which accounts for antennas’ radiation patterns. In the absence of
a path (severe propagation condition) it is w(py, p2) = 0. Note that
the information about radio visibility can be derived from the environment
knowledge [28].

The received signal at the mth anchor takes the form

Tm(t) = Sm(t) + Ny (t) (5.6)

where the term n,,(t) = Ei\f‘o n;m(t) accounts for all noise components. In
particular, n;,,(t), for i = 1,..., N, is the thermal noise, with Nim,
due to the ith relay as seen by the mth anchor, and ng,(t) is the thermal
noise due to the anchor with Nom = No. The useful term s,,(t) can be
expressed as

sm() = Y am(P) Gi1m(t = Tim(P, o)) (5.7)

where ¢; m(t), for i = 1,2,...N,, are the [CBk to s(t) related to the link
{tag — ith relay — mth anchor}, whereas go,(t) is the channel response to
s(t) related to the link {tag — mth anchor}. They account for multipath
propagation effects as well as for signal distortion that might be caused by
antennas and circuits frequency selectivity. In this formulation multiple hop
paths between relays are neglected, since they are expected to be strongly
mitigated by directive antenna radiation patterns. The terms for [ > 1 in the
summation in (5.7)) account for all signals repeated by the relays, whereas the
term for [ = 1 accounts for the direct path between the tag and the anchor
(even through environmental multipath). In the following we will refer to
the complete set of L signals at anchor m with the name replicas.

For the sake of illustration, in Fig. 53] an example of signal structure
received by anchors A and B in the scenario of Fig.[5.1lis depicted supposing
the presence of IV, = 3 relays and N, = 2 anchors located in known positions

and [AWGN] channels. Consider the tag is in NLOS condition with respect to
anchor 1, e.g., w <p, pgA)) = (. In addition we suppose in the example that

w (PgA)aP:(),R)) = w <P§R)7P§A)) =w <P5R)7P§A)> = 0. 6®) = 0 is assumed
for simplicity. As can be seen, the impulse emitted by the tag at time ¢t = tg is

received by relay 1 after 7 <p, pgR)> seconds and then repeated. The repeated

2 Antenna frequency selectivity is included in the [CRE g; ,,(¢) defined later.
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Figure 5.3: Example of signal structure in a scenario adopting active tags. 6 = 0. 7 (1)
and 7o(t) are the signals received by anchors 1 and 2, respectively.

signal arrives at anchor 1 after 7 (p, pgR)> +7 (pgR), pgA)) seconds. It has

to be remarked that the delay 7 (pgR), pgA)> is known since the positions of

anchors and relays are a priori known.

5.3 Localization with Non-Regenerative Re-
lays

In this section, [ML] position estimation is addressed with the purpose of
assessing the feasibility of localization enhancement through the adoption of
non-regenerative relays. It has to be remarked that the proposed architecture
based on non-regenerative relays is not limited to [MI] position estimators.
Although other state-of-the-art approaches for [TOA] and position estimation
could be adopted [24] [51], with proper adaptation to include the presence of
relays, [MI]estimators have been chosen because of their asymptotic efficiency
and wide adoption. In the following, different [MLl estimators are derived for
different availability.

5.3.1 ML Localization with Perfect CSI (Estimator A)

In the following the tag’s position estimator is derived considering per-
fect [CSI], that is, a perfect knowledge of the gim(t) as well as of the
channel gain coefficients w(-,-). Obviously, perfect [CSI| cannot be obtained
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in practiceﬁ but results obtained are still useful as performance benchmark
of other estimators operating under more realistic assumptions.

Considering N, anchors, the likelihood function related to position p of
the tag and ranging packet starting time t, is

Al to) = ﬁ kexp {—Nim /T Fn(t) = 5ot P 102 dt} (5.8)

where Ty}, is the observation interval that has to be chosen for accommodating
all the useful signal replica, N,, = ZZN;O N; m represents the overall noise [PSD
at each anchor, £ is a constant including all the terms not dependent on p and
to, and where we have made explicit the dependence of s,,(¢) on the position
p and ty. Taking the logarithm and discarding all the terms that do not
contribute to the maximization, the log-likelihood function to be maximized
with respect to p and ¢y becomes:

l(p,to) = Z / Tm(t) sm(t; P, to) dt—z / (t;p,to) dt.

(5.9)

The last integral in (5.9]) returns the energy of s,,(¢; p,ty) which does not
depend on ¢, but only on p. The [MI] position estimate p of the tag is
therefore
p = argmax(p, to) - (5.10)
(psto)

In particular, by replacing (57) in (5.9) we obtain

l(p,to) = Za{ N, [Zalm P) Xtm (Tim(P: o)) | — E&(np)} (5.11)

where we have defined the correlation term

Xim(€) 2 / () Gism(t — €) dt (5.12)

ob

and the energy term

Ea(p) 2 [ st dr. (5.13)
Tob

3In this scenario obtaining [CSIl is a more challenging task with respect to conventional
communication systems, due to the presence of relayed components in the received signal.

120



The [MI] estimator invole passing, at each anchor, the received signal
through a bank of filters matched to g;,,(t), and observing their weighted
outputs in proper time instants depending on the position p under hypothe-
sis. Obviously the implementation can be drastically simplified by adopting
filters matched to a template waveform equal, for example, to the trans-
mitted signal p(t). Notice that, in (5.I1]), correlators outputs are optimally
weighted by the noise N,, at each anchor, in order to take into account
the different noise level due to the particular anchor-relay distances.

5.3.2 ML Localization with Partial CSI

We now want to relax the assumption of perfect [CSI|, considering different
levels of knowledge available at the receiver. We first derive the [MIJestimator
in case of unknown received signal amplitude; in this case the localization
capability is related to the delay-distance dependence of signal [TOAI only.
Secondly, the possibility of adopting a position estimator that does not re-
quire the knowledge of the [CRE g¢;,,,(t), but exploits both the information on
and [TOAl is investigated. As last, a blind position estimator that does
not require the knowledge of the and exploits the only information of
[TOAlis derived. In these last two cases we assume, for the estimator design
purpose, the Gim(t) as unknown deterministic signals.

For the derivation of the corresponding estimators, we use the well-known
result according to which a band-limited signal z(¢), with bandwidth W, ob-
served in the time-limited interval (0, T5p) is described with good approxima-
tion (if WTg, > 1) by aset of M = 2[WT,, ]| sampled] obtained by sampling
the original signal at times 6t = 1/2W apart (sampling time). Specifically,
it is z(t) = > 7| x, sinc (2Wt — n), where sinc (t) = sin(nt)/(nt), for t # 0
and 1 for ¢ = 0, and we associate to z(t), t € (0, Tqp), the vector of coefficients
x = {x,}M |, with z,, = z(ndt). Adopting this representation we have als
[306]

1
2(t) dt ~ —||x]|]*. 5.14
R (5.14)

4The operator [z] denotes the smallest integer larger than .

3|x 2 = xTx.
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Therefore we have the following associations:

rm(t) t€(0,Ty,) — r™ ¢ RY with elements 7™ = r,,(ndt),

nm(t) t€(0,T) — n™ € RY with elements n{™ = n,,(ndét),

sm(t) t€(0,Ty,) — s™ €RY with elements s™ = s,,(ndt),
)

gim(t) te (0, T(’ ™y g™ e RMY™ with elements 91(,72) = g1—1,m(not)

(5.15)

where N = [T;;,/6t] and MU = [Tél’m)/ 5t-‘7 having denoted T5"™ the
duration of the [-th replica of the received signal at the m-th anchor.

Known Signal, TOA-based ML Position Estimation (Estimator B1)

We now derive the position estimator considering in (5.10) and (B.I1]) the
channel coefficients w(+,-) unknown quantities. First we define the vector of
channel amplitudes

a™ = [aLm(p), g (D) -+ - aL7m(p)}T e R, (5.16)

Taking advantage of the series expansions (B.15]), it is possible to rewrite
(56) in vector terms as

r™ = W,(p) a™ +n™ (5.17)
where Wi,)(p) € R™ has the formld

_ (m) (m) (m)
W(m)<p) - |:WD1’m(p)7 WDQym(I’)’ “ e 7WDL,m(p)i| (5.18)
and .,
Wgrzb)m( ) |:ODl,m(p)7 g™, ON—M(l»m)—Dl,m(P)] €RY (5.19)

having indicated with D;,,(p) the discrete version of delay 7;,,(p, o), that
iS, Dl,m(p) = |_7'l,m(P, to)/(gt-l .

Considering the vector a™ unknown but deterministic, the estimation
of the position can be realized substituting in (5.10) a estimate 4™ of
a(™ for each anchor, that is,

p = argmax [ (p, to; {a"™} = {a™}) . (5.20)
(pto)

6 Actually Wi (p) is a function also of to. However, for notation simplicity, this depen-
dence will be omitted in the rest of the chapter.
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The previous expression can be further detailed as

Na
p = argmax {— Z L Hr(m) — Wi(p) a™ HQ} (5.21)

2
(p:to) — 20,

where 02, = N,,,W is the noise power.
According to the derivation presented in Appendix [5.A] the [MI] estimator
is

p =argmax {Za ! Xy (P) Ry ' (D) X(m)(P)} (5.22)

(pto) | 577 20m

where the vector X,(p) and the matrix f{(m)(p), defined respectively in (5.51))
and (5.52), have the following continuous-time equivalents

Go.m(t — T.m (P, o))

)(p):/ Obrm(t) 917m(t—7:27m(Pat0))

INem(t — TL.m (P, t0))

and R,(p) = {RE?)}, where each entry RE?) takes the form

Tob
R = / Gi—1,m(t = Tim(P, t0)) gj—1,m(t — Tjm(Ps o)) dt . (5.24)
0

The implementation of estimator (5.22) can be complex since it requires
the evaluation of X, (p) and ﬁ(m)(p) for each hypothesis p, as well as poten-
tially complex matrix inversions. However, if the duration Tél’m) of signals
Gi.m(t) is such that the replicas at each anchor are not overlapped, all the
cross-correlations RZ(ZL), with ¢ # j, are zero and R,(p) becomes a diagonal
energy matrix, independent on p, where each non-zero element in the main
diagonal E,im) = Rlﬂ), k=1,...,Lis

my _ [T
B = [ gttty ar (5.25)
0

In this case it is possible to simplify (5.22]) as

N, L

R 21 1

p =argmax § ¥~ > —5x7 (T (Ps o) (5.26)
(psto) mo—1 El

m=1
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where x; ;(-) have been defined in (5.12)). The position estimator (5.26]) relies
on the [TOAl only since the signal amplitudes ay,,, supposed unknown, are
not present in the expression.

Notice that (5.20]) requires the sum of the correlation terms related to all
the L replicas at each anchor while, as explained in 5.2.2] only a subset of
the relays and anchors will be, in general, in visibility of a tag in position p,
and this is accounted by the fact that some of the coefficients w(-, -) are zero.
Therefore, if this a priori information on blocked signal replicas, obtained for
example from environment map, is available, it can be exploited by setting
to zero the corresponding coefficients in (5.16]). In this case, defining a vector
A(p) € RY with elements

[0, ifa=0,

(5:26]) has to be modified leading to

Na 1

. 1
p =argmax E — E —m) Xl%m (Tim(Pst0)) ¢ - (5.28)
(psto) -1 N E
’ m= LA(p)#0 1

It is important to remark that both estimators (B.10)-(E11) and (G.28)
require, in general, the knowledge of the complete Gim(t). This is ana-
logue of considering an ideal all-rake receiver at each anchor able to estimate
all the signal replicas. Obviously these estimators can be implemented in
sub-optimal manner considering, instead of the complete [CR], the first-path
only, with a substantial reduction of the complexity.

Unknown Signal, Joint TOA- and RSSI-based ML Position Esti-
mation (Estimator B2)

The purpose of the following estimator is to avoid the need for performing the
correlation in (5I2]) that implies, in general, an implementation at Nyquist
rate. The resulting estimator provides a combination of the information
available via both and [TQA] for position estimation without a priori
knowledge of [CRk.

We start from the assumption that all the replicas g;,,(t) have the same
shape ¢(t). This assumption is obviously far from the reality considering,
as gr.m(t), the complete [CR] but can be verified with better approximation
in the case we consider only the first-path of each replica (now assumed
of duration T}), that is equivalent of exploiting the received energy related
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uniquely to this part of the signal, without taking advantage of the following
multipath components.
Denote the transmitted energy Ep = fo t) dt. Defining g € RM, with
= [T,,/0t], the corresponding sampled version ofg( ), we have ||g||2 = Er,
Where Ep = Ep/dt according to (5.14). Adopting this representation it is
possible to rewrite (5.I7) in the form:

rm — Hg)(p)g+ n(™ (5.29)

RNXM

where the matrix H,(p) € accounts for the delays and the channel

coefficients and can be written as
Zalm )(Py) PP G (5.30)

where P is the N-order basic circulant permutation matrix [265, pag. 26],
and G € RVM ig

I

G = { M } (5.31)
On—_nr,m

having denoted with I,; the M-order identity matrix and with On_as s the

N —M x M null matrix. Since we want to derive a non-coherent estimator

which does not require the knowledge of the (i.e., the shape of g) we

perform the estimation substituting the [ML] estimate g of g, that is,

p = argmax/ (p, to; {g} = {&}) (5.32)
(pto)
obtaining
Y 2
p = argmax { — Z — Hr(m) — Hg,y(p) g . (5.33)
(prto) = 20m

According to the derivation presented in Appendix [5.Bl the [MI]estimator
is

p =argmax
(psto)

VB (. VE
{Z:lzamHH(m)wp)rwwg (®) (2 o (o)r >H>}
(5.34)

where

m mT m
E™ (p) = r™" Hy(p)Hy' (p)r™ . (5.35)

"Moreover, when the first-path is resolvable, the following multipath components do
not carry any addition information on ranging [51, [136].
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Although estimator (5.34]) is in closed form, its implementation complex-
ity can be still high as sampling at Nyquist rate and matrix inversion are
required. However further simplifications are possible in the case the signal
replicas are not overlapped, as shown in Appendix 5.C| obtaining

N,
<1
p = argmax{ ¥ — | 2,/E(p) / r2 (t) dt — E™(p) (5.36)
(p,to) —1 N D(™) (p)

m

where

Dp)= | {mpt) mn )+ )} (5.37)

1\ (P)#0
The obtained estimator leads to very simple implementation since it requires
energy measurements in particular windows of the received signal where, for
each hypothesis on p, we suppose to receive a useful contribution. These
energy measurements are weighted by the expected received energies (the

expected [RSSI).

Completely Unknown Signal, TOA-based ML Position Estimation
(Estimator B3)

If the signal is completely unknown and it is not possible to exploit the
amplitude-distance dependence (i.e., the [RSSI), localization can be based
only on the expected [TOAl information coming from geometrical considera-
tions.

Equations (5.17) or (5.29) can be now written as

r(™ = gm 4 nm) (5.38)

where s(™ is treated as an unknown vector. Again, the [MI position estima-
tion can be derived as

p = argmax/ (p, to; {s™} = {8"™}) (5.39)

(pto)
where the [MI] estimate of s(™ is considered, thus obtaining
Y 2
p= argrtnax - Z 257 Hr(m) — é(m)H . (5.40)
(p, O) m=1 m

Specifically, according to the only available a priori information on the ex-
pected [TOA] the estimates of s(™ are those exploiting the knowledge about
the arrival time, that is,

§tm) = r™ for n € D™ (p), (5.41)
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where we have defined D (p) the set of indexes n for which we expect to
received signal, given an hypothesis p for the position according to

Dp) = | {Dl,m(p),Dhm(p)—l—1,...,Dl7m(p)—|—M—1}. (5.42)
1:X(p)#0

Substituting (5.47]) in (5.40) and neglecting the terms not dependent on p
we obtain

N
A ~ 1 o 2
p = ar(gmax mEZI 257 g (rﬁl )) . (5.43)

p) ™ nebm (p)

The corresponding continuous-time estimator is simply

N,

. 1 )

p = argmax E — ro(t)dt p . (5.44)
(p.to) { N Jpmm (p)

m=1
The structure of estimator (5.44)) is very simple as it consists in collecting
the energy in those time intervals in which, according to the hypothesis on
p and ty, we expect the presence of signal replica.

5.4 Case Study

We now evaluate the performance of the proposed relay-based localization
scheme, adopting the derived position estimators. The purpose is, with the
presented case study, to demonstrate the feasibility of the relaying approach
for network localization. The considered scenario is described in Sec. £.4.1],
the adopted performance metrics are reported in Sec. 5.4.2] and simulation
results are presented in Sec. B.4.3l

5.4.1 Scenario

Figure [5.4] presents the scenario considered for simulations. It is a square
cell of 20 x 20 meters with four obstacles of one meter width. As worst-
case assumption, obstacles are intended to be completely blocking the signal
propagation. Anchors are placed at the four corners of the square cell. Four
non-regenerative relays are present in the environment, placed at the corners
of the four blocking obstacles (i.e., at the corners of the area partially shad-
owed). Each relay is placed in such a way its directional antenna (antenna
B) is oriented towards an anchor node, and its weak directional antenna (an-
tenna A) is oriented toward the shadowed area. In Fig. 5.4 the antennas’
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Figure 5.4: Scenario considered in the simulation results. Blue points refer to anchors.
Red points refer to relays. Antennas’ radiation patterns and orientation are reported.
Obstacles are depicted in grey.

radiation patterns and orientations adopted, respectively, for anchors and
relays are also depicted.

An IEEE 802.15.4a compliant [UWDB transmitted signal is considered
[113], with pulsesﬁ centered at frequency f. = 4 GHz, roll-off factor
v = 0.6, and a pulse width parameter T, = 1ns. Tags are supposed to
be equipped with an omnidirectional antenna with gain Gt = 0dBi, and
with transmitting power compliant to the Federal Communications Commis-
sion (ECC) —41.3dBm/MHz emission limit in the 3—5GHz band. Real
[UWBI antennas are considered, with radiation patterns characterized in ane-
choic chamber. Antennas have been measured in a range of frequencies be-
tween 2.5 and 10.5 GHZE Furthermore, antennas have been measured on one
plane by steps of 5 degrees. A Vivaldi [UWB] antenna presenting a peak gain

8See ([B.63) for the definition.
9Frequency selectivity is here neglected considering the radiation pattern at 4 GHz
only.
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GA=5dBi and a half power beam width (HPBW]) of 101 degrees is adopted
for anchors and relay’s antenna A (tag-relay links) [266]. A four-patch ar-
ray antenna presenting a peak gain G =12 dBi and a [HPBW] of 45 degrees
is considered as the relay’s antenna B (relay-anchor links) [267]. Antennas
measurements have stressed out how some antennas features, such as the
radiation pattern, could drive the choice of adopting an antenna instead of
another in a localization context.

Anchors have a noise figure F' =5 dB. Additive noise at relays should
in principle be taken into account. The extra noise power radiated by the
relay scales with GFr — 1, where G and FRr have been defined in Sec. B.2.1]
However, when received by an anchor, this power is attenuated by the path-
loss between the anchor and the relay. When putting realistic figures, it
turns out that in most practical cases the relay noise power received by an
anchor is well below the anchor additive noise and is therefore negligible.
Consequently, it is N;,, < Ny, and hence N, ,,, for i # 0, are neglected in
the following simulation results.

In order to show the performance of the relay-based localization in differ-
ent propagation conditions, two dense multipath models [102} 56] are adopted
for the tag-anchor and tag-relay channels, considering a channel delay
spread of 1.5ns (softer multipath) and of 5ns (stronger multipath), respec-
tively. In both cases we consider an exponential PDPlwith paths separated of
1.5 ns apart, a probability b=0.7 of having a path, each path with Nakagami
fading (severity factor m =3) except for the first-path taken as determinis-
tic according to the free-space path loss model (8 = 2) Due to the high
directivity of the relay antenna oriented in the anchor direction, an
relay-anchor channel is considered.

Unless differently reported, a total of Ny=256 pulses is considered in the
ranging packet with a [PRP| Ty = 100 ns. Ideal knowledge of the delay ¢, is
assumed.

0This is, obviously, a best-case assumption since also the first-path (i.e., the direct
one) expresses a variance with respect to the deterministic free-space propagation model.
However, recently it has been shown how the measurements performed on [TWBI
signals can lead to an accurate distance estimation, thanks to the capability of mitigating
fading effects [268] [269]. This estimation capability is a consequence of the small variance
experienced by the first path with respect to an ideal propagation condition, motivation
of our choice of this deterministic value (furthermore the obtained performance can be
intended as a performance limit).
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5.4.2 Performance Metrics

Results have been obtained with Monte Carlo simulations considering the
tags uniformly and equally-spaced distributed in the monitored area. In
particular a 50 cm grid, resulting in the set of positions p,, n = 1,..., N,
has been defined in the environment, which points are adopted as potential
tag locations and test locations for position estimation.

As performance indicator we adopt the localization error outage (LEQI),
defined as the rate at which the localization error is greater than a given
target error ey, [I38, 28] (i.e., the fraction of spatial test locations that do
not fulfill a target error requirement), that is

LEO — % ; La: (e (p) — eun) (5.45)

where we have defined the indicator function 1 4(xz)=1if z € A, 0 otherwise,
and e (p) is the localization error in the nth test position of the grid. The
[RMSE] is adopted as error metric e (p) output of the Monte Carlo simulation,
that is

e(p) =\ 17 D ¢ () (5.46)

where the localization error related to the mth iteration e, (p) is the Eu-
clidean distance between the estimated position p,, and the true position,
that is e, (p) = ||Pm — P||, and M is the number of simulation iterations.
is presented as function of the relay gain GG, assumed the same for all
the relays present in the environment (i.e., G; = G Vi = 1,..., N,). Results
are provided considering a target error ey, =50 cm.

The lc.d.fk of the RMSE], and the [RMSE] itself in the two-dimensional
(2D) environment are also reported for selected configurations. Each lc.d.fl
represents the ratio between the number of test locations for which the RMSEI
is lower or equal than a specific value and the total amount of test locations
in the grid.

5.4.3 Simulation Results

Figure reports the [LEQ] for the softer multipath channel. In particular
the violet curve (0OJ) refers to the estimator A (5.10). Blue curve (o) refers to
the estimator B1 (5.28]), yellow curve (A) refers to the estimator B2 (536,
while the red curve (o) refers to the estimator B3 (5.44]). Estimator A and
estimator B1 have been implemented according to a sub-optimal, and more
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Figure 5.5: LEO as function of the relay gain for a softer multipath channel. Constant
dashed lines (--) refer to the absence of relays.

practical, realization which considers a template waveform at the receiver
equal to the transmitted pulse, without assuming any multipath knowledge
or estimation["] Non-coherent estimators B2 and B3, based on energy detec-
tion, have been implemented considering T'=1.6 ns, that is the time window
corresponding, approximately, to the main lobe of the pulse envelope For
comparison, the in absence of relay is reported with a constant dashed
line/ considering the equivalent estimator specified in the case of absence
of relays (i.e., N, = 0). [JF relays corresponds to the first point along the
abscissa G =0, while the performance for [AF] relays is related to the follow-
ing points on the z axis. As expected, the [MIL] estimator A guarantees the
best performance. In particular, for every considered estimator, the
decreases by increasing the relay gain GG, thanks to the additional informa-
tion carried out from the relayed signals. It is possible to notice how, in this
configuration, the adoption of [JF] relays increase the localization capability
of the system. Considering the coherent estimators, [JEl relays assures a
with a 50 cm [RMSEI threshold close to zero, in case of perfect and around

1 This is equivalent on assuming a filter matched to the first-path only, without taking
advantage of the multipath energy.

12This is not the optimum value in case of multipath propagation. Performance can be
improved with integration time optimization or weighting techniques for collecting energy
from multipath, see, e.g., [94] 25].

13This would be a single point since the relay gain in the z axis does not make sense,
the line is plotted for sake of comparison.
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Figure 5.6: LEO as function of the relay gain for a stronger multipath channel. Constant
dashed lines (--) refer to the absence of relays.

the 10% in case of partial [CSI|, while outage values around the 25—30% are
present in absence of relays due to the ambiguities that arise in the shadowed
areas. Moreover, employing [AF] relays, the substantially decreases by
increasing the relay gain. In particular, each of the proposed estimators out-
performs the corresponding one in absence of relays. As expected the [MIJ
coherent estimator A (with perfect [CSI)) offers the best performance in terms
of outage, while the [TOAlbased non-coherent (estimator B3) requires higher
values of gain in order to give an important performance enhancement.

For comparison in Fig. the in a stronger multipath environment
is reported. Also in this case the adoption of the non-regenerative relaying
technique allows a substantial performance improvement with respect to the
absence of relays. As it is possible to notice, the performance of the system
is strongly related to the propagation environment, so the proposed relaying
technique can result suitable or not depending on the application context.
In particular, coherent estimators are necessary in harsh propagation envi-
ronments in order to obtain outages below the 10%.

In order to show how the relaying technique helps the localization process,
we report a contour map plot of the localization [RMSE] in the 2D scenario
considering absence of relays (Fig.[5.7al) and presence of JF relays (Fig. [5.7h]),
the [TOAlbased coherent estimator (5.28) and the softer multipath channel.
It is possible to notice how, in absence of relays, the localization capabilities
in the central area shadowed by the obstacles result very poor, and errors of
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Figure 5.7: RMSE contour map in the 2D environment.

several meters can occur due to the lack of anchors visibility. Differently, the
adoption of non-regenerative [AF] relays allows extending the system coverage
in the shadowed areas, ensuring enhanced localization performance.

The performance improvement can be shown also in terms of lc.d.f] of the
localization error. Figure [5.§ shows the results considering absence of relays
(in dashed lines) as well as presence of [JE]relays (in continuous lines), and [AF]
relays with G=10dB (in dot-dashed lines) for the softer multipath channel.
Again, the adoption of relaying assures a benefit in terms of the number of
spatial points that can be localized with a target location accuracy without
ambiguity.

The presented results proved the effectiveness of the relaying technique
for network localization. In the proposed configuration the adoption of both
[JE] and [AE] produce important benefits.

5.5 Conclusion

The idea of non-regenerative relays for network localization has been
introduced as a low complexity solution to increase the service coverage in
high-definition based on [UWB| technique when operating in severe
[NLOS| propagation conditions. The adoption of [JEl or [AF relays increases the
number of received signal components that, thanks to the a priori knowledge
of relay positions, contribute in decreasing the possibility of ambiguities in
[MI] estimators. Thus the relays act as additional virtual anchors. Numerical
results show that significant performance improvement can be achieved, even
using simple passive [JF relays, with respect to the absence of relays. [TWBI
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non-regenerative relays can also be adopted to reduce the number of anchors
with consequent reduction of the network infrastructure cost and complexity.

5.A Derivation of the ML estimator

The [MTJ estimate 4™ of a™ can be easily obtained via [LS [I61], ch. 8] as
al™ = Wyt (p)r™ (5.47)

where W™ (p) = (We! (P)Win(P)) - Wi (p) is the Moore-Penrose pseudo-
inverse matrix [265 p. 421]. Sobstituting (5.47) in (5.2I)) and neglecting the

term not function of p we obtain

N
) ~ 1 m)T m
p:argmax{ E —(21‘( ) W(m)(p>W(m)+<p)r( )

2
(p.to) m=1 20m

— || Wen(P) Wery " (p)r™ HQ) } - (5.48)
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Considering that4

[ Wen(P) Wi (2)r™|” = 1™ Wp(p) Wy (p)r™ (5.49)
the final form of (.48 is
Na 1 ~
p =argmax 2—2X(m)T(P) Ry (P) Xn(P) (5.50)
(pﬂfo) m=1 Um
where
Xen(P) = W' (p) ™)
= [W( 1@ W byt Wt )} € R
(5.51)

is the vector of correlation between the received signal and the delayed ver-
sions of the template pulses g™, and

Riy(P) = Wen' (P) Win(P)

M (m)T (m) m)T (m) m)T (m) T
W( )Dl,m(p)le,m(P) W( )Dl,m(p)wDQ,m(p) e W( )Dl,m(P)WDL,m(p)
wm? wm?t i oo wmT (m)

. ) Dl,m(p) ) D2,m(p) Do m(p) DL,m(p)

Dam(p Dam(p

wl o (m) wl o (m) wl o (m)
| wi )DL,m(p)WDLm(m w! )DL,m(p)WDQ,m(m e wim

is the cross-correlation matrix of the template pulses.

5.B Derivation of the ML estimator

The [MI] estimate g of g can be obtained adopting the [L.S technique [I61] ch.

8] as

N H,;" (p)r™
[Het (p)r™)]|

where H,™(p) = (Hey' (p)Hey(P)) - H,)" (p) is the Moore-Penrose pseudo-
inverse matrix [265, p. 421], and the normalization is imposed in such a way

Y Proof of (B49)

Considering that [|x||? = x

A

g:

(5.53)

Tx, and posing B = W,)(p) Wy (p), we have ||[Er(m)[|2 =

v ETE ("), Since E is an orthogonal projection matrix [I61, pag. 231], that is, a
symmetric (E7 =&) and idempotent (E?=2) matrix, we obtain directly (5.49).
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the estimate is consistent according to the transmitted energy assumption
lg|l* = Er. Substituting (£53) in (5.33) and neglecting the terms not de-
pendent on p we obtain

. /5 P)Hey" (p)r™
p =argmax 2
{ ( }Hu p)rim||

(p,to)
i HH(m) (p)Hey* (p)r™||” (5.54)
[Hor e P ) |

Considering that (same proof of B.AME.49) considering H,(p) instead of
Win(P))

[ Hy(p)Heny " (p)r™|| H,(p)Hpy' (p)r™ (5.55)

we get the expression (5.34]).

5.C Derivation of the ML estimator

In the case of not overlapped replicas matrix Hy,(p) takes the form of a
block matrix

ODl(,m)(p)vM
H1m (P)

0D, 1 (p) D1 m(p) M. M

I H{" (p) ]

where Hgm)(p) = a;,,(P)Iy, i = 1,..., L, are M x M scalar matrices. Ex-
ploiting the property of block matrix product, the block Hy,! (p)Hgy(p) in
(5.34) takes the form

Hy' (P)Hen(p ZH = a},,(p) 1w (5.57)

=1

Consequently we can define the scalar matrix D = (H(,A,L)T(p)H(,ﬂ,L)(p))f1 with
1

non zero elements on the main diagonal equals to (Ele af (p)) L Ttisso
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possible to rewrite (5.37)) as

T
EM(p) = r™" He,(p) DHey (p)r™

1 T
N O = | H.T (m)
L r m(P)Hgy (P)r
Zlil al2,m(p)
1 " H(p)|| (5.59)
TS 2 (o) (P .
Zlil al2,m(p)
It is now easy to show that
L M-
= m)
) H(m o Zzalm Z Zm(p +n D m(D)+n (559)
=1 j5=1 -0
and consequently
1 L.t M-
EMp) = o= DD m
lel alZ,m(P) i=1 j=1 go ”"(p Djm(p)+
(5.60)

With similar considerations and operations on block matrices, it is pos-

sible to show that ||Hy" (p)r™ H2 in (B.54)) takes the form

[ )" = > i (P) ()

(m) (m)
x "Dj i (p)+n TDj,m(p)_m . (5.61)

By substituting (5.60) and (5.61)) in (5.34]) the following formulation of the

estimator is obtained
L L M- ) 1/2
120 ) SURTTINIED St RIS ey

Na 1
P :argmax{ Z Gy
= i=1 j=1 =0

— ErY _a},.(p) } . (5.62)
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This estimator has an immediate continuous-time equivalent as

Na 1 L Tl,m(p)+Tp
p =argmax Z N 2 (ET Z aim(p) / 2 (t) dt
I=1 i

(p7t0) m=1 ,m(p)
L L Tp 1/2
3 S (D) agn(d) / rm<t—n-,m<p>>rm<t—rj,m<p>>dt)
i=1 j=1j4i

~EBr) aim(p)] } : (5.63)

If now we make the assumptio

-7 . %im(P) r(t — 1; or
m(t = Tim(P)) = (D) (t = 7jm(p)) for t € (0,T;) (5.64)

we have that (5.63]) simplifies to

Na L
p :argmax{ Z (2 Er Z a? m Z/
=1 k=1

Tk m(p +Tp
r2 (1) di
)

(psto) m:1 Tk,m (P

—Er) aim(p)> } . (5.65)

By considering that Er Ele a7 ,,(p) is the overall received energy E™)(p)
from a tag in position p at the anchor m, collected considering the L replicas,
we get the final estimator form

N,
< 1
p = argmax — 1 2,/E™(p) / 72 (t) dt — E™ (p) (5.66)
(p.to) { Z_ Non ( \/ D™ (p)

m=1

where we have indicated with
D™ (p) I{ (T1,m(Pst0), im (P o) + Tp) U (T2,m (P, to), Tom (P, to) + 1) U
U (7P 1), T (poto) +T3) } (5.67)

the set of time intervals in which replica contributions are expected when
tag’s position p is under hypothesis.

Notice that in this case the estimator takes advantage of the knowledge
of the expected received energy for each replica, through the vector (5.16), so

15This assumption is verified with increasing confidence while increasing the [SNR]
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in the formulation (£.66)) it would be expected that the energy measurements
related to replicas corresponding to w(+,-) = 0 were discarded. Conversely in
(560) the energy measurement is performed on the overall set of L replicas,
also if some of these do not carry useful signal contribution. The problem
arises due to the approximation (5.64)): in fact, in the exact formulation of
the estimator in (5.63) each correlation and energy measurement is properly
weighted and discarded if related to replicas with w(-,-) = 0 (i.e., replicas
not effectively present at the receiver.). Therefore, in order to maximize
the performance for the simplified implementation (5.66) it is important to
restrict the integral extremes at only the windows where, for each hypothesis,
we effectively expect useful signal, in order to not add noise or interference
contributions. This can be accounted for by adopting D™ (p), defined in

(5.37), instead of D™ (p) in (5.66)), leading to (5.30).
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Part 1V

A Case-Study: The
UWB-RFID System
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Introduction

One of the more interesting applications of context-aware networks is related
to the possibility of monitoring environments, such as security areas or fac-
tories, in this second case mainly in order to increase the efficiency of the
logistic process. In fact, in recent years, a significant number of industrial
realities have moved towards the so-called supply chain management ([SCM])
approach [270], relying on the administration of the various logistics aspects
of the company. One of the main requirements of the approach is the
wisibility of the goods along the chain. More precisely, it is necessary to know
what a given object is (the who question), and where it can be found (the
where question) at a given instant in time (the when question). Existing
automatic identification (All) technologies (e.g., bar codes or [RFID)) and the
are not able to provide a complete solution. In fact, both of them
suffer from significant limitations. On the one hand [All systems are able
to answer to the “who” question, but they are weak on the “where” ques-
tion. To obtain the complete item visibility, items have to be scanned and
a position information must be manually inserted or read from a separate
source (e.g., another tag). These aspects severely reduce the efficiency of
and introduce uncertainty because of manual operations. On the other
hand, satisfy mainly the location requirement, but fail to manage the
identification requirement when the item is out of the working area.
Moreover, the current generation of is based on active tags. This leads
to two deficiencies: a limited battery lifetime and a high cost of the tag. As a
consequence, the wide spreading of systems is still not fully exploited.

Recently it has been shown that [RHUWBIis a very promising technique,
which could meet the stringent requirements of passive tag localization in
terms of accuracy [50]. In [271] a passive scheme has been pro-
posed, showing its potential operating range/data rate trade-off. The advan-
tage of such a technology is to provide the typical accuracy of
by employing a very simple tag, which adopts backscattering modulation
instead of using a complete [[WD] active transmitter. However one of the
most important issues in these systems is the energy supply. Combining
[UWBI (semi-)passive with already existing [UHF] technologies can be a
possible solution to exploit energy harvesting [272] or to implement wake-up
strategies in order to increase the battery life of semi-passive tags. More-
over the [UHE module can be employed to ensure compatibility with already
existing systems working in the [UHE] band.

In this last part of the thesis the study of a[THFHUWDB]semi-passive
system is presented as example of possible context-aware network solution
which enables localization and tracking features. Chapter [0 introduces the
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system concept providing an overview of the main features and issues related
to the realization of such a network. Chapter [1 investigates the feasibil-
ity of the system from the signal demodulation point of view, highlight-
ing particular characteristics and signal processing techniques for dealing
with impairments such as the clutter. Chapter [§ analyzes the problem of
multi tag interference providing design guides of solution able to counteract
these effects, also in presence of hardware non idealities. Finally, Chap-
ter [0 focuses on the localization aspect deriving the fundamental limits on
the achievable accuracy adopting this kind of system. The work has been
carried out in the context of the European project SELECT[' The scopes
of the project are related to the investigation of this new technology able
of combining functionalities of detection, identification and localization by
fusing the concept based on backscatter modulation, and adopting
semi-passive tags, and In additions sensing capabilities are supposed
to be provided by the networks thanks to the adoption of [WSRI techniques
[273, 274) 275, 276, 277, 278, 279 280, 281] for detection and tracking of
untagged objects.

16 www.selectwireless.eu
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Chapter 6

System Overview

6.1 Introduction

We consider here a [UWBHRETDI system composed of a network of readers
monitoring an area where tags are present. In particular tags are semi-passive
and based on backscatter modulation, where the low energy available from
harvesting or batteries is used only for memory access or modulation opera-
tion without powering an active transmitter. The high accuracy estimation of
the [TOAl from the backscatter signals enables accurate localization of tags in
addition to their detection [50} 136} 51]. The joint use of the REID|and [TWB]
technology is an appealing solution, as leads to advantages in terms of
communication robustness, localization accuracy, multi-tag capability, even
in harsh propagation environments [53, [48].

Figure shows an example of such an architecture. In particular the
network of readers cover a scenario where several tagged objects are present.
Readers act as reference nodes and are placed in known positions. They
are the only active entity capable of transmitting, receiving and processing
signals. The goal of the network is detect the presence of tagged objects by
the analysis of the response (i.e., the backscatter) of the tags. Moreover,
in addition to the detection, high-accuracy localization, enabled by [TOAI
estimation, is performed by the readers’ network to locate tagged objects.
The passive link between the tag and the reader can be also exploited to
transmit information between these two entities, for example the tag ID or
data collected by sensors attached to tags. In addition, the same readers
infrastructure is exploited as a radar sensor network (RSN to detect and
locate untagged entities (i.e., passive scatters) not equipped with tags [50,
274, 282]. This is possible adopting radar techniques able to track the changes
in the environment response caused by the movement of untagged objects.
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The standard application scenario, composed a square cell monitored by four
readers is depicted in Fig. [6.2]

6.2 UWB Backscattering Principle

Backscatter communication is based on the modulation of the interrogation
signal emitted by a reader. This modulation, operated by a tag, is realized
by changing the load connected to the tag antenna [4].

An example of the received signal at reader side, when backscatter mod-
ulation at tag side is adopted, is shown on Fig. 6.3] where the received
backscatter signal for three states of the load impedance Z, connected to
the tag antenna is presented. In one of them (black), the load is 50 Ohms,
which equals the antenna internal impedance. In this case, the backscatter
signal is called structural mode and is dominated by the physical structure
of the antenna and its various parts. In the two other cases, we distinctly
see that a portion of the signal depends on the load impedance. This part of
the backscatter signal is named antenna mode and it is the one that allows
differential detection through the tag load impedance state.

The round trip backscatter is the result of the convolution between
the reader-tag propagation convoluted by itself and the backscatter an-
tenna mode response of the tag. The contours of a complete backscatter
channel model encompassing all these contributions have been described in
[283]. The [TWHB] round trip backscattering channel is strongly unfavorable
from the energetic point of view, since the received backscattered signal ex-
periences pathloss between the reader and the tag twice. Basically, similarly
to the radar equation, the distance-dependence of the received signal power
scales, in free space, with the 4th power of the reader-tag distance, which
means a detection distance much smaller than for an ordinary communica-
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Figure 6.2: Example of a square cell monitored by four readers.

tion link. It is important to underline that the tag backscattering behavior
is strongly impacted by the presence of the object on which it is attached
[284]. Together with the tag response the reader receives the signal reflected
by the surrounding environment, that is the clutter component. A scheme
of these propagation effects is reported in Fig.

6.3 System Architecture and Main Function-
alities

The overall network architecture is depicted in Fig. 6.5l It comprises
a central unit, readers and tags. Moreover, relay nodes, that are devices
unconnected to the wired core network, can be incorporated herein [?O]EI
Each reader communicates with the central unit mostly for transferring the
signal processing data (e.g., the [TOA] estimate allowing the tag positioning).
In addition these wired connections can be exploited in order to ensure a
general coarse synchronization between the readers, as well as for network

IThese are, for example, the relays described in Chapter
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maintenance. Reader synchronization will be further detailed in Sec. [6.3.2]

In Fig. and Fig. 6.7 the architecture proposed in [271] and analyzed
in [285] for [UWBJ readers and tags adopting backscatter modulation is re-
ported. This architecture represents the core enabling the backscat-
tering scheme for localization and tracking.

In particular, the reader is composed of a transmitter and a receiver
section. During the interrogation cycle, the reader transmits a sequence
of [UWBI pulses modulated by a periodic binary spreading sequence {d,} of
period N, with d,, € {—1, 1}, specific of that particular reader (reader’s code).
In general, N, pulses are associated to each code symbol (chip) of duration
T, seconds. To accommodate the signals backscattered by tags corresponding
to an entire packet of N, bits, the interrogation contains N; = N, Ny
pulses, where Ny = N, N, is the number of pulses associated to each bit.
Pulses are separated by Tj, seconds, thus the chip time is T, = N, T,,. Each
transmitted pulse is backscattered by the tag’s antenna as well as by all the
surrounding scatterers present in the environment which form the clutter
component.

In Fig. [6.6] an example of [[WB] tag architecture employing a binary
backscatter modulator composed of an [UWDB] switch is shown. The switch
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is controlled by a micro-controller whose purpose is to change the switch
status (short or open circuit) at each chip time T. according to the data to
be transmitted and a zero mean (balanced) periodic tag’s code {c,}, with
¢, € {—1,+1}, of period N.. The adoption of balanced codes ensures the
removal of the clutter as will be demonstrated in Chapter [{] and Chapter [8
Specifically, each tag information bit by € {—1, +1} is associated to Ny pulses,
thus the symbol time becomes Ty = T, N, = T}, N;. In this way the polarity
of the reflected signal changes according to the tag’s code during a symbol
time, whereas the information symbol (bit) affects the polarity of all pulses
composing the sequence each symbol time.

By analyzing the received signal components shown in Fig. [6.8] it can be
noted that the antenna mode scattered component only is modulated by the
combination of the tag’s and reader’s codes {¢, } and {d,, }, whereas all clutter
signals components (included the antenna structural mode scattering) are
received modulated by the reader’s code {d,,} only. This property is exploited
at the reader receiver section to remove the clutter component through a
proper processing, therefore isolating the useful component coming from the
intended tag. The presented [MAC scheme is fundamentally a direct-sequence
code division multiple access (CDMA]) approach, according to which a de-
spreading phase at reader side can be exploited to detect and demodulate
a specific tag signal. However, several issues arise due to tag multi-user
interference (MUIl) and near-far effects, as will be presented in Chapter Bl

An example of possible receiver scheme is that reported in Fig. where
a correlator-based demodulator is considered. This scheme performs a de-
spreading operation (i.e., the accumulation of the N pulses composing a
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symbol) using the combined code {¢, - d,}, which identifies both the reader
and the desired tag.

Several signal processing tasks have to be accomplished by the readers in
order to provide to the network detection and localization capabilities.
In particular the first task consists of tag detection, that is the process thanks
to which the network knows that a certain tag is present in the monitored
area. When tags multiple access is performed with and a certain
spreading code is uniquely assigned to a tag, a decision at the output to the
de-spreading phase is sufficient to accomplish the identification purpose. If
the network aim is only confined to detection and localization, the second
task to be accounted is related to [TOAl estimation, thanks to which local-
ization capabilities are provided. If the tag itself has data to transmit to
the reader (e.g., because it has an embedded sensor, or data related to the
object to which it is attached, or because the spreading code associated to it
is not unique), the reader must perform signal demodulation in addition to
detection.

As already mentioned, [TOA] estimation enables localization capabilities,
thanks to the location estimation process realized at central unit by fusing
the data provided by at least three readers. For this kind of system, due
to the low complexity of the tag and to the fact that tags cannot directly
communicate, no cooperative techniques can be exploited for performance
improvement and coverage extension, so that every point of the monitored
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area must be directly covered by a sufficient number of readers [l

The most interesting unique feature of the network is related
to the possibility of performing all these functionalities, tag detection, signal
demodulation, [TOA] estimation and location determination, not only reader
by reader as independent entities, but at network level, providing an inherent
diversity. Some examples will be provided in the following sections.

6.3.1 Tags Synchronization

Tags synchronization is a fundamental task allowing several benefices in the
[UWBHRFETDI system. In fact, if tags code generators are completely free-
running, the reader must perform an exhaustive code acquisition search in
order to synchronize its code generator used for de-spreading with the incom-
ing tag signal. A (partial) synchronization of the system allows exploiting
particular codes families able to better mitigate the multi-user interference
(see Chapter B). To accomplish this task, the [THEF] linkﬁ can be used to
derive the synchronization signal necessary to reset the tags’ spreading code
generators.

Specifically, according to Fig. the reset of the tag code generator is
performed on the falling edge of a wake up [UHE] carrier received by the tags.
This signal enables powering up a [UHE] circuit by charging a capacitor via
the antenna and a rectifier circuit. The resulting voltage is used to power a
control circuit that, at the time the transmission of the continuous wave ([CWI)
signal has ended, activates the switch via powering its control logic from the

2Also relaying techniques can be adopted as presented in Chapter
3We consider a hybrid solution including both [TWB] and standard [0HE readers and
tags.
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battery, thus, initiating the backscatter modulation of the [JWH] signals. In
this way the propagation-dependent capacitor charge timdd does not play a
significant role in the synchronization jitter, since the discharge starting event
is not affected by the pathloss and depends only on the tags’ positions and
orientations. This wake-up synchronization process is depicted in Fig.

6.3.2 Readers Synchronization

Readers must be kept synchronized in order to ensure satisfactory [MAC] per-
formance (presented in Sec.[8.6.2)) and to allow multistatic functionalities that
will be described in the following sections. Readers coarse synchronization
can be provided with the wired readers-central unit links (realized, e.g., with
a standard Ethernet protocol). Readers fine synchronization can be based
on [UWB]I signals by re-using the same hardware developed for tag detection.
In fact the direct reader-to-reader link, associated with the de-spreading per-
formed accumulating a number of pulses Vg, ensures a very high [SNR] for the
demodulation of the interfering reader signal, allowing very accurate (sub-
nanosecond), [TOA| estimation. In this case the de-spreading is operated
according to the incoming reader’s code. Since the reader-reader distance is

4This is due to the narrowband [JHE] signals that may experience selectively channels,
and to different reader-tag distances.
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fixed, [TOAl estimation can be compared with the expected propagation time
between the two readers’ antennas, adjusting consequently the reader’s clock
according to the difference between the estimated and expected range. The
process can be further iterated until the difference in the clock adjustment
falls below a threshold, indicating the reached synchronism.

6.3.3 Tag Detection

Generically, tag detection can be realized at each reader if the de-spread
signal level related to a specific tag code is above a certain threshold. Since
more than one reader is supposed to perform this de-spreading, the decision
on the tag presence can be taken, instead reader by reader, from the central
unit, by properly combining the different observations.

Moreover, especially in conjunction with time division multiple access
(TDMA]) readers [MAC], each reader can perform the de-spreading also when
an other reader is interrogating the tag, adopting, as de-spreading code, the
other reader one combined with the tag codel) In this manner, if a network of
N, readers is monitoring a certain area (e.g., Ng = 4 in our square reference
scenario), up to N3 observations can be combined for robust tag detection.

5This requires a synchronous readers network.
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The analysis of tag detection strategies and performance analysis, con-
sidering a single reader, will be presented in Chapter

6.3.4 Signal Demodulation

Signal demodulation allows data communication between tags and readers.
In this manner the tag ID can be transfered to the network or, if the tag has
embedded sensors, the network can receive these data.

As for the tag detection, also signal demodulation can benefit of the inher-
ent diversity provided by the multi-reader architecture. As example, suppose
that each reader demodulates the signal of a specific tag. The demodulation
result, with soft or hard decisions, can be then forwarded to the central unit
for a proper combining and to take a final decision on the received mes-
sage, enabling improved performance also whitout high rate channel coding
strategies.

The analysis of signal demodulation performance, considering a single
reader, will be presented in Chapter [7l
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6.3.5 Time of Arrival Estimation

[TOAl estimation enables the ranging and localization, and it can be operated
with high precision thanks to the adoption of [UWHB] signals [51]. Diversity
in [TOAl estimation is ensured by the fact that each reader can perform the
estimate not only when it is transmitting, but also when other readers are
sending their signals. In this manner we are in the presence of a multistatic
network similar to that generally adopted in [WSRI] systems, as explained in
the following section.

6.3.6 Localization

The availability of [TOAl estimates between the different readers allow the
central unit to properly fuse the data obtaining the position estimate as
intersection, as example, of circles and ovals. The fundamental limits for the
accuracy of this technique will be analyzed in Chapter [l

Moreover, filtering techniques can be adopted for improving the position
estimation when tags are moving.

6.3.7 Untagged Object Detection and Tracking

There is growing on interest in new radar applications, especially for indoor
and outdoor monitoring of high-security areas to prevent intruders [282] 280,
274, 275, 276, 277, 278]. One of the key features of the network
is the possibility of providing, with the same readers infrastructure, radar
capabilities, basically detection and tracking of untagged objects in addition
to detection, demodulation and localization of tags.

Tracking of moving untagged objects can be realized by analyzing the
changes in the clutter components caused by object movement. To this
purpose the reader has to isolate the clutter component generated by its
own interrogation signal by de-spreading the received signal using only the
reader code. Static clutter is usually removed through differential operations
[287, 288, 2891 290, 291].
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Chapter 7

Performance Analysis in Ideal
Conditions

7.1 Motivations

Chapter [0l introduced the general concept of system, presenting
an overview and some design and implementation challenges. Here in this
chapter the mathematical system description and the performance analysis
in realistic conditions but in absence of hardware constraints are presented.
In particular the signal structure proposed in [50} 292] 271] for semi-passive
with clutter suppression is extended to a multi-tag scenario.
The potential performance of backscatter communication using
signals is investigated in terms clutter suppression and multiple access ca-
pability using both simulated and experimental data obtained in realistic
environments. A generic correlation-based receiver is here considered, while
performance analysis in presence of simplified low-complexity non-coherent
schemes and hardware impairments will be addressed in Chapter [8

7.2 Backscatter Communication using UWDB
Signals

Consider a scenario where a reader interrogates Ny, tags located in the same
area. In Fig.[l.I]the architectures for tag and reader are shown. The reader is
composed of a transmitter and a receiver section both connected to the same
[UWBI antenna through a TX/RX switch. During the interrogation phase,
the reader transmits a sequence of [UWB] pulses, each having energy E,. An
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Figure 7.1: The considered scheme of the tag and the reader composed of a transmitter
and a receiver section.

interrogation sequence or N, symbols is here considered, that is,

Nr
Sreader(t) = Y _ s(t — mN,T.) (7.1)
m=0

with N
s(t) =Y dug(t —nT) (7.2)

and
Npe—1

o) = 3 plt - kT) (7.3)
k=0

indicating the composite waveform associated to each code symbol (chip) d,
composed of N,. elementary pulses p(t), centered at frequency f. and
with bandwidth W, each of energy E, = fOTp p?(t) dt. Moreover, the pulse
energy E, and the[PRPIT, are set to guarantee a radiated spectrum emission
compliant with the regulation mask (in terms of effective radiated isotropic
power (EIRP)) [293]. The[PRPIT, is chosen so that all backscattered signals
are received by the reader before the transmission of the successive pulse,
thus avoiding inter-frame interference. In indoor scenario 7, = 50 — 100 ns
is usually sufficient for this purpose [92]. In the following of this chapter we
consider for convenience d,, as an infinite periodic sequence.

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
(1)) is backscattered by all tags as well as by all the surrounding scatterers
present in the environment that form the clutter component. As shown in
Fig. [[ 1] the tag changes its scattering properties by varying the antenna
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load between open and short circuit conditions. In [271] it is shown that
this affects the polarity of the backscattered antenna mode component. To
make the uplink communication between the kth tag and the reader robust
to the presence of clutter, interference, and to allow multiple access, each tag
is designed to change its status (short or open circuit) at each chip time T¢,
with 7, = N, T}, according to the data to be transmitted and a periodic

tag’s code {cgf)}, with ¢F) € {=1,+41}, of length N, chips. Specifically,

each tag information symbol bg € {—1,41} is associated to Ny = N, Ny
pulses, resulting in a symbol time 7Ty = T,N;. In this way the polarity
of the reflected signal changes according to the tag’s code sequence during
a symbol time, whereas the information symbol affects the entire sequence
pulse’s polarity at each symbol time. The reader and the tags have their own
clock sources and hence they have to be treated as asynchronous. We denote
with A®) = ¢®) + T u®) with u, integer and 0 < 6*) < T, the clock offset
of the kth tag with respect to the reader clock. Therefore, the backscatter
modulator signal, commanding the tag’s switch, can be expressed as

oo N¢—1

)= ( [t — nT, — T, — A<’f>])

n=—oo 1=0

-3 (i [t—<n+u<’f>>Tc—5<k>]) (7.4)

n=—oo

having defined f (n) £ [n/N,] and II(¢t) = 1 for ¢ € [0, 1] and zero otherwise.
In the following analysis the tag response due to the antenna mode (depend-
ing on the data) is examined whereas the antenna structural mode will be
treated as a part of clutter since it does not depend on data symbols. The
signal received by the kth tag is

rim(t Z dy - p®(t — nT) (7.5)

n=—oo

where p¥)(t) is the down-link (reader-tag) channel response to g(t) which
includes also the propagation delay.

According to (TH) and (Z4]), and considering perfect pulse symmetry in
the two antenna load conditions, the signal scattered by the kth tag can be
written as (see also the example in Fig. where N, = 1 is considered for
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simplicity)
k k
sl (t) = @&)(W@

_ ORI (k)
— Z dy, {cn_u(k)bf(n_u(k)>pl (t —nT,)

+ ¥ &;’?m S 1)pﬁ“)( - nTc)] (7.6)
where we define

p%k) ) 2 p® (1) -1 <£__7(§:)> , (7.7)

W0 2500 1 (55 ) (78)

The main task of the receiver section of the reader is to detect the useful
backscattered signal component (i.e., the antenna mode scattering dependent
on antenna load changes) from those backscattered by the antenna structural
mode and other scatterers (clutter) that are, in general, dominant [271]. The
received signal at the reader is

Ntag

Preader (1) = D Tonger(t) + D dqw O (t — nTe)+n(1), (7.9)

k=1 n=-—o00

where n(t) is the [AWGN] with two-sided power spectral density Ny/2 and
w©(t) is the backscattered version of the waveform g(t) due to the clutter
component which also accounts for pulse distortion, multipath propagation,
and tag’s antenna structural mode. The signal rﬁeider(t) represents the re-
ceived useful component due to the kth tag, that is,

(k)
reader Z d" |:Cn u(k) f( (k))wI ( _nTC)

k k) k
+ c( ) L) 1b;<n e 1)wI(I)(t —nT) (7.10)

having denoted wI(k) (t) and wl(f ) (t), respectively, the uplink channel response
to p%k) (t) and pgf) (t) (see Fig. [2). Note that w®)(t) = wl(k) (t) + wl(f) (t) is
the round-trip response to g(t) of the backscatter link.
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Figure 7.2: The behavior of the signals described in section

7.3 Multiple Users Interference and Clutter

Consider the reader’s receiver scheme reported in Fig. [Z.I] where the re-
ceived signal is correlated with a local composite waveform template h(t)
with unitary energy. The output is then sampled at sampling intervals
tim =11, +mTy+ 719, with ¢ = 0,1, ..., Ny — 1 and where 7y accounts for the
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propagation delay, thus obtaining the samples

T
Vim = / h(t) Treader<t - tz,m) dt = Treader<ti,m> & h(_tl,m)
0

Ntag
=> ol 0+ zim (7.11)
k=1
where
Z dn |:Cn u(k) f (k))KYI(k) (ZTC + st + ToO — TLTC)
(k) pk) ®) (T T - 719
_'_Cn ulk) — 1f(n w®) — 1)711 (Z c T Mmls + Ty nc) ( )
and
vl = 3" dAy T+ mT + 7 — 0Ty . (7.13)

In (ZII) and (TIZ) we have defined 1" (t) £ w®(t) @ h(—t), vP(t) £
(=) ® h(=0)5(0) £ w(1) © h(=1), =(t) £ n(t) @ h(—1), and 5, 2
2(iT, + mT; + 79). Without loss of generality, we consider the problem of
detecting the data bit b5 of tag k = 1 (useful tag). As shown in [50],
to remove the clutter component at the receiver, the sampled signal v;,,

is multiplied by the composite sequence {cg)dn}, which identifies both the
reader and the desired tag. In particular, all N, resulting samples at the
output of the correlator composing a data symbol are summed up to form the

mth decision variable at the detector input. Considering that cgi)m N = Ek),

d%ﬂ . dﬁfi) and b;1,,n, = b; Vi, the decision variable for the mth symbol
b,(}L) becomes

Ne—1

Ym = Z Cgl) dz Vim
i=0
Ne—1
1 He 1
=" (1) Z [dz CiZu bﬁe()m uu))}

i=0
1 @ 1
+'YI( )(7_0) aoc(()) ()(1) 1b§v()m uM-1)

Nc—1
1 1) (1 1
+71(1)(To) Z {dzc( Cz( )u(l) 1b§c()m w(D— 1)}

=1
+em+ U5 + 2 (7.14)
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y ) = c ) d; Z dpy O (T, +mT, + 70 — nT.) = v (1) cgl)
1=0 n=-—00 =0

(7.15)

A §Ne—1
and z,, = 0 diCi Zim is a Gaussian distributed vy with zero mean and

variance crg N No/2. The component &,, accounts for the [MUIl and can
be expressed as follows

Ntag Nc—l

Em :Z Z M ;o™

k=2 1i=0

Ntag Ne—1
_ (k) 1) (k) (k)
=S 3 [ )
k=2 =0

1) (k k
+ 71(1 : (10) ap Cé )C(_i(k)_1b§c()m,u(k),1)

Nc—1
k k k:
+71(I)<70) Z [dQ o Cz( )u<k> 1b;(m ulk) — 1)]} (710

i=1

which effect on the decision variable strictly depends on the cross-correlation
(1) (k)

property between codes {¢,” ¢ and {¢; " ».

7.3.1 Perfect Timing Acquisition

In the following we assume that a perfect code synchronization is achieved
after an initial acquisition phase, that is, uY) = 0. From (ZI14) we have

Ne—1
Ym = b%) [’YI( )<TO)N +’YH Z Cz 1 G ]

+ 2 (o)t SV +$4+%R+zm- (7.17)

Looking at (Z.I7) it can be noted that the useful term depends on the auto-
correlation properties of code {0(1) é In addition, we assume that a perfect

1
[TOA] estimate is available. The estimator robust to clutter proposed
in [294] can be adopted to this purpose. Once the [TOAlis known, the reader
can adjust its internal clock so that it becomes synchronous to that of the
intended tag, that is, 6() = 0, and the optimal choice for 75 can be derived.
In such a case

%%)_m:/ﬂw%ﬁﬁ (7.18)

[e o]
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and (7I7) can be further simplified leading to

Y = DY NAt (10) + & + 4$E) + 2
:bg)pEs+yff)+§m+zm, (7.19)

where Fs = N, Ey,, and p is the normalized cross-correlation between pulses
wl(l)(t) and h(t), which accounts for the mismatch due to pulse distortion !
Parameters F,, and Ej represent the average received energy per chip and

symbol, respectively.

7.4 Code Choice for Clutter Removal and Mul-
tiple Access

Looking at (7I4) and (7.I%), it can be noted that only the antenna mode
scattered signals result to be modulated by the combination of the tag’s and
(k)

reader’s codes {c-

: } and {d;}, whereas all clutter signals components (in-

cluding the antenna structural mode scattering) are received modulated only
by the reader’s code {d;}. This suggests, as can be deduced from (.15, that
to completely remove the clutter component it is sufficient that the tag’s code
{cgl)} has zero mean, that is, ZnN;gl c%l) = 0, leading to y,(nc) = 0, if a quasi-
stationary scenario within the symbol time 7§ is assumed. Regarding the
[MUI, the situation is similar to what happens in conventional Sys-

tems where the performance is strictly related to the partial cross-correlation

properties of codes {cgl)} and {cl(-k)}. Classical codes such as Gold codes or
m-sequences offer good performance. However they are composed of an odd
number of symbols and hence there is no way to obtain a zero mean code to
completely remove the clutter. However, considering that m-sequences have
a quasi-balanced number of " + 1" and ' — 1/, that is, their number differs no
more than 1, one option to deal with clutter removal is to lengthen the code
by one symbol in such a way the resulting code has zero mean by accept-
ing a certain degradation in terms of multiple access performance. In the
numerical results this aspect will be investigated.

When the scenario is quasi-synchronous, that is, u*) = 0 Vk and 6*) £ 0,
orthogonal codes, such as Hadamard codes, represent a good choice and
& = 0. This could be the situation where a downlink communication channel
is available (either [TWB] or [UHE]) and coarse code synchronization between
the reader and tags is then feasible. Further details on code assignment
strategies will be provided in the next chapter.

!Note that under perfect timing condition wl(l)(t) = w(t) and wl(ll)(t) =0.
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Figure 7.3: Indoor scenario considered for the measurement campaign at ENSTA-
ParisTech.

7.5 Numerical Results

In order to evaluate the performance of the proposed passive
communication system, a [RRCl signal@, compliant to the EU-UWB mask in
the bandwidth 3.1 — 4.8 GHz is used as transmitted signal. At the receiver
side, a receiver noise figure F'=4 dB and a single-path matched filter (SPME])
are considered. The is adapted to the received pulse at the reference
distance in free-space propagation and at the orientation of tag’s maximum
radiation.

7.5.1 BER Analysis with Measured Signals

Measurements were performed in typical indoor environment such as a labo-
ratory, as described in [292]. In particular, a rectangular grid of nine points,
spaced out of about 1m in depth and 70 cm in width, was defined in a room
with furniture and having dimensions (5.13 x 4.49) m? (see Fig. [[3). In
Fig. [[4] the bit error rate (BER]) as a function of the number of pulses per
symbol Ny when N, = 6 tags are present is reported. Curves are obtained
for T, =64 ns. The signal measured from the location D of the grid is con-
sidered as the signal backscattered by the useful tag, and the backscattered
signals coming from locations A,B, C, E, F are considered as [MUIl In the

2See ([B.63) for the definition.
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Figure 7.4: BER vs N in multi-tag laboratory environment and asynchronous scenario.

asynchronous scenario, where reader and tag code generators are not syn-
chronized, it is possible to observe how considering extended m-sequences at
length 31, 63, 127 is beneficial. In the same plot we show the performance
obtained when only one interfering tag located in F is present. Again, the use
of an extended m-sequence leads to an improved performance. This confirms
that extend m-sequences are a good solution for clutter and [MUI mitigation
in asynchronous scenario.

7.5.2 BER Analysis in the 802.15.4a Channel

We analyze now the BERlin a more complex scenario in which 59 interfering
tags are present, as a function of the total number of pulses per symbol
N, with T, =128 ns and N, = 1024. Results has been obtained by Monte
Carlo simulations, starting from channel responses obtained considering the
802.15.4a CM1 channel model [92]: a double convolution of the transmitting
pulse with a channel impulse response has been performed in order to take
into account the two-way link of the backscattered signal. The useful tag
have been placed at 7m distance from the reader having an antenna with
5dBi gain, while the 59 interfering tags have been considered uniformly
distributed in one meter around the useful one. For what the clutter is
concerned, a uniform power delay profile in the overall interval 7}, has been
considered, with paths spaced apart of 0.95ns, each path with Nakagami-m
fading, with m=3 and a root-mean-squared value of 0.5 mV at the receiver.
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Figure 7.5: BER vs Ng in multipath 802.15.4a CM1 channel.

In Fig. results related to different spreading codes are compared. In
a quasi-synchronous scenario, where tags and reader code generators are
synchronized and the time of arrival of interference depends on the tag’s
position, the performance of zero-mean orthogonal Hadamard codes is not
sensitive to both the [MUIl and clutter. On the contrary, orthogonal codes
do not allow good performance when reader and tags code generators are
asynchronous, due to the interference caused by the presence of multipath
and the poor cross-correlation properties of the shifted sequences. For what
m-sequences are concerned, significant performance degradation is obtained
in the presence of strong clutter since sequences are not balanced. On the
other hand, the choice of zero mean codes still seems a promising solution
to avoid clutter effects at the expense of a slight performance loss due to
degraded cross-correlation properties, as can be noticed in Fig. [Z.5l

7.6 Conclusion

In this chapter we have addressed systems adopting backscat-
ter modulation by proposing a reader and tag architecture able to work in
the presence of strong clutter and interference. The performance has been
investigated using simulated and measured data collected in realistic envi-
ronments. It has been shown that clutter is one of the main limiting factor
and that it can be mitigated or suppressed through the architecture here
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proposed and the adoption of zero mean spreading codes without compro-
mising the performance in multi-tag scenario. A more detailed analysis in
the presence of strong multi-tag interference and with hardware constraints,
as well as without assuming perfect timing at receiver side will be provided
in the following chapter.
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Chapter 8

System Design and Tag
Detection in Presence of
Hardware Constraints

8.1 Motivations

In the system several issues arise due to the presence of clutter
(the signal backscattered by the environment), multi-tag interference, tag
clock drift (due to typical poor local oscillator performance), and the poor
link budget intrinsic of the backscattering mechanism [285] 33, 283]. In
particular, the near-far interference effect could be detrimental for the reader-
tag communication, as classic power control approaches cannot be adopted
contrary to what happens in active systems. These issues have been
only partially and separately investigated in the literature [271], [33] 295] 294]
285)].

In this chapter the design of a system architecture capable of tag detection
even in presence of multi-tag interference and of strong drift is presented. A
low complexity non-coherent detection scheme is proposed and analyzed.
Spreading code design strategies are investigated. Specifically, the near-far
interference problem which derives from the semi-passive nature of the system
is addressed, and a solution to counteract this issue is proposed in order to
guarantee good tag detection performance. Finally, simulation results assess
the performance in terms of tags detection capabilities.

The key contributions of this chapter can be summarized as follows:

e Presentation of an analysis of the[UWBHRFID|system based on backscat-
ter modulation in presence of multi-tag interference and non-idealities
such as clock drift;
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e Introduction of a low-complexity non-coherent tag-detection scheme
able to counteract near-far interference effects characteristic of the
semi-passive nature of the system,;

e Investigation on how the system parameters such as code length, inter-
ference level, and clock drift entity affect the system performance and
hence system design guidelines;

e Description of practical implementation issues and introduction of strate-
gies to deal with that.

The remainder of the chapter is organized as follows. The considered
backscatter communication mechanism is described in Sec. In Sec.
an analysis on the design of the tag codes which takes into account all the
non-idealities present in the considered system is reported. In Sec. a low-
complexity tag detection scheme both in single-tag and multi-tags scenario
is introduced. Numerical results assessing the system performance are then
shown in Sec. Various implementation issues are finally described in

Sec.

8.2 Backscatter Communication
For the reader’s convenience we report, in part, the transmitting signal format
described in Chapter [7 including details due to non idealities such as clock

drift effects.
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8.2.1 Transmitted Signal Format

Initially, tags are assumed to be in sleeping mode, with the backscattering
section turned off in order to save energy. We consider here the adoption
of a wake-up signal (e.g., in the [UHF] band) exploited for waking up all
the Ny, tags present in the environment monitored by the reader. After
the transmission of the wake-up signal, the reader starts sending the
interrogation signal described in (Z.1]).

After the transmission of each pulse, the reader’s receiving section (see
Fig. B collects the backscatter response from the tags located in the envi-
ronment, as well as the environment response (i.e., the clutter) in order to
detect the intended tag as will be detailed in the next section.

8.2.2 Tag-to-Reader Communication

When tags are woken up thanks to the wake-up signal, they activate their
backscatter modulator that starts switching the antenna load according to

the tags’ codes {cgﬂ)}. The reader and the tags have independent clock

sources, thus they have to be considered asynchronous. However, the wake-
up signal can also be exploited to reset the tag spreading code generator.
This allows considering the system as quasi-synchronous, thus drastically
reducing the code acquisition time as will be clarified afterward.

The presence of a low cost oscillator in the tag and the typical long dura-
tion of the symbo make clock drift effects not negligible after the reception
of a few symbols. We consider here a simplified model where the clock drift
mainly derives from the presence of a tag oscillator with frequency slightly
different from the nominal one According to this assumption, the clock skew
between the kth tag and the reader can be modeled as 6% (t) = T 4+ D)y,
where To(k) is the residual initial offset after the wake-up, and D®) is the
clock drift entity. Therefore, the backscatter modulator signal commanding
the switch of the kth tag, already introduced in ((T4]), can be written as

Ny—1 N¢—1

1 _ _
m® () =3 3 e® 11 (? [t — mN.T® — nT® — Tg’ﬂ]) (8.1)

m=0 n=0

with Tc(k):TC (1+D(k)) and II(¢) denoting the rectangular function of unitary

!The duration is higher with respect to conventional active [TWB] transmission schemes
due to the need to counteract the poor link budget typical of two-hop links through the
collection of a higher number of [TWB] pulses per symbol [283].

2This is equivalent to consider, as first approximation, the effects of the phase noise
constant on a symbol time Ty, (i.e., neglecting the presence of a fast jitter).
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duration for ¢ € [0, 1]. In this way the polarity of the reflected signal changes
each chip time (i.e., every N, pulses) according to the kth tag’s code value
R

Due to the reciprocity principle, the signal backscattered by the tag prop-
agates to the reader antenna on the same wireless channel related to the
reader-tag transmission. The received signal at reader side can be written as

Treader(t) = f [(Sreader<t) ® h*) (t)) -m) (t)] ® h®)(1)
F Sl © O bt =w(t) 4 nlt)  (82)

where h®)(t) is the one-way related to the reader-kth tag link, h(©)(t)
is the [CIR] of the environment comprehensive of tags’ structural scatterings
(that is, the unmodulated response), and n(t) is[AWGN| with two-sided power
spectral density Ny/2. We consider the R () and h(©)(t) static over
the IV, interrogation symbolsﬁ The tag antenna structural mode is treated as
part of clutter since it is not affected by data modulation. Note that the re-
ceived signals are obtained through the double convolution of the transmitted
signal with the one-way [CIR] [296] 283].

It is interesting to remark that the clock drift in conventional active UWBI
communication systems affects the instant in which [TWB] pulses are trans-
mitted by tags: thus the [TOAl and the [PRP], as seen at the receiver, result
different from that expected, and proper synchronization schemes have to be
implemented if 7} is not small. On the contrary, the [TOA] (hence the [PRP))
of the backscattered pulses in backscattering communication are not affected
by the clock drift (because generated by the reader itself), since clock drift
modifies only how signals are modulated at the tag side. As direct conse-
quence tag’s code as seen by the reader (which is tuned on the expected
symbol duration Tj) start exhibiting an increasing offset after the transmis-
sion of a certain number of data symbols, in addition to the initial residual
offset of the wake-up phase.

8.2.3 Signal De-Spreading

As a result of the spreading process at the transmitter, and the backscatter

modulation in the tag, the signal backscattered by the generic intended tag

k results to be spread by the composed code {dn . c,(f)}, whereas the clutter

3For the validity of the following discussions and schemes it is sufficient the [CIRk static
on the symbol time Tj.
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results to be spread by the reader code {d,} only. Therefore, through the de-
spreading process shown in Fig. 8.1]it is possible to discriminate an intended
tag signal from the other tags’ signals (that act as interference) and from the
clutter and the noise. Specifically, the tag backscattered signal de-spreading
is operated coherently accumulating the Ng composing a symbol, using

the combined code {dn . c&k)} related to the intended useful tag of index

izl This allows discriminating the backscatter signal associated to a specific
reader-tag couple. We define the periodically repeated sequences (with period

Ns) {El(k)} = {c(;/)Nch} and {CZ[} = {dLl/NpCJ}a for 1 =0,1,... N,—1, with

61(?]\[5 = 6l(k) and (jH—Ns = Cil.

The wake-up offset T and the clock drift D® generate an uncertainty
on the offset (phase) of the tag spreading code with respect to the reader’s
local clock. To overcome tag clock drift effects, the simplest solution is to
adopt codes with N, > 1 (i.e., with higher chip time 7;), more robust to the
presence of drift, as will be detailed in Sec. B3l Alternatively, tag detection
can be performed jointly with code acquisition, requiring the availability of
de-spreading outputs for different code shifts within the expected maximum
acquisition range. This is achieved by correlating the backscatter response

with differently shifted versions of {61(]%)} and in-phase version of {CZZ} We

consider Nyp,, shifts with span step A for code acquisition, determining an
overall acquisition range of A(Ngpan — 1). The values of Ngpan and A have
to be determined according to the robustness of codes to shifts and to the
expected clock drift and initial offset due to the non ideal wake-up procedure.
In addition Ngpan should be chosen not too large in order to keep the system
complexity affordable.

Without loss of generality, we consider the detection of tag k=1 by
observing the first symbol (i.e., acquiring Ny pulses). The received signal
Treader () 18 first passed through an ideal bandpass filter of bandwidth W
with center frequency f. to eliminate out-of-band noisel The filtered signal
is denoted by

7(t) = wy(t) + n(t) (8.3)
where w,(t) = w(t) ® hp(t), he(t) is the impulse response of the filter, and

the term 7(t) = n(t) ® hp(t) is a zero-mean Gaussian random process with
autocorrelation function Rz (1) = W Ny sine(W ) cos(2m f.7). De-spreading

4This is equivalent to a process gain, (i.e., an enhancement of the SNR), of a factor Nj.
5This operation is necessary since the receiver we will consider is energy-based.
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is operated by coherently accumulating N, [CRE. Specifically we have

Z di ) iya T(E—1T) (8.4)

with v = —(Ngpan+1)/2,n=1,2, ..., Nypan. In case a code acquisition scheme
is not adopted, because the code is sufficiently robust to the expected offset
(i.e., if Npc > 1 as will be clarified in Sec. B.3), we have Ny, = 1 and thus
(n+v)A =0.

In particular it is possible to decompose ([8.4]) as y,(t) = x,(t) + 2z,(t),
with the noise term z,(t) given by

Ns—1

Z d 61y a P(E—1T) (8.5)

which is a zero-mean, Gaussian random process with autocorrelation function
N Rz (7). The term x,(t) can be instead expressed as

Nsg—1 Ns—1

Zdlcl+ nwya Tu(t =11 +Zdlcl+ niya Te(t—=1T}) (8.6)

where the received useful signal component 7,(t) is given by

Ntag

Fu(t) = D [(veader (t) @ B (1)) - mP ()] @ W) (£) @ hp(2). (8.7)

k=1

Note that here we comprise in 7,(t) both the useful and the interferer tags’
responses. Signal 7.(t) denotes the clutter component 7¢(t) = Syeader(t) ®
h©)(t) ® hg(t). With the assumption on the clutter h(©)(t) stationary
over a symbol time 75, we have that the clutter channel response is given by
Fe(t—1T,) = d; C(t), for t € [0,T], VI, with ¢(t) = p(t) ® hO(t) @ he(t). In
this manner, the clutter component at the output of the de-spreading process
yelds

Ns—

Z a1 = €O S & ae tEDTL (58)

=0

Equation (8.8) shows that the clutter component at the output of the de-

spreading process is canceled provided that the tag code {El(l)} (i.e., {cl(l) })

is exactly balanced (i.e., with the same number of '+ 1’ and ' —1"). This and
other properties that tags’ codes have to fulfill are presented in the following
section.
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8.3 Tags Code Assignment Strategies

The backscatter communication scheme hides several potential issues that
have to be addressed during the design of spreading codes used by the N,
tags in the monitored area. In fact, it is necessary to fulfill various require-
ments, such as the suppression or mitigation of the multi-tag interference,
provide a sufficient available number of codewords for a specific code length
N, and counteract other effects such as clutter and clock drift. Here below
we detail these aspects, and their impact on code design.

Number of available codewords A system with Vi, tags in the same
environment requires the adoption of Ny, different codewords, apart from
special cases where the same codeword is assigned to different usersf Con-
sidering that longer codewords imply higher complexity and a longer symbol
time, it is necessary to adopt the shortest code length available which leads
the fulfillment of the other requirements here reported.

Link-budget constraints The de-spreading process at receiver side must
guarantee an accumulation of at least N, pulses per symbol to reach the target
SNRI after the de-spreading which lets to achieve a reliable communication
between reader and tags, as described in Sec. [85.21 There are several ways
to fulfill such a requirement. The simplest option is to assign codes of length
N, = Ny > ]\AfS (i.e., with N, = 1). An alternative solution is represented by
the use of a shorter code of length N, < N; with N, > 1 pulses per chip,
with Ny = NoNpe > ]\73. The first option lets to manage a greater number
of users in the environment, as the number of available codewords, is greater
than adopting N. < N;. On the contrary, the second solution reduces the
tag complexity and power consumption since the [TWBlswitch works at lower
frequency, but at the expense of less codewords available given a specific Ng.

Clutter removal constraints For what clutter removal is concerned, in
Sec. [8.2.3] we have seen that if the tag code is exactly balanced, the clutter is
completely removed at the output of the de-spreading process, regardless the
reader’s code {d,}. Differently, if the code is not exactly balanced a clutter
residual might be present. Specifically, according to (8.8]), if the number of
"+ 1" and ' — 1’ differs for one chip, as happen for example for m-sequences
(odd codes), we have N,. clutter responses 7.(t) summed up to the useful

6This is possible adopting proper code families and assigning the some sequence with
a different initial phase (shift) to different users. Here we consider each tag with a unique
sequence.
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Table 8.1: Clutter rejection and process gain properties of odd codes.

Code type | N | Clutter residual | Clutter rejection
Npe x N [dB]
1 x 8191 | 8191 1:8191 78
2 x 4095 | 8190 2:8190 72
4 x 2047 | 8188 4:8188 66
8 x 1023 | 8184 8:8184 60
16 x 511 | 8176 16:8176 54
32 x 255 | 8160 32:8160 48
64 x 127 | 8128 64:8128 42
128 x 63 | 8064 128:8064 36

de-spreaded signal in (84]). Table Rl summarizes this effect considering odd
codes starting from a code with N, = 1 and increasing N, till 128, under
the constraints Ny > Ns = 8000E] In particular, the second column shows the
reduction of the process gain /Ny while increasing /V,,. since original codewords
are odd. The third and fourth columns put in evidence the decreasing in
clutter rejection capability, which decreases as IV, increases.

When strong clutter is present in the environment the adoption of an
odd code with N, > 1 may compromise the functionality of the system.
Coherently with [33], the adoption of an exactly balanced even code, able
to cancel out the clutter component, is mandatory to avoid clutter effects in
harsh environments.

Interference mitigation constraints The tagcode must guarantee a reli-
able reader-tag communication depending on the scenario considered in terms
of reader-tag synchronization capability and multi-tag interference. Specifi-
cally, the code behavior in presence of these effects (lack of synchronization
and presence of interference) must be separately analyzed for Ny, = 1 and
Npe > 1.

In case we considered an ideal synchronous scenario, with all tags’ codes
synchronous at [PRP| level, orthogonal codes would result the best option,
since the interference would be always canceled out and clutter perfectly
removed as they are perfectly balanced [285]. In this ideal case, there is
no difference between the two approaches in terms of interference rejection.
Unfortunately a perfect synchronization for all the tags is difficult to achieve

"This value is taken from the link budget analysis carried out in Sec. 8.5.2
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Table 8.2: Interference mitigation properties of PN codes.

Code type | N, | §Peak) g®eak) [ Min. interf. Min. interf.
Npe X N residual | mitigation [dB]
1 x 8191 | 8191 | 129 129 129:8191 36
2 x4095 | 8190 | 129 258 258:8190 30
4 %2047 | 8188 | 65 260 260:8188 30
8 x 1023 | 8184 | 65 520 520:8184 24
16 x 511 | 8176 | 33 528 528:8176 24
32 x 255 | 8160 | 33 1056 | 1056:8160 18
64 x 127 | 8128 17 1088 | 1088:8128 17
128 x 63 | 8064 17 2176 | 2176:8064 11

as well as to maintain due to the clock drift effect D*) and the residual
wake-up offset T% described in Sec.

Considering, instead, a completely asynchronous scenario where tags’
codes are not kept synchronized and each backscatter modulator is com-
pletely free-running, it is well known that pseudo-noise (PNI) codes represent,
in general, a good solution which allows to control the interference [297]. As
[PNl codes are composed of odd sequences, extended [PN] codes are a potential
solution to completely remove clutter without a significant performance loss,
as proposed in [285]. On the contrary, orthogonal codes offer in this scenario
poor performance due to the not optimal cross-correlation properties when
not aligned. In case (extended) [PNlcodes are adopted, the two considered ap-
proaches, that is, N, = 1 and /N, > 1, are not equivalent. In fact, suppose
of having a set of codewords of length N.. Define the periodic crosscorre-
lation function (CcE]) between a pair of different code sequences = and y of
length N, as 0, ,(m), for m = 0,1,..., N, — 1, where 6, ,(m) = (z, T"y),
with (a,b) denoting the inner product between sequences a and b, and 7™
denoting the operator which shifts vectors cyclically to the left by m placesﬁ
The behavior of the determines the interference level at the output of
the de-spreading process [285]. Let us now indicate with Z and ¢ the code
sequences obtained as chip repetition of a factor N,. of x and y. We have
that émy(l), for il = 0,1,..., Ny — 1, is the between the pair of code
sequences = and g of length N;. When N,. = 1, N; = N, and obviously

8Sequences = and y denote, respectively, the intended useful tag code {cl(k)} and the

k-th tag code {cl(k)} assigned to another user, with k £ k.
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0:4(1) = 0, (m), since & =  and § = y. Differently, if N,. > 1 is adopted,
the resulting code of length Ny exhibits a é$y(l) which can be expressed
as a function of the original 6, ,(m) a

02.5(1) =Npe 0y ([1/Npe)) + (I mod Nyc) [0 ([1/Npe) +1) = 9x,y(U/Npc(J§]9-)

As it is possible to observe from (89), when adopting N, > 1, the [CcE]
peak fpeak) — max { éxy(l)’}, given by fpeak) — Npe max {1024 ([1/Npc )},

peak) __

is worsen of a factor N, with respect to the original code, that is 6
Npe max {|0,.,(m)|} = Npef®9). Thus, the adoption of a code with N, > 1

results in an increasing of the peak (and average) value of the 0(1),
that is a decreasing of the code interference mitigation capability. However,
it is well known that a shorter sequence presents a lower peak for its [CcFl
6., (m), which is directly related to the sequence length [297]. Thus, we have
two conflicting factors: on one side, the interference level is increased by the
fact that N, > 1, but on the other side it is decreased thanks to the adoption
of a shorter code N, < Ni.

Table shows the values of the peak g®eak) and gPeak) for differ-
ent Npe, as well as the resulting minimum interference mitigation level for
classical [PN] codes, in particular codes derived from maximal connected sets
of m-sequences presenting the optimal three-valued cross correlation spec-
trum] {—1, =0k glpeak) _ 21 (e g, Gold sequences) [297] Looking at
the last column on the right of TableR.2]it is evident how the gain in interfer-
ence mitigation capability presented by the adoption of a code with shorter
N, is not sufficient to counteract the decreasing in interference mitigation
capability due to the increased N, necessary for guaranteeing the target N..
Due to this effect, considering an asynchronous scenario, we have that the
best performance in terms of interference mitigation is achieved by adopting
the strategy with V,. = 1.

Wake-up offset and clock drift constraints Due to the non-idealities of
the wake-up process described in Sec. [8.2.2] small residual offsets with respect
to the reader timing of tag codes are present (quasi-synchronous scenario).
In this case it is important to exploit this peculiarity, by assigning (to tags)

9The expression is derived from [297) eq. 1.11].

OFor N, = 4095 and N, = 255 there are no preferred pairs of m-sequences so the
corresponding [CcEk do not exhibit the optimal three-valued spectrum.

HSimilar considerations can be formulated for extended [PN] codes considering a less
favorable interference mitigation capability.
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codes able to guarantee the orthogonality (or very small cross-correlation
values) even in the presence of these small offsets [298]. In the presence
of significant clock drift, the scenario from quasi-synchronous can become
asynchronous, so that codes are also required to preserve good correlation
properties also in asynchronous conditions.

Moreover a code presenting N,. > 1 is intrinsically more robust to syn-
chronization errors and the presence of clock drift. As an example, consider
the useful tag code is shifted of ¢ PRPk with respect to the code generator
at reader side due to the presence of offsets. Thus, the process gain, instead
of being Nj, as expected, is equal to the code autocorrelation function ([AcF)

evaluated in ¢, that is 0; ;(g), where # is the tag code {El(k)} [285]. Accord-

ing to (89), as N, increases, the[AcE] function presents smoother transitions
making the de-spreading more robust to synchronization errors.

To counteract the effects of the wake-up offset and of clock drift we may
operate in two directions. The first and simplest solution is to adopt Ny, > 1,
which guarantees a lower receiver complexity at the expense of a reduced
number of available codewords and lower interference mitigation. This cor-
responds to set n = Nypan = 1 and thus (n+v)A = 0in (84). The second and
more complex approach, which uses smaller values of N, (ideally N,. =1
for the best interference mitigation), requires the adoption of tag code acqui-
sition schemes at the receiver to deal with the non ideal wake-up offset, as
well as code tracking schemes to compensate the clock drift. In this case the
adoption of a code with good [AcH] (ideally, m-sequence) is beneficial for ac-
quisition and tracking. It has to be remarked that with small N it becomes
important to adopt a small span step A (e.g., A =1 if N, = 1) to have a
refined code acquisition search which can increase the complexity in case of
high wake-up offset T, As will be investigated in the numerical results, a
trade-off between N, hence the required A, and the corresponding system
complexity has to be found.

8.4 Tag Detection

8.4.1 Tag Detection Scheme

The first task to be accomplished by the reader is the tag detection, that is
the process to detect the presence of a specific tag in the monitored area.
The detection in parallel of N tags requires that N detection circuits are em-
ployed at receiver section, with a consequent increase of complexity. For this
reason, the tag detection scheme we propose is a partially non-coherent ap-
proach based on energy detection, which helps to keep the system complexity
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affordable, thanks to the possibility of adopting sub-Nyquist sampling rates
[60].

According to the considerations made in Sec. B3] we assume to adopt
balanced codes, so that (8.0) reduces to

Ns—1

Z di 6 iya Talt—1T) (8.10)

The term z,(t) can be further detailed considering that 7,(t) is the combi-
nation of N, tags (backscatter), that is

Ns—l Ntag

Z dyé clJr(le/A Zw (t—1T,) (8.11)

where the single-tag channel response is
W () = [ (Sreader (t) @ K () - mP ()] @ h*) (1) @ hap(t) . (8.12)

The de-spreading process is then followed by energy evaluations per-

formed over the [PRPI 7}, that is

mTED
emm:/ v2(t)dt n=1,2,...,Nypan, m=1,2,..., Ny~ (8.13)
(

m—1) Tep

with Ny, = |T,/Tep | representing the number of integration bins each [PRP]
is divided into, and with Tgp the integration time. The detection strategy
consists of comparing each element e,, ,,, with a threshold &, ,,,. If the energy
value of at least one bin is above the threshold, then the tag is considered
detected. Obviously, the challenging issues is the evaluation of the threshold
Enim-

To this purpose, we define the global probability of false alarm (PFA]) as
the probability of deciding that the tag is present when it is not present in
the considered environment, and the global probability of detection (PD]) the
probability of taking the correct decision when the tag is present. We then
define H; and H, the hypotheses related to the presence and absence of the
tag, respectively. The choice of the threshold affects the performance of the
detection scheme in terms of [PD]and [PFAl Low values for the threshold lead
to higher [PFAl and higher [PDL The vice versa holds for high values of &, ..
For further convenience we define the single-bin [PFAl as the probability that
the single bin energy exceeds the threshold when the tag is not present, and
the single-bin as the probability that the single bin exceeds the thresh-
old when the tag is effectively present. Global [PFAl and are indicated

180



14
10
60F T T T )é

sol z z z 5

1
I !!
: i 0 :
: i
40 b i r 4
: sty : : : :
c
g
o 30 3
= [ Near—far interference
200 : : : ' | R
2T : : : :
Ll
1 1
10/ B 1
' E”. : »
LE g
“:‘ E:I,‘ :
G Il - Il Il Il Il Il 70
0 20 40 60 80 100 120
Bin Index

Figure 8.2: Example of energy matrix E in presence of wake-up offset, clock drift and
near-far interference effect.

in the following with capital letters, specifically Pr4 and Pp, respectively,
the single-bin [PFA] and [PD] for the bin of coordinate (n,m), are indicated
with lower cases, specifically ngAm) and pgl’m), respectively. If the threshold
is exceeded, the coordinates (1, m) associated to the maximum provide an
estimate of the tag clock offset and a coarse estimate of the signal [TOA]
respectively, thanks to the adoption of [UWH] signals. The maximum reso-
lution in [TOA| estimation (and hence ranging) is determined by Tgp [51].
[TOAI estimates can be further improved by adopting ranging strategies as
described in [51].

8.4.2 Threshold Evaluation Criteria

The usual strategy for signal detection is defining a fixed threshold, that is
a threshold &, ,, = ¢ [I11]. However, this approach is not suitable in [TWB}
RETD] systems based on backscatter modulation in presence of multi-tag in-
terference. In fact, the useful tag can be hidden by interference peaks coming
from tags closer to the reader than the intended useful one (i.e., a near-far
effect). This fact is clearly depicted in Fig. 82 which shows an example of
energy matrix E = {e,,,} where the near-far effect is evident. If a constant
threshold over all bins were adopted, the [PFA] would increase significantly
due to the presence of interferers close to the reader. The effect is very pro-
nounced in this kind of system due to the two-hop propagation channel, as
the received power, in free-space propagation, is proportional to d*, where d is
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the reader-tag distance [50, 283]. Assuming a useful and an interferer tag at
distance, respectively, dy and d; from the reader, the difference in the receiv-
ing power at reader side from the two tags is 40[log;,(dv) —log,o(dr)] dB. For
example, considering a useful and an interferer tag placed, respectively, at
dy = 10m and d; = 2 m from the reader, we find a difference of approximately
27 dB in the signals amplitude. If this difference is not properly managed by
the interference mitigation capability provided by the tag codes, a high [PFAI
due to near-far effects is expected!’qd Unfortunately classical power control
approaches, as usually adopted in [CDMA]systems, cannot be used due to the
passive nature of the communication here considered. Therefore we propose
a bin-dependent threshold strategy able to counteract near-far effects. In the
following the threshold will be analytically computed considering a constant
target [PEAl P ,, under the hypothesis of absence and presence of multi-tag
interference.

Consider now the elements e, ,,, of the energy matrix. The presented
decision rule consist in

fe (8.14)

) 7/-20, if e < EnmVn,m,
Decide : ’ ’
Hy, f3{n,m} st. enm > Eum-

Define now the normalized test

A(mm) = n,m
NN, "™

2 e
2 Eum (8.15)
Ho

where &, = NLNog"m According to the approach proposed in [86] we have

NsNo J (m—1) Tep o? i—(m-)N

where N = 2WTgp, 02 = N,NyW is the noise variance, and Yn,i are for odd
i (even 7) the samples of the real (imaginary) part of the [ELPI 4, (t) of v, (¢),
with_y,,(t) = R {g,(t)e’* '}, taken at Nyquist rate /2 in each interval
TEDi

It is well known that the output of the energy detector is distributed ac-
cording to a central Chi-square distribution, with [p.d.f] fo(y,v), under Ho,
and according to a non-central Chi-square distribution, with[p.d.f] fxc(y, A, v),
under H; [86]. For further convenience we report the [p.d.fk of these rvs,

12The effects are obviously even more pronounced in presence of multiple interfering
tags and multipath propagation.
13We consider WTgp € N.
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having indicated with 7 the number of degrees of freedom, and with A the
non-centrality parameter, that is

~ 1 vt Yy ~4
ch<y,)\,V):§e y2 <X) [%_1(\/y)\), yZO, (817)

t: ,
fC<y7D):y‘7~€7§7 y>0 (818)

where I,.(-) denotes the xth order modified Bessel function of the first kind
[106, p. 374] and I'() is the gamma function [106] p. 255].

In the following we propose two different threshold criteria according to
the presence or not of multiple tags in the environment.

Single-Tag Scenario

In the absence of interference (i.e., Nz = 1) the only component at the
de-spreader output under hypothesis H, is the noise z,(t) (i.e., z,(t) = 0).
A threshold-crossing event in absence of the useful tag, causing a false alarm,
happens when the rvg A™™|,, is above the threshold gmm, where we have
indicated with A™™ |, the test (8I5) under the hypothesis H, that is

A 2 /m 2(t)dt ~ — % ; (8.19)
* NoNo Jim-1)Ten o* i—(m-N

where z,; are the sampling expansion coefficients of the [ELP] z,,(t) of z,(¢).
Since z,; are statistically independent Gaussian I¥:s with zero mean and
unit variance, the mwa A™™|;, is central Chi-square distributed, with N

degrees of freedom. This results in a single-bin [EEEP%AM) given by

o0 (5% N €
(nm) _ Ndy=—2" 2/ _p2 som 8.20
Pra énym fC(yv ) Y 1—‘(%) (27 9 ) ( : )

where we used [111},162] to solve the integral, and with T'(a, x) f x®

733

the upper incomplete gamma function and T(-, -) the gamma regularized func—
tion. Since the only component at the de-spreader output is the noise z,(t),
the single-bin [PFA] results to be the same in each bin, that is p%A ™) — = pra,
Vn,m. This leads to a constant threshold fnm = f Vn,m. Under the as-

sumption of independent energy bins in n and m we have that the global
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[PFAl 144

Pra=1—(1—pra)™ ~ Mppa (8.21)

where M = Npin X Ngpan. The threshold &, corresponding to the global [PEFAI
x4, can be then calculated by inverting (8.21]) and (8.20) obtaining

N,Ny - ‘LN
= =0 op (kA (8.22)
2 M2

which now depends on the target PFA] P;: ,.

Once the threshold is set to guarantee a certain [PFAl we can determine
the correspondent single-bin Under the hypothesis H;, the statistics
Am)|,, is given by

§

(nm) 2 2 RS 2
7, NN /(m_l)TED(:c (t) + za(1)) = ‘—(va (Tni + 2ni)

(8.23)
where z,,; are the sampling expansion coefficients of the [ELPI Z,,(¢) of z(¢).
Since z,; are statistically independent Gaussian I¥:s with zero mean and
unit variance, the mvg A™™ |y, is non-central Chi-square distributed, with

N degrees of freedom, and non-centrality parameter A, ,, = 27, ,, where the
[SNRI per bin is denoted by

1 mTED 9 1 mN 9
o = 3o oyl DEETRN Y

2
m—1) Tep 20 .

The single-bin pgl’m) is then given by [111] [62]
P = Qy (\/)\n,m, \/g) (8.25)

where k = N/2 and Qx(a, 8) = [~z (5)"exp {—ﬁ%[;%][kl(ax) dr is the
generalized Marcum’s Q function of order k. The global Pp can be finally

computed as
Nspan Nbin

Po=1-1I 11 (1 —pg"’“) (8.26)

n=1 m=1

under the assumption of having independent energy bins.

1 This assumption is exact in case of Nspan = 1, since the energy bins are independent,
while results an approximation when Ngpan > 1 as the energy matrix elements are corre-
lated for different code shifts. Consequently, (8.22]) leads to a threshold more conservative
than the necessary and, consequently, a lower than expected.
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Multi-Tags Scenario

We now extend the derivation to include the multi-tag interference
effect in the threshold evaluation process. As previously discussed, a proper
threshold design is fundamental to avoid the detrimental effects of near-far
interference.

We consider now Ni,, tags placed in the environment. Without loss of
generality we consider tag k = 1 as the intended one to be detected, while
tags for k = 2,3,..., Niue are considered as interferers. In this case, also
in absence of the useful tag, z,(t) # 0 due to the presence of the residual
interference term after the de-spreading [285]. For further convenience, we
distinguish the case whether the desired tag is present or absent, by defining

H Ns—l ~1 Nia,
2(t) = A& ra Lics wil(t).
2 (t) = N i ayn SR wi(t).

Since z,; are statistically independent Gaussian I¥:s with zero mean and
unit variance, under both hypotheses Hy and H; the a1 A, that is, the
output, is non-central Chi-square distributed with NV degrees of freedom,
and with a non-centrality parameter depending on Hy and H;. Under the
hypothesis Hy (no useful tag), the output results in

(8.27)

mN

(nam) 2 mTEDp (o) 9 1 (Ho) 2
A =58 Sy O ) g D (20 + )

2
m—1)Tep ER—

(8.28)

are the sampling expansion coefficients of the [ELP] £ (t) of
(Ho)

(Ho)
where 1z, ;

a:,(l%)(t), leading to the non-centrality parameter Ay = 2%

interference-to-noise ratio (INRI) per bin is defined as

H ) 1 mTgp (o) ) 1 mN (0) 9
0 = —— ()" dt ~ — E ( 0 ) . .29
fYn m NSNO /( .Tn ( ) 20_2 ‘rn,z (8 )

m—1) Tep i=(m—1)N

where the

A threshold-crossing event in absence of the useful tag, causing the false
alarm event, happens when the mva A(™™)|;, is above the threshold &, .

This results in a single-bin [EEEP%AM) given by
n,m > Ho)
pea” = | fuoly, AT V) dy = (\/ M A&, m) (8.30)
gn,m
where we used [IT1} [62] to solve the integral. The non-centrality parameters

are strictly related to the interference level at each bin e, ,,, then a constant
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[PEFAlin each bin, that is pg;"m) = pra, Vn,m, is obtained if a bin-dependent
threshold &, ,, is adopted according to (8.30). In particular, under the as-
sumption of independent energy bins in n and m as in (821), the threshold

&nm can be calculated from (821)) and (830) as

o = 5 [0 (0, ﬁ“)] (3.31)

with @, '(-,-) denoting the inverse generalized Marcum @ function. Again,
once the bin-dependent threshold is set to guarantee a certain [PFA] we can
determine the corresponding single-bin [PDl Under the hypothesis #;, the
output is described by

2 mTED 9 1 mN x 2
N [ e ae g Y (o)

m=1)TkD i=(m—1)N
(8.32)
where x(Hl) are the sampling expansion coefficients of the [ELP] £ (t) of
%(17-!1)( t), leading to the non-centrality parameter )\nHT}L) = 'yy(fln}b), where the

interference-plus-signal-to-noise-ratio (ISNRJ) per bin is defined as

H ) 1 m Tgp ) ) 1 mN ) 9
V= —— V() dt ~ — E ( ! ) . 8.33
f)/n m NSNO /( 'rn ( ) 20_2 xn;t ( )

m—1) Tep i=(m—1)N

The single-bin -p ™M) is then given by [111], 62]

py™ = (\/E \/5,:) (8.34)

and the global Pp can be computed according to (8.20]).

The presented tag detection scheme in the presence of interference re-
quires the knowledge of the [NR] per bin in order to define the proper bin-
dependent threshold &, ,, according to (8.31]) necessary to keep Pra < Pf 4.
In Sec. practical approaches for defining the threshold without exact a-
priori knowledge of the interference level will be detailed.

Note that the detection performance in terms of in (8.28) and (R.34)
is related to N;. Since the transmitting power of the [WB] transmitter is
constrained by maximum spectrum emission masks, Ny results the design
parameter to be determined to guarantee a target Pjy given a certain
reader-tag distance. Numerical results in Sec. will provide an example of
system design.
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8.5 Numerical Results

In this section we present an example of system design, and performance
evaluated in realistic conditions. Specifically we analyze the tag detection
rate as a function of the false alarm rate considering the low complexity
non-coherent scheme based on energy detection proposed in Sec. [8.4]

8.5.1 Simulation Parameters

We assume to perform the tag detection in a preamble consisting of data
symbols {b,gf)} of all ’+1’. We considered a scenario with a system composed

of one reader, and one or more tags placed in the direction of reader’s antenna
maximum radiation. In addition, we considered the signal backscattered by
any untagged object as part of the clutter.

We adopt T, = 128 ns/¥ A reader with G, = 5dBi antenna gain, tags
equipped with an G, = 1dBi antenna and L; = 2dB switch losses have
been considered. Results have been obtained starting from multipath chan-
nel responses with exponential power delay profile and Nakagami-m fading
(severity factor m=3), arms channel delay-spread of 10 nd'9 and paths sepa-
rated of 2ns apart. A transmitted signal compliant with the IEEE 802.15.4a
emission mask in the 3—5GHz is considered, adopting pulse with
pulse width parameter T}, = 1 ns, roll-off factor » = 0.6 and center frequency
fo = 4GHz. For what concerns the clutter, a worst-case of uniform power
delay profile in the overall interval T},is considered, with paths spaced 0.95ns
apart, each path with amplitude characterized by Nakagami-m fading, with
m =3, and a value of 0.5 mV at the receiver. In addition, at receiver
side a figure noise F' = 4dB is considered and an ideal bandpass filter band-
width W = 2 GHz and center frequency f. =4 GHz. Energy evaluations are
performed with a bin of width Tgp = 1ns.

8.5.2 System Design
Link budget and system parameter choice

The principal parameter to be accounted in the system design is the number
of pulses per symbol Ny, in order to guarantee a target Pj at a certain

15This and the next system specifications are driven by the outcome of the European
project SELECT, http://www.selectwireless.eu

16This value is comprehensive of the two-way link of the backscatter signal [283].

17See ([3.63) for the definition.
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maximum reader-tag distance, which poses a constraint on a minimum N..
Thus, the relation Ny > ]\AfS has to be satisfied.

This parameter can be easily derived under some approximations. In
particular we assume i) [AWGN] conditions, ii) that the received pulse always
falls entirely in one bin, iii) absence of interference and ideal tag code phase
retrieving with Ngpan = 1. In this case the single-bin detection probability
pgl’m) equals the system detection probability Pp, which will be imposed
equal to the target P},. Specifically, according to (8.25), we have

P; = Qk(m, \/g) (3.35)

with A(d) = 2SNR,(d), having indicated with SNR,(d) the [SNR] obtained in
[AWGN] and free-space conditions after the de-spreading process for a reader-

tag distance d, that is
Ns E,

~ No P(d)
The factor Py (d) indicates the free-space pathloss, that i1

dnd £\ L
c G2 G?

SNR,(d) . (8.36)

Pr(d) = ( (8.37)

with ¢ denoting the speed of light. Noticing that é , given by

=21 ( N WTED) (8.38)
bin

is not function of Nj, it is possible to obtain the number of pulses per symbol

inverting (E:35) as
N, > {%Lp(d) [@kl (P;;, \/E)ﬂ (8.39)

with Q%' (-,-) denoting the inverse generalized Marcum @ function, Ny =
kg F'T,, T, = 290 K the reference temperature, and kg the Boltzmann con-
stant. Substituting the simulation parameters indicated in Sec. B5.1] and
considering Pp, = 1073 and P}, = 0.9, we obtain the curve providing Nj as
function of the distance depicted in Fig. For comparison, in the same
figure, results obtained considering a transmitting power exceeding the [FCC|

8Here we adopt a central-frequency approximation. The reader gain G, is only ac-
counted once since the transmitted energy Fi, already accounts for it at transmitting side.
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Figure 8.3: Minimum number of pulses per symbol as function of the reader-tag distance.

mask of 10dB is also reported, as well as the resulting Ny coming from a
different analysis, specifically from the fulfillment of a requirement of [BEPI
Py, higher of a target P3 = 1073, Considering an ideal [MF] and [AWGN]
conditions this can be derived fro

NoPp(d)

p

N > erfc™ (2P%)% . (8.40)

It is possible to notice how the number of minimum pulses per symbol is
significantly higher for the receiver here considered. This is mainly due to
the fact that the detection process is non-coherent. Moreover, considering
that it is important to keep the symbol time not too high in order to ensure
a channel static (for clutter removal) and the phase noise constant on a
symbol (for clock drift problems), practical values of N are around 10000.
This corresponds to a detection range between 6 and 7 so not satisfactory
fore some applications. In this case it can be noticed how an increasing of
the transmitting power is high effective for reducing the number of pulses
needed Differently, it is necessary to adopts more sophisticated receivers,

9Note that the presented architecture does not allow coherent bit demodulation since
it is energy-based. However, sub-optimal hybrid solutions, as for example presented in
[299], allow taking advantage of the low-complexity receiver structure here described also
allowing bit demodulation provided that symbols are differentially encoded (i.e., with
differential binary phase shift keying (DBPSK]) modulation at tag side).

20Moreover it is possible to adopt antennas with higher gain, but in this case the effective
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able to collect the energy from the environmental multipath, and combine
it for detection and demodulation purposes. In the following performance
analysis we adopt Ny = 8192, corresponding to a symbol time 7Ty ~ 1 ms.

Tag Code Assignment

For what concerns the code family choice, an interesting possibility for the
[UWBHRETDI system is to adopt Orthogonal Gold codes [300]. These codes
are exactly orthogonal in the synchronous scenario (I = 0) and maintain
the properties of extended Gold Codes (low cross-correlation) in the asyn-
chronous scenario. They are constructed by lengthening of one chip the
Preferentially-Phased Gold codes [301], that present the optimum value —1
of cross-correlation between all the pairs of codewords when aligned. In this
manner an even code is obtained enabling the complete clutter cancellation.
By using these codewords, the detection procedure is performed in a quasi-
orthogonal environment without suffer of interference. The possibility of
adopting such a family of codes is very interesting in presence of wake-up
offset and possibility of avoiding code acquisition by increasing Np.: since
the codes present an orthogonal behavior when aligned, increasing N, does
not causes excessive interference degradation during the detection phase.

8.5.3 Results in Multi-Tags Scenario

In Fig. B4l we report the receiver operating characteristic (ROC]) correspond-
ing to perfectly synchronous and asynchronous scenarios with ideal code
phase retrieving, related to a useful tag placed at 7m from the reader. We
consider 59 interfering tags uniformly distributed in two meters around the
useful tag, to reproduce interference effects. In particular, orthogonal Walsh
codes in synchronous scenario represent the benchmark, since the interfer-
ence is completely removed. On the contrary, their performance drastically
degrades when the scenario becomes asynchronous. For what extended Gold
codes are concerned, obtained by lengthening of one chip the Gold codes
without any kind of phase optimization when aligned, they evidence a loss
while the scenario is synchronous, but they allow satisfactory detection ca-
pabilities also in asynchronous conditions. Orthogonal Gold codes represent
instead the best trade-off for both scenarios since they achieve a detection
rate higher than 0.8 with a false alarm of 1072 also in the asynchronous sce-
nario, while maintaining the optimal behavior of Walsh codes in perfectly

improvement is given by the antenna gain at receiver side only, since the regulations are
imposed on the [EIRPl This means that the adoption of a higher gain at transmitting side
requires a decrease of the transmitting power of the same amount.
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Figure 8.4: ROC for the tag detection in UWB backscatter system. Continuous lines ()
refer to the perfectly synchronous scenario, dashed lines (--) refer to the asynchronous
scenario due the presence of clock drift, with ideal code phase retrieving.

synchronous scenario.

It should be remarked that in this simulation near-far effects are negligi-
ble, as all the users were approximately placed at the same distance from the
reader. To understand this problem, Fig. 85l shows the [ROC when the useful
tag is placed at 6 m from the reader, and 19 interfering tags are uniformly
distributed between 2.8 m and 3.2m. Orthogonal Gold codes are adopted, a
synchronization offset of 500 ns, and a drift of 100 ppm are considered. The
16th bit of the transmitted preamble (a sequence of all '+1’) is analyzed for
detection purposes and the acquisition window is fixed to 407}, when per-
forming synchronization. As clearly depicted in Fig. B.Al the system suffers
from near-far effects when a constant threshold over all the bins is considered
(dashed lines). Thus a possible solution is represented by the adoption of a
threshold which accounts for the interference effects, that is, a bin-dependent
variable threshold computed such that, in the presence of interference, the
[PIAlis constant for each bin. An empirical approach adopted for simulations
considers a threshold reflecting the tag pathloss behavior until the tag en-
ergy, evaluated in Tgp, falls below the noise floor NgWTgp, then fixing the
threshold to a constant value for the last bins. Figure shows that, when
the bin-dependent threshold is adopted (continuous lines), near-far effects
are significantly mitigated and a detection rate higher than 0.8 with a false
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Figure 8.5: ROC for tag detection in presence of synchronization offset, clock drift and
near-far interference effects. Continuous lines (—) refer to the bin-dependent threshold,

dashed lines (--) refer to the constant threshold.

alarm of 1073 can be achieved when Ngpan 1s set to 41 to counteract the clock
offset. Vice-versa, adopting Nypan = 11, a lower detection rate is obtained
since the synchronization scheme is less robust for the considered N,=1024.
Fixing Ngpan =1, that is, without code acquisition, no detection capabilities
can be assured even when a bin-dependent threshold is chosen. Further re-
sults assessing the performance of the proposed bin-dependent threshold and
comparing the effects of different code assignment strategies will be included

in a following up publication [37].

8.6 Implementation Issues

We know report several implementation issues to be addressed for the practi-
cal realization of the system, as well as solutions to cope with these problems

and impairments.

8.6.1 Receiver Dynamic Range

In practical implementation it is important to ensure a correct level of the
received signal (both useful and interfering) in order to reduce the possibility
of analog-to-digital converter (ADC]) saturation or under quantization. For
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this reason it is important to analyze the characteristics of the signal expected
at the reader receiving antenna. The overall signal present at the input of a
specific reader is composed of different components:

e The signals backscattered by the tags related to the interrogation of
the specific reader itself;

e The signals backscattered by the tags related to the interrogation signal
of other readers (i.e., an interference component);

e Other readers direct interference, that is, the ensemble of signals emit-
ted by other readers;

e The clutter, that is the signal emitted by the specific reader and re-
flected by the environment.

These components must be carefully considered, in order to define the dy-
namic range at the reader input port and possible issues related to it. For the
sake of a complete characterization of the dynamic range, it is important to
comprehend if the strongest received signal comes from an interfering reader,
or it comes from the reflections of the environment, as well as the ratio be-
tween the strongest input signal and the tag backscattered signal (which is
supposed to be strongly attenuated from the backscattering two-way chan-
nel).

The pathloss related to the different received signals, obtained adopting
the free-space propagation model at a single central frequency, can be written
as

-1

)\ 4
Gfo(MdT_t) ] : (8.41)
-1
)\ 2
G3<4ﬁdr_r) ] , (8.42)

where Pr is the transmitted power, P, P}, and Pgbj are the received powers
from tag, reader and objects, respectively, GG, the reader antenna gain, Gy the
tag antenna gain, \ is the wavelength, d"~! is the reader-tag distance, d"~"

prrt— L
Pr
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is the reader-reader distancel] The first term PL™~t accounts for the useful
reader-tag-reader backscattering information signal, that is the useful signal
component of interest for detection, [TOA] estimation and packet demodu-
lation. The second term, PL"™" accounts for the direct path coming from
an interfering reader: for a localization system we have in fact to deploy a
network composed of at least three readers in order to perform trilateration
once estimated the reader-tag distances. The last term PL"°% accounts for
one of the clutter components, due to the reflection on a scatter with a radar
cross section (RCS)) o (e.g., the object to which the tag is attached). In fact
it is supposed that each tag is attached to a bigger object whose reflection
properties, characterized by its[RCS], could determine the presence of a strong
clutter component having the same [TOA| of the useful signal. In particular,
equations (841]) and (843]), that represent respectively the pathloss for tag
and object backscattering, derive from the well known radar range equation.
On the contrary, equation (8.42]), that is the interfering signal coming from
an other reader, is derived from the well known Friis formula.

Amplitude [V]

Backscatter Peak Signal Amplitude
== Clutter Peak Amplitude

10 = |- - - Interference Peak Amplitude - 5x5 cell E
[ |- = - Interference Peak Amplitude — 7x7 cell 1
r | = = = Interference Peak Amplitude — 10x10 cell

10'3 1 1 1 1 1 1
0 2 4 6 8 10 12 14

Reader-Tag distance [m]

Figure 8.6: Typical dynamic range of a UWB-RFID system.

In Fig. B0, the peak of the received signals are reported considering three
different reader-reader distances (i.e., three different square cell sizes), an ob-
ject to which the tag is attached presenting the worst case [RCS| of a square

21For [[WT] signals all the terms should be characterized as function of the frequency.
This is a central-frequency approximation useful for understanding the signal level at the
receiver side.
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metallic plate of 50 x 50 emPd The figure illustrates how the maximum re-
ceived signal is usually the one coming from the opposite reader, depending
on the cell dimensions. This means that the strongest signal at the reader in-
put port is, in many situations, determined by the direct interference coming
from the opposite reader.

8.6.2 Multi-Reader Interference

As already described, in the [[WBHRFTIDI network several readers (e.g., four
as in the square cell scenario we are considering) are in charge of monitoring
a determined area. It is clear how, in this manner, it is necessary to enable
the possibility of accessing the same tag by multiple readers, with a potential
problem of inter-reader interference.

For this analysis we consider the square scenario reported in Fig.
with the four readers placed at the corners of the cell. We now neglect the
presence of obstacles, assuming that the greatest interference comes from the
opposite reader in case of free-space propagation Focusing, whitout loss of
generality, on the interference generated by Reader 3 (opposite Reader) and
received by Reader 1, we can thus foresee three different situations:

1. The interfering signal is reflected (backscattered) by the useful tag (i.e.,
the tag which Reader 1 wants to detect or demodulate);

2. The direct path (or the multipath) between Reader 3 and Reader 1
(i.e., the already analyzed strongest interfering signal) exists;

3. The interfering signal is reflected by a tag different from the useful one.
We assume that the interrogation signals transmitted by Reader 3 and
Reader 1 are generated adopting, respectively, the spreading codes {dﬁg)}
and {dl(l)}, and that that the useful and the interfering tags have codes
{cgu)} and {cgmt)}, respectively. To detect the presence of the useful tag,

Reader 1 performs a de-spreading using the composed code {dgl) . cl(-”)}, ac-

cording to the procedure that described in detail in Chapter [l and Sec. 8.4l

22Typical system parameters for antennas are accounted in the derivation. See, for a
description, Sec. [R5l

23In general we can assume a lower level for the interference of the two neighbor readers
in the case of partial directive antennas at transmitting and/or receiving stage, while a
higher level for the interference coming from the two neighbor readers in case of adoption
of omnidirectional antennas.
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As anticipated, the direct link between Reader 3 and Reader 1 represents
the strongest interfering signal. Considering, in fact, the intended useful tag
placed, for example, at the center of the square cell at distance d = 7m from
the Reader 1, we have that the received tag backscatter signal scales with d*,
while the interfering Reader 3 direct signal scales with (2d)?. It is immediate
from free-space propagation equations (847]) and (8.42) that the difference
in the received power (in dB) between the interfering reader and the useful
tag is given by

201og (d) — 201og (Q;f ) (8.44)

where ¢ denotes the speed of light and f. the signal central frequency, and
where we have adopted, for simplicity, a unitary tag antenna gain. Substi-
tuting the value d = 7m we obtain a difference between the two received
powers of about 55dB. If a [CDMAlbased technique is adopted for read-
ers MAC, even a very small de-spreading residual interference component
can completely vanish the possibility of detecting and demodulating a tag
signal. Moreover, as seen in Sec. B3] readers’ code has to fulfill several re-
quirements. In particular, relating to the previously presented three cases,
the multi-reader interference is cancelled provided that the following three
conditions are satisfied:

1. Cancellation of the multi-reader interference component modulated by
the useful tag:

N N

LR ATED AT (5.45)

i=1 =1

2. Cancellation of the direct reader-reader interference:
Ns
> ddP M =0 (8.46)
i=1

3. Cancellation of the multi-reader interference component modulated by

an other tag:
Ns

> dP e dP ™ =0 (8.47)
i=1
These stringent requirement pose several challenges on readers’ codes de-

sign, especially for the almost-ideal interference cancellation capability re-
quired. Moreover, the cancellation can be obtained by suitable orthogonal

24For example, the requirement 3 must be fulfill for all the possible tag sequences since
it is necessary to remove the interference due to all the possible tags.

196



codes, but this fact poses further constraints on the synchronization level
that the readers network has to provide

For this reason it is clear how a [CDMAlbased readers [MAC scheme is
critical, and simpler solutions, such as [TDMA] have to be accounted at
reader side, especially for low-complexity realizations. Specifically, it consists
of alternating in a cyclic way the transmitting reader, with the other readers
in receiving mode. Adopting [TDMA] the interference problem coming from
other readers is completely avoided.

[TDMAI can be performed at different rates considering the alternation
of the transmitting reader, for example, each symbol or each packet. De-
creasing the switching rate between readers (e.g., implementing at
packet level) allows preventing problems deriving from synchronization mis-
matches, whereas the main drawback is the reduction of the update rate and
constraints on the maximum tags’ allowed speed, when object tracking is
performed.

It is worthwhile to highlight that even the at reader level were
[TDMA}based, the access from each reader to multiple tags would be still
[CDMAlbased.

8.6.3 Analog-to-Digital Conversion

The main reader functionality is to perform the signal de-spreading in order
to detect and demodulate the tag signal, and to ensure the clutter cancella-
tion. In principle this process can be performed in the analog or digital do-
main, as well as pre or post a matched filtering operation. If the de-spreading
is realized in analog (both pre or post matched filtering and sampling), the
output signal to be digital converted consists simply of the useful tag con-
tribution and interference residual, as seen in Chapter [7] and Chapter B In
this case the dynamic can be adjusted on the maximum tag expected
signal, considering, for example, a tag as close as much allowed to the reader.

Notice that, when a synchronization scheme is adopted exploiting the di-
rect reader-to-reader [WH] signals, or a multistatic (WSR] capability has to
be guarantee, it is necessary to ensure that the interfering reader signal does
not saturate the low-noise amplifier (LNA]) at receiver side, also if [TDMAI
is adopted as readers [MAC| In this case a fixed amplifier gain is sufficient,
since the signal amplitude is fixed once the cell size is defined. Vice versa, if
readers’ synchronization is not performed exploiting the [TWB] transceivers,
multistatic techniques are not adopted, and [TDMA] is adopted as readers
MAC, the input can be designed in order to prevent saturation due to

25See Sec. [6.3.2]
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the clutter. In this case a variable-gain amplifier (VGA]) allows the system
operation for different clutter levels of the environment (and different reflect-
ing properties of objects where the tags are attached, in case these can be
placed very close to the readers).

The number of quantization levels is then designed, as usual, for ensuring
a satisfactory signal-to-quantization-noise ratio (SQNR]) for what concerns a
tag at the maximum allowed distance. Notice that, in this case, the number
of quantization bits is in general higher than for a traditional one-way active
communication due to the two-hop channel and its poor link budget.
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Figure 8.7: SQNR at the ADC output.
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However, an analog implementation of the de-spreading process is often
too complex for a practical realization, mainly due to the large signal band-
width, so a digital realization is preferred In this case the clutter removal
is performed on the digital domain so that, now, the dynamic must be
adjusted on the maximum expected signal at reader input port, that is, in
absence of multi-reader interference, the clutter, as presented in Sec. R.G.1l
Furthermore, if readers synchronization is conducted exploiting [UWB] sig-
nals, as detailed in Sec [6.3.2], or if the reader [MAC( is [CDMAlbased, the
dynamics must be adjusted on the interfering reader signal amplitude.
It is clear that this situation is strongly unfavorable due to the very high
dynamic range at input port when a tag is far from the reader. Figure 81
as example, presents the [SQNR] obtained at the output of the which

26Moreover, in order to prevent sampling at Nyquist rate, suboptimal techniques, such
as the double quadrature receiver proposed in [299] can be adopted.
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maximum dynamic is adjusted on the interfering opposite reader signal on a
10 x 10m square cell, as function of the reader-tag distance and for differ-
ent number of quantization bits m, with m = log, (L) and L the number of
quantization levels. It is immediate to observe how, in this case, a very high
number of bits is necessary in order to provide a satisfactory [SQNR] for ex-
ample a value so that the quantization noise is negligible with respect to the
thermal noise. Fortunately, this requirement can be relaxed, by considering
the presence of the digital de-spreading process, which can significantly help.

In fact, in Appendix it is shown that, in presence of low condi-
tions, as the case of the system for the received tag signal, the
process gain is beneficial not only for increasing the effective but also
for the SQNRI In particular, if N are accumulated at receiver side,
both the [SNRI and the [SQNR] are enhanced of a factor Ny with respect to
the same quantities at the output of the [ADC| prior the de-spreading stage.
In this manner it is possible to significantly reduce the target [SQNR] at the
output of the [ADC], without suffering of quantization noise on the effective
de-spreaded signal. The number of quantization bits can be in this manner
significantly reduced.

8.7 Conclusion

In this chapter we have presented the[UWBHRFIDI|systems based on backscat-
ter modulation, in presence of interference, wake-up synchronization offset
and clock drift, considering a practical low-complexity tag detection scheme.
Tag detection performance has been evaluated in terms of detection and false
alarm probability, to analyze the robustness of different code families in dif-
ferent scenarios. It has been shown that the joint use of orthogonal Gold
codes with proper low-complexity detection and code acquisition schemes
involving bin-dependent thresholding is a promising solution to overcome
implementation impairments and near-far effects. Several implementation
issues have been analyzed and possible solutions to cope with problems of
dynamic range, A/D conversion and multi reader interference proposed.

8.A Effect of De-Spreading on A/D Conver-
sion

The purpose of this analysis is to derive the relationship between the [SQNR]
at the output of the[ADC] and of the de-spreader as a function of the number
of pulses N,. Figure R.8 shows the analyzed [ADC| and de-spreader, where
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Figure 8.8: The considered scheme for the ADC and de-spreader.

the [ADC] output is multiplied by the tag code, and then it is accumulated
for N times.
In particular, we can express the input signal X as:

X =x,+x.+n; (8.48)

where z, is the useful signal component, .. is the clutter/interference compo-
nent (which mainly affects the upper bound of the dynamic range at the[ADC]
input), and n; is the additive thermal noise. The useful signal component
and the clutter component are assumed uniformly distributed respectively in
[ Xomins Xmaz) and [—Xemazs Xemaz), but they are considered both constant
within a symbol time.

We can express X as

A

X=x,+x.+n;+ €, (8.49)

where €, is the quantization noise error. We assume the quantization noise
uniformly distributed in [0, §], where § corresponds to the quantization step
amplitude Now, if we look at the output of the accumulator, we can
express Y (under the hypothesis of zero mean code) as

~

Y = Ng- 2y + 1w + € (8.50)
where n,; is given by

Ns
Nout = Z ci g (8.51)
i=1

and ¢; represents the ¢-th chip of the codeword.
The SQNRE SQNR,, and SQNR,,, respectively, at the output of the
[ADC] and of the accumulator are:

_E{z}
SQNR,, = ) (8.52)

27 Assuming that a sufficient high number of quantization bits is adopted and that the
sum of signal and noise is above the quantization step.
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and

St T LT84 (8.53)

In the following, we find the relationship between E {¢2} and E{e2}. In
particular, we can write the second-order moment of €, as

N, 2
E{e¢} =E (Z c - €x¢>
i=1
N, Ne-1 N,
:E{Zcffi—l—lzZc¢~exi~cj~exj} (8.54)
i=1

i=1 j=i+1

We derive now (854]) for two extreme cases: low (where the thermal
noise amplitude is larger than the quantization step and the useful signal
amplitude), and high [SNRI (thermal noise negligible with respect to the useful
signal and the quantization step). The first is the condition of interest for the
system, while the second is reported for sake of completeness.

Analysis at low SNR In this case, we can assume that €, and €, are
independent (due to the Gaussian thermal noise), obtaining:

Ns—1 N
E{2~Z Zci-emi-cj-emj}: (8.55)
i=1 j=i+1

and thus we can write

Ng Ns
E{ei} :EZ C?'Ei,- :E{Z cfeil}
i=1 i=1

N
=> ¢ E{e} =N -E{e}. (8.56)
1=1

Finally we have the expression:

_ N -E{ai}

SQNR‘out - Ns A E {E%}

= N, - SQNR,, (8.57)

where it is evident the processing gain of Ny shown also in Fig. B9l In the
same figure, it is evident how five bits are not sufficient for the quantization,
and thus there is no gain in the [SQNR]
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Figure 8.9: SQNR gain after de-spreading and accumulation.

Analysis at high SNR  If we assume to work at high [SNRI] we can neglect
n; with respect to x,. Consequently, equation (8.55]) is no more valid, since
€z, and ¢,; are not statistically independent (considering one observed bit,
clutter is constant and the useful signal assumes only 2 values). Considering
that €, depends only on the transmitted chip (+1 or -1), we can write (854))
as:

Ns
3> N
2\ 2 2 2 2
E{g}=E{D & et Y et (8.58)

i=1 =41

N, N,

P

+2- E E Ci* €y 41 Cj * g1t
i=1 j=i+1
Ng—1 Ng

+2- E E Ci* €xy]—1" Cj* €g5—1

=0 41 J=it1

Ny 2 2
2 Ns
_ 2 2
=K e E Ci| +e€-1- E Ci
=1 - N,
! =5l

where we assumed to have for simplicity a sequence of +1 until % and of

-1 from (% + 1) until Ny, and that €., and €,,—1 depends only on the
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transmitted chip (it means €;,|—1 = €;—1 and €41 = €;41 for any i-th chip.
Then we can write

(g -2{ (% %HI)Z}H@{(—%-%H)Z} 559
i

r|+1} + E{Eml 1} = o

where

1 1
E{e} = §E {€i|+1} + §E {%%\—1} : (8.60)
We finally obtain the SQNR,,, expression as
NZ.E
SQNR,¢ = Ni{x“} = 2-SQNR;, (8.61)
5 Efe}

where no dependence on Nj is present, and the processing gain for the SQNR]
is 3dB only.
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Chapter 9

Theoretical Bounds on the
Localization Accuracy

9.1 Motivations

One of the main motivations supporting the introduction of the
system is related to the possibility of performing, with the same network
adopted for identification, high-accuracy localization. The aim of the fol-
lowing derivation is understanding the fundamental limits in the achievable
position accuracy with such a kind of network. This provides an insight on
how the different system parameters and the readers deployment play a role
on the maximum localization performance. Moreover it allows the quantifi-
cation of the benefits deriving from the exploitation of multistatic techniques
for localization, as in (WSRK. The comparison is obtained with the position
error bound (PEB]) introduced in [138] for active localization networks. In
particular the derivation is valid not only for the network object
of this thesis, but also for WSR], also refereed to as [RSNI [287].

9.2 System Model

Both networks and [WSR] networks are composed of transmitting en-
tities, emitting the signals, tags or targets acting as reflectors, and receiving
entities that detect the presence of the reflecting object and estimate the
distance starting from the extraction of a feature from the received signal.
The proposed performance bound is so applicable to both networks
and [WSR] networks. Due to the analogies in the backscatter processes, in
the following we will refer to both tags and targets with the name objects.
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Figure 9.1: Network configurations.

With reference to Fig. [0.1, we will analyze two different configurations

for what the level of cooperation between reference nodes is regarded:

(a) Monostatic networks: N, transceivers (i.e., co-located transmitters and

receivers) are employed in known positions pr; = (R4, Yri), with i =
1,2,...,N;. Each reference node emits an interrogation signal and
analyses the corresponding backscattered signals. This is the common
operating mode proposed for systems [50]. In this configura-
tion, objects’ position estimation is performed by exploiting N = N,
observations;

(b) Multistatic networks: the network is composed of Ny transmitters and

N, receivers located in known positions pr; = (zr1;,yr;) and pr; =
(Rs, Yri), respectively, with j = 1,2,..., Ny, and ¢ = 1,2,..., N,.
Transmitters and receivers can be separated or co-located. Each re-
ceiver can potentially receive all the backscattered signals correspond-
ing to the N; transmitters. In this configuration up to N = N; x N;
observations are exploited by the network for position estimation.

Hybrid solutions, where a receiver listens to a subset of the transmitted

interrogation signals, are possible We want to underline that the adoption

of multistatic[RFIDIlis a novelty for this kind of technology where transmitters
and receivers are usually co-located [271] 50].

'See, as example, the case of one only transmitter and N, receivers proposed for the

[WSRlin [287].
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9.2.1 Ranging Models and Localization

Since [TOA] estimation affects directly the performance theoretical bound,
we define here the model adopted for the ranging error resulting from the
processing operated on the de-spreaded signals analyzed in the previous chap-
ters.

We assume tagged objects equipped with antennas presenting an om-
nidirectional radiation pattern (we neglect the angular dependency of the
backscattered signal power) as well as we consider transmitter and receivers
equipped with omnidirectional antennasf Moreover, we account for
propagation in the distance estimates

Monostatic Networks

In this case transmitters and receivers are co-located. Since we have j = 1,
for simplicity we drop the index j considering the ranging estimates r;(px) =
rii(Pr). Denote dg; the distance between the ith reference node and the
object, and consider that at least three receivers have detected the target.
In ideal conditions (perfect range estimates), object’s position py is given
by the intersection of circles centered in the reference nodes’ positions with
radius equal to the reference node-target distance (trilateration)H

Each distance measurement r;(py) is assumed to be Gaussian distributed,
that is, 7;(pr) ~ N(2dgi, 04(dr;)), with o?(dg;) the estimation variance,
which is a function of the target position py [134, 223, 138]. The factor
2 in the mean value accounts for the doubled estimated distance due to the
two-hop link. Then, the distance estimation variance can be modeled, for
example, according to the [CRB| with ¢?(dr;) = 02d%}, where o7 is the vari-
ance on ranging error of an object at distance dr; = 1 m from the reference
node and « is the pathloss exponentﬁ The exponent 2 accounts so for the
two-hop link. This model is also suggested by the behavior of ML[TOAI esti-
mators, considering the estimation variance as function of the [SNR] that is,
as function of the signal propagation distance [51].

2These assumptions can be also easily removed and different reflection behaviors or
tag/target random orientations can be accounted for by including, for example, the derived
[PEBI expressions in Monte Carlo simulations.

3The derivation can also be extended accounting for biases due to propagation
as in [138].

4In presence of distance estimation errors several approaches con be found in the liter-
ature [24].

5Here and in the following we do not indicate the dependence on py of dr; and r; for
convenience of notation.
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Multistatic Networks

In this case N, transmitters are present and N, receivers perform demodula-
tion of the backscatter signals. Denote dr; the distance of the generic object
from the jth transmitter and dg; the distance from the ith receiver.

Now distance estimates through signal [TOAl are related to the sum dr; +
dg;. Once this distance is estimated, in ideal conditions object’s position can
be obtained by the intersection of ellipses with foci on the jth transmitter
and on the ith receiver [274]. If the transmitter and receiver are co-located,
the ellipse collapses in a circumference as for the monostatic case and thus the
position estimation relies on the intersection of both ellipses and circles (in
particular, N, circumferences and N, x (N, —1) ellipses). In this scenario, we
still model each distance measurement r; ;(py), related to the ith receiver and
the jth transmitter, according to a Gaussian distribution r; ;(px) ~ N (dr; +
dri, 0 j(drj,dg;)). The estimation variance can be modeled according to the
[CRB, with o7 ;(dr;, dri) = 05dg,dg;, where o is, again, the variance for the
distance estimation of an object at distance of 1 m from both the transmitter
and the receiver. In this case both dr; and dg; are function of py

9.2.2 Ranging Error and System Parameters

In order to compute the [PEB]it is necessary to model the ranging estimation
variance at the reference distance o2. This can be related directly to system
parameters considering the bound of the distance estimator, once the
estimator typology is defined. Considering, for example, [TOA] estimation,
the expression for the [CRBlis [51]@

62

2 __
70~ 872 B2SNR, (9.1)

where SNRy is the [SNRI of the received signal p(t) at the reference distance
dop=1m, c is the speed of light, § is the effective bandwidth of p(t) defined
in (3:23)).

The of the received signal can be obtained considering its [PSD] the
receiver noise and the number of coherently integrated pulses Ny as [274]

SNR, =

fu 2(F)a(f)c?

No Jy, (4m)3 f2

5We do not indicate the dependence on py also of dt; and r;; for convenience of
notation.

"See also [3.22) and Chapter Bl
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for untagged objects (i.e., in WSRI) and (836) considering d = dy for tagged
objects (i.e., in networks), where Si(f) is the transmitted one-sided
[PSD], generally imposed by emission masks, G,(f) is the antenna gain of
transmitters and receivers, and fi,, fu are, respectively, the lower and upper
extreme of the signal bandwidth.

9.3 Localization Performance Bounds

The lower bound on the [MSE] of any position estimator py = (Zx, Jx) of px
that exploits N distance observationsy r = [rq,79,...,7ry] is given by the
CRD [66[

Er {(px — Pr)(Pr — Pr)" } = I ' (Ps) (9.3)
where E.{-} is the expectation with respect to the vector r and J(py) is the
Fisher information matrix (EIM]) given by

J(px) = Ev {[Vp, In(f (x[pe))] [V, In(f (x|pr))]" } (9-4)

having indicated with f(r|px) the [p.d.f] of the observation vector r condi-
tioned on pg. The [PEB]is then defined as [13§]

PEB(px) = v/tr{J~(px)} (9.5)

where tr{-} is the trace of a square matrix. Considering the observations as
independent we hav

N

felpe) = [ ] fi(rilpe) (9.6)

=1

where f;(r;|px) is the [p.d.f] of the ith observation conditioned on py. Con-
sidering that

N 1 Bfig’i\pk)
Vo, In(f(r|pr)) = _— o . 9.7
p I(f (r[Pr)) ;fi(rﬂpk) %{p) (9.7)

8Tn Sec.[@2we defined r as a bidimensional vector for multistatic networks. For simplic-
ity of notation here we consider a one dimensional vector containing all the N = Ny x N,
elements.

9A > B means that A — B is non-negative definite.

10This is generically reasonable in the monostatic configuration. For multistatic net-
works it is still reasonable, for example, adopting the [[DMAlbased [MAC] for the N;
transmitters, if Ny > 1.
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we obtain

J(pr)=
N N 1 1 Afi(rilp) 0fi(rilpk)  8fi(rilpk) 01i(rjlPk)
E, X | o0k 01,0 o5 on) 01,0
121]21 fi(rilpe) fj(Tj|pk) fz(ayzipk) fjészpk) fz(ayzipk) fj(ayjkpk)
(9.8)
As showed in [138] all terms in (O.8)) for i # j are 0 so that
N . (afi(am\pk) ) 2 Of(rilpw) Of(rilpu)
J — Er X Tk Tk Yk
(pk) Zl fi<7“i‘pk)2 Ofi(rilpx) Ofi(rilPk) <(9fi(7’z’pk)>2
= Oy Oy, Oyg
(9.9)

The can be obtained by computing J(py) using (@.9) for each network
configuration, and then according to (9.5]).

9.3.1 Monostatic Networks

In order to compute the [FIM] (@.9) it is necessary to derive the expression
of 2filrilpr) oy 9 ié’;ip 5)  Considering that the [p.d.f] of the distance estimate

oxy,
fi(rilpr) = ;exp{—w} (9.10)

results
\2modd¥ 2073 dg;

we obtain

Ofitrilee) _ 1 [ v\ (owd  2u o\ (0O,
oz, ono? 202 oldp; 0?2 dg Oz, Ri )

(9.11)

Ofi(ri|pr) 1 V2 av? 22U, o« 0
= - ! — — —dg; 9.12
8yk 27T0i2 eXp 20'12 U‘QdRi + o? dRi 8yk R ( )

where v; = (r; — 2dg;). We have also

0 Tp — T
90 ® i cos (9.13)
0 Y — Y .
—dg; = = 0; 9.14
Oy & dRr; o ( )
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having indicated with 6; the angle between the object and the ith receiver,
measured with respect to the horizontal. We can now rewrite (0.9) as

3 )_ip(d ) cos?f;,  cosb;sinb; (9.15)
Pr) = — AR cos 6, sinf;  sin? 6, '
where I';(dg;) accounts for the expectation in (@.9) and is given by
e 1
(drs) oo filrilPK) () ( )
with
1 v? av? 2v; «
() = ——— _ v o ) 1
Substituting (9.17) in (Q.I6]) the integral results
4 202
Li(dri) = — + —— o (9.18)
7 Ri
Moreover we can rewrite J in the form
S = | T () DL 00| _
Dic1 Ji( (Px) ZZ 1 Jz( (Px)
21‘111 [';(dg;) cos? b; ZZ 1] [';(dg;) cos ; sin 6; (9.19)
Zi]\il Pz(dRz) COS 6’2 sin QZ Z 1—‘2( Ri) SiIl2 QZ '

The determinant of this matrix is given by

N N
det J(py) = (ZT (dgr;) cos 6’) (Z [i(dg;) sin 9)
=1

i=1
N 2

- <Z [';(dg;) cos 6; sin 9i> : (9.20)
i=1

Finally, it is so possible to derive J~! as

1
17 ) = det J(pk)

Zﬁvzl [i(dg;)sin®6;  — vazl [';(dg;) cos 0; sin Hi]

= S Tildrs) cosb;sin ;S0 Ti(drs) cos? 0;

(9.21)
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obtaining for the the expression

PEB(p:) =

>y Dildri) N
(le\il T;(dg;) cos? 0i> (Ziil I';(dg;) sin® 00—(2?;1 [';(dg;) cos 0; sin Hi)
(9.22)

This expression is formally equal to the one derived in [138] for active localiza-
tion networks, with a different expression for the terms in (@.I8]) characteristic
of these passive localization networks.

9.3.2 Multistatic Networks

For convenience of notation we rewrite (@.9) by introducing a double sum
accounting for the N = N; x N, observations due to the contribution of N;
transmitters and N, receivers, that is

Ny Nt 1
J(pr) = E; _—
; ; Jii(rijlpr)?
(8fi,j(7'i,jpk)>2 0fi,j(ri,j|Pk) Ofi,;(rij|Pk)
dzy, ozy, 8yk2 (923)
Ofij(ri,jlPk) Ofi,;(ri,j|Pk) (afi,j (?“i,j|pk)>
Oy Oz, Yk
where f; ;(r;;|px) is given by
1 (Ti,’_dT‘_dRi)Q
fi7j<ri7j|pk) =—F——€Xp {_ L 2 Zdoj‘ 7o . (9.24)
2mogdy,dg; Opdr;0R;

The partial derivatives in (@.23) can be easily computed obtaining

~2
Ofij(riglpe) _ 1 exp{_ Vi }
0.2

Oxy, 27 2, 20@'2,j
~9 -
avs . Us . Q 0
X R —dr;
[(203dej O'ij Qde) (&xk T])
oz wl ——dg; 9.25
+ <202~27de2‘ _'_0'227]» 2dRz) (&ck R):| ( )



and

~2
Ofig(riglee) 1 eXp{_ Vij }
g,

> 2m Z~2j 202‘273’
~9 -

arv? . Us s Q a

X ] + ] _ ) (_d )
[(Zgzdej Ui2,j Qde ayk T
~9 -
av;; Ui ; o) 0
— —dp; 9.26

+ <20’ dRz + 0'227]» 2dRz) (8yk R ( )

where 7; ; = (r; ; — dr; — dgr;). We have also

0 T

dp; = = : 2
&rk Ty de COS ¢j7 (9 7)
d Ye — Yy .

dres = 1 — ; 9.28
Gy = g = s (9:28)

having indicated with ¢; the angle between the jth transmitter and the
object, measured with respect to the horizontal.
Considering the structure of the matrix J(py) in (9.23)

Jl,l(pk) J1,2(pk)

() = [Jz,l(Pk) J2,2(Pk)} (9.29)

we obtain the terms

J1,1(pk / exp{ }
i= 1 = 1 \/ 2707

(k:Tj COS gbj -+ kRi COS 01) dVi,j s (930)

J22(pk / exp{ }
i= 1 j= 1 1/271'(7

(ij sin (bj + kRi sin 092) dl/i,j s (931)

Ji12(Pr) = J21(Pr) = / exp{ }
i— 1 j= 1 ,/27m ‘

X (krjcos ¢; + kgricosb;) (kr;sin ¢; + kg, sin6;) dv; ; (9.32)
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where

~9 -
kr; = 2 2 9.33
T <20—l'27dej + O-l'27j 2de) ( )
and )
avrs . Us s o
kRr; »d — . .34
Ri = <20' dRz + Oi2,j QdRz) (9 3 )
The integrals can be solved in closed form, obtaining:
Jii(pr) =
Ny DN 2 1 O{Q
cos® ¢; + (— + —) cos? 6;
35| (% %) ST
2 2
+ (0—2 + dTa-idR-) COS ¢; COS Gi] : (9.35)
i jORi
J22(Pr) =
Nr Nt 2 ] 1 O{Q )
22 ( o, ) o, + (G + 5, ) o
i=1 j=1 %,J Ri
92 2
+ ( — 2 ) sin ¢, sin 92} , (9.36)
o; J dT]dRz

J12(Px) = J2,1(Pr) ZZ [( top ) COs ¢ 8in ¢
Tj

i=1 j=1

1 o?
5+ o | costsin;
+ <Ui2,j + Qd%{) cos 6; sin
(L Va4 (9.37)
Ui2 S sin (¢, Ol .

We can now compute the [PED as

PEB(py) = \/ ‘]“(gg ;(I_J:)Z(pk). (9.38)

Notice that if the jth transmitter is co-located with the ith receiver (i.e.,
i = j, so with dp; = dg; and ¢; = 6;) we have that the ith contributions

in (@.30), (©36) and ([©.37) degenerates, as expected, into the [FIM] elements
already derived in (9.19)).
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9.4 Case Studies

We present, as case study, results in terms of the [PEBI derived in Sec. [@.3]
related to[TOAlbased TWBHRETDlocalization. First we report, in Sec. [0.4.1]

the system parameters considered in simulations necessary to determine the
ranging error at reference distance o2. Numerical evaluation of the [PEB
has been carried out in a square cell of (20 x 20) m?, with 4 reference nodes
placed at the corners if not differently specified. Specifically, 5 different
configurations are analyzed, showing as first the [PEB] in the 2D scenario

(Sec. 0.4.2)), and then the performance in terms of [LEQI (Sec. [0.4.3)).

9.4.1 System Parameters

We consider a symbol composed of Ny, = 8192 pulse with [PRP| T, =
200 ns. Transmitters and receivers have an antenna gain GG, = 2 dBi, while
tags are equipped with an antenna with gain Gy =1 dBi The backscattering
modulation loss due to the presence of the switch in the tag is Ly = 2dB.
The transmitted signal, adopting [RRCl pulses with pulse width parameter
T = 1ns, roll-off factor v = 0.6, center frequency f.=4GHz, is compliant
with the IEEE 802.15.4a emission mask in the 3.2—4.7 GHz. The pathloss
coefficient and the receiver noise figure are, respectively, =2 and F'=4dB.

9.4.2 PEB in the 2D Scenario

Here we report the mapped in the cell for each analyzed configuration.
Note that we assume the same omnidirectional antennas for each case, while
these can be optimized for any specific configuration.

Configuration #1. Figure presents the [PEB] contour plot in the 2D
scenario adopting a monostatic configuration. It is interesting to notice the
presence of a wide central area where the localization error is almost con-
stant to values close to 40 cm, which is quite interesting for many potential
applications.

Configuration #2. Figure[@.3 reports the PEBI considering an ideal multi-
static configuration, where each receiver is able to process the signal emitted
by each transmitter. In this case the localization performance is obviously
significantly improved with respect to the monostatic configuration, and the
error presents a different distribution in the 2D scenario. The best perfor-

UThis is a typical value for the number of pulses per symbol [37].
12We neglect frequency dependence as first approximation.
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Figure 9.2: Configuration #1. PEB considering 4 reference nodes (transceivers) at the
corners (monostatic).

0.4 [m]

0.35

0 2 4 6 8 10 12 14 16 18 20
x[m]

Figure 9.3: Configuration #2. PEB considering 4 reference nodes (transceivers) at the
corners, each processing the signals of every transmitter (multistatic).

mance is guarantee in the areas close to the reference nodes[
Configuration #3. A different configuration is examined in Fig.[0.4] where

13Note that in this figure the scale is limited in the interval [0 — 0.4]m for a better
visualization.
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Figure 9.4: Configuration #3. PEB considering 2 transmitters in [0, 0], [20,20], and 2
receivers in [20, 0], [0, 20] (multistatic).

two transmitters are placed in [0, 0] and [20, 20], and two receivers in the other
two corners with coordinates [20, 0] and [0,20]. Each receiver processes the
signal of both the transmitters, and the best coverage is again in the areas
close to the reference nodes. Moreover, it is interesting to notice that there
is no distinction, for what concern the localization capability, if a tagged
object is close to a transmitter or to a receiver. The performance is in general
worse than that in configurations #1 and #2 mainly because the number of
transmitter and receivers is halved.

Configurations #4 — 5. Other two multistatic configurations, with only
one transmitter and 4 receivers, are investigated in Fig. and Fig. 0.6
In configuration #4 the transmitter is co-located with the receiver in [0, 0],
whereas in configuration #5 the transmitter is placed in the center of the
monitored area in [10,10]. As will be quantified in the next section, config-
uration #5 is particularly attractive when a good compromise between the
number of transmitters/receivers and localization coverage is desired.

9.4.3 Localization Error Outage

In order to compare the different topologies from the quantitative point of
view, we now analyze the performance in terms of In particular, the
is defined as the probability that the expected localization accuracy,
where the expectation is taken over all the possible time instants and lo-
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Figure 9.5: Configuration #4. PEB considering 1 transmitter, in [0, 0], and 4 receivers at
the corners (multistatic).

cations, does not satisfy a threshold accuracy level € [52 2§]. Figure
reports the as function of the target localization accuracy € and for the
different configurations investigated in Sec.[0.4.2] It is possible to notice how
the multistatic configuration #2 with 4 transmitters and receivers ensures
the highest performance in terms of outage achieving a target localization
accuracy < 30cm in almost all the locations of the area. The monostatic
configuration #1 represents a trade-off among the investigated configura-
tions, but cannot guarantee an error lower than about 35cm in any location
when our system parameters are considered. The adoption of more directive
antennas can be an interesting solution for this specific case.

Differently, if we take into account configurations which employ a number
of transmitters lower than 4, configuration #5 represents an interesting so-
lution which guarantees performance close to that of configuration #2 with
the advantage of a less power consuming network.

It is important to underline that the previous result did not account for
the effective network localization update rate, that is the frequency at which
the network is able to refresh the position estimate of a certain target object
[52]. In fact, considering a network adopting N; transmitters working with a
MTDMAlbased MAC, to guarantee the absence of mutual interference between
transmitters, a new target location estimate is available after a time not less
than N, N;N; seconds, that is, the time to transmit V; ranging packets each
one composed of N, N pulses. If now we assume to work with a network
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Figure 9.6: Configuration #5. PEB considering 1 transmitter in [10, 10], and 4 receivers
at the corners (multistatic).

composed of a lower number of transmitters, as in configurations #3 — 5, the
same localization update rate can be guaranteed considering a symbol with
a higher number of pulses NS The corresponding increase of the effective
exploited by the receivers leads to a performance improvement. For a
fair comparison between configurations, Fig. shows the considering
the same setting as in Fig.[0.7], where results are obtained at constant update
rate, that is, by considering Ny = 2 x 8192 for configuration #3 and N =
4 x 8192 for configurations #4 — 5. In this setting, it is interesting to see
how the multistatic configuration #5, with one only transmitter placed at the
center of the cell, is able to outperform also the multistatic case #2 with 4 co-
located transmitters and receivers. Moreover, all multistatic configurations
outperform the monostatic configuration #1.

It has to be remarked that results provided so far are related to per-
formance bounds which serve as benchmarks for any practical localization
estimator as well as useful tools for identifying the best network deployment
topology and configuration once the parameters are set as in Sec. In
practical setting, other issues must be taken into account, such as reference
nodes synchronization, especially in multistatic configurations, and not omni-
directional and frequency dependent object [RCS. Reference nodes antennas
gain and directivity play also an important role in the performance evaluation
that needs to be investigated.

14We consider the ranging packet composed of a fixed number of symbols.
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Figure 9.7: Localization error outage for different network configurations.

9.5 Conclusions

In this chapter theoretical bounds on the localization accuracy for non-
cooperative objects (tagged and untagged) have been derived for monostatic
and multistatic network configurations. These bounds are quite general and
allow the investigation of the localization performance as a function of system
parameters, network topology and configuration. The case studies analyzed
have shown how the developed analytical framework is useful in identifying
the best network topologies and configurations that maximize the localization
coverage.
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Figure 9.8: Localization error outage for different network configurations when fixing the
localization update rate.
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Conclusions

This thesis covered different topics related to context-aware wireless networks,
that are networks capable to adapt their behavior to the context and to the
application, thanks to the possibility of enabling communication, sensing and
localization, even considering active nodes and/or (semi-)passive nodes (i.e.,
nodes not equipped with transmitters). Problems of signals demodulation,
signal parameters estimation and localization have been addressed. In par-
ticular low complexity solutions for demodulation and time-of-arrival (TOA])
estimation, also adopting ultrawide-band ([UWHB]I) signals, have been investi-
gated. The localization problem has been addressed from a practical point
of view, introducing solutions to cope with non-line-of-sight (NLOS]) channel
conditions. Novel radio-frequency identification (REID]) technologies have
been investigated as case-study of context-aware wireless networks. Analyti-
cal methods have been exploited to derive theoretical bounds and analyze, in
closed form, the performance of the proposed techniques. Experimentation
has been adopted for characterizing the performance of real networks and to
develop algorithms starting from real measured signals. Practical techniques
and ad-hoc system designs have been devised to deal with implementation
issues or demand of low-complexity realizations.

Specifically, in Chapter [Il a new blind method for the determination of
the integration time in non-coherent [WB] receivers has been proposed. It
is based on information theoretic criteria (I'TCl) for model order selection
problems, and it does not require any a priori knowledge or explicit features
estimation from the propagation environment, as usual assumed with other
techniques. This allows exploiting part of the multipath channel diversity
without adopting complex receiver architectures. In Chapter 2] novel non-
coherent receiver structures, called stop-and-go (SaGl) receivers, have been in-
troduced and analyzed. This[SaGlstrategy, based on energy detection, can be
adopted with transmitted-reference (TR])-autocorrelation receivers (AcRk) or
energy detector receivers (EDRE), and it is able to further improve the signal
demodulation performance with respect to conventional receivers in clustered
multipath channels, also in presence of synchronization errors. Moreover dif-
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ferent optimization techniques, requiring different complexity and enabling
different receiver performance, have been proposed and characterized, pro-
viding closed-form expressions for the receiver bit error probability (BEP]).

In Chapter Bl the problem of time delay estimation (TDEI) (or [TOAI es-
timation) has been addressed from a theoretical point of view. This process
is the key feature enabling network localization based on ranging measure-
ments. Even if this issue has been widely investigate in the literature, no
significant theoretical analyses are available in case of partial or no knowl-
edge of the received signal waveform available. Along this direction, new
fundamental bounds on [TDEl have been derived for different conditions, in
particular in the case the received signal is partially known or totally un-
known at receiver side, as often occurs in practice due to multipath propaga-
tion or due to the need of considering low-complexity estimators. Practical
estimators, such as energy-based estimators, have been revised in the context
of the novel theoretical derivation, and their performance compared with the
new bounds. This comparison has highlighted how the new bounds are very
tight for all SNRE of interest, providing a new design method previously not
available due to the impossibility of defining the Cramér-Rao bound (CRB])
in the case of unknown signals. Thanks to the presented derivation the esti-
mator performance can be, in fact, characterized analytically. The obtained
results represent also a more general outcome with applications to different
signal processing problems involving audio processing, source localization,
and synchronization.

In Chapter Ml an experimentation methodology for the characterization of
cooperative localization networks in realistic indoor environments has been
introduced. In the same chapter practical algorithms able to improve the ac-
curacy in channel conditions have been proposed and tested on mea-
surement databases realized during the experimentation. In particular it has
been shown using experimental data how it is possible to detect the presence
of and channel conditions by a proper processing of the received
waveform, and how this information, as well as the prior knowledge of the
environment map, can improve the localization accuracy. With the purpose
of enhancing the localization coverage seriously compromised by the pres-
ence of channel conditions, in Chapter [l the idea of non-regenerative
relaying for network localization has been introduced. A system analysis
has been presented and ad hoc position estimation techniques, accounting
for the presence of relay nodes in the network, have been devised. The case
studies investigated have highlighted the significant localization coverage im-
provement achievable in conditions using the proposed low complexity
relaying scheme.

In Chapter [ the concept of systems for detecting and locat-
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ing semi-passive tags based on backscatter modulation has been introduced
as example of context-aware wireless network. Performance analysis for what
concerns signal demodulation in ideal conditions and with ideal hardware has
been presented in Chapter [, to assess the system feasibility. A deep study
involving low-complexity receiver structures and with hardware constraints
has been provided in Chapter 8. Specifically, receiver architectures able to
work in realistic conditions and capable to deal with problems related to
multi-tag interference, synchronization mismatches and clock drift have been
introduced and characterized in terms of performance. Moreover the main
design challenges and practical solutions for implementation concerning re-
ceiver dynamic range, A/D conversion, synchronization and multiple access
have been investigated. Finally, theoretical bounds on the localization accu-
racy of systems have been derived in Chapter @ These bounds
are useful to characterize not only the network from the point
of view of the localization accuracy, but can be also applied to other passive
localization networks such wireless sensor radars (WSRE). In particular the
behavior of different network configurations can be described, allowing the
characterization of monostatic, bistatic and multistatic networks.

Several issues investigated in this thesis are under extension for further
publications. In particular, for what concerns the problem of [TDE], the intro-
duction of non-idealities on the signal model, such as fading and interference
effects will be considered in the future in the analysis of theoretical bounds.
This allows describing in analytic form the behavior of non-coherent [TOAI
estimators in presence of these effects. The introduction of the same non-
idealities can be considered for deriving the [BEP] expressions characterizing
the receivers proposed in Chapter 2l In the field of location-awareness,
novel experimental campaigns, started from the work carried out at MIT, are
in preparation in order to test different localization algorithms in different
operating scenarios under a common database. Moreover the feasibility of
the relaying scheme will be proved with experimental measurements in re-
alistic propagation conditions, in cooperation with CEA-LETI, a partner of
the European project SELECT. The different components of the TWBHRFIDI
system and the signal processing tasks introduced and analyzed are currently
under development and a proof of concept of the feasibility of this system will
be provided in the following months within the European project SELECT.
The framework developed so far for passive localization can represent a start-
ing point for further investigations on localization networks involving active
and passive tags or offering [WSR] functionalities in conjunction with multi-
static approaches. Finally, as introduced in Chapter 6, multistatic techniques
can be investigated in the system not only for tags localization,
but also for enhanced detection and robust tag to reader communication.
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