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KURZFASSUNG

Die vorliegende Dissertation hat die Lokalisierung und Kommunikation mittels
Funk zum zentralen Inhalt: zum einen wird, basierend auf der Ankunftszeit (Time
of Arrival, ToA) eines gesendeten Funksignals, die Position einer Mobilstation
geschätzt und die Genauigkeit der Schätzung beurteilt. Zum anderen wird die
Kanalkapazität von ultrabreitbandigenMehrantennen-Nachrichtenkanälen berech-
net um qualitative Aussagen über die erzielbare Datenrate zu gewinnen.

Im ersten Teil der Arbeit wird eine klassische ToA-Schätzmethode zusammen
mit einem Pfadverlustmodel betrachtet. Es wird gezeigt, dass die Berücksichti-
gung der Pfadverluste die Genauigkeit der ToA-Schätzung erhöht unter der Vo-
raussetzung, dass der Pfadverlustexponent (Path Loss Exponent, PLE) am Empfänger
perfekt bekannt ist. Ausgehend von der sich ergebenden Leistungsverbesserung
der ToA-Schätzung wird als konsequenter nachfolgender Schritt die nicht perfekte
Kenntnis des PLEs am Empfänger untersucht. Hier zeigt sich, dass der Maximum-
Likelihood-Schätzer (ML-Schätzer) von einer geringen deterministischen PLE-Störung
bei einem kleinen Signal-zu-Rausch-Verhältnis (Signal-to-Noise-Ratio, SNR) profi-
tiert. Weiterhin ergibt sich für die ML-Schätzung im Falle des nicht perfekten PLE
ein kleinerer mittlerer quadratischer Fehler im Vergleich zum konventionellen
Maximum-Correlation-Schätzer (MC-Schätzer), der keinerlei PLE-Kenntnis annimmt.
Eine weitere Verallgemeinerung der ToA-Schätzung ergibt sich durch die Berück-
sichtigung eines komplexwertigen Pfadgewinns; es wird gezeigt, dass ein kom-
plexwertiges Datenmodell ein entsprechendes reellwertiges Datenmodell um den
Faktor 1

4 im asymptotischen Fehlersinne übertrifft. Des Weiteren werden neue Al-
gorithmen für die vorliegende Problemstellung vorgeschlagen und durch Berech-
nung der Cramer-Rao-Schranke eingehend analysiert.

Im zweiten Teil der Arbeit wird die Kapazität der Ultrabreitband-Kommunikation
(UWB-Kommunikation) für einen standardisierten Kanal mit Cluster-Effekt abgeleitet
und auf Mehrantennensysteme erweitert, wobei die Laufzeitverzögerungen der
Antennenelemente mit berücksichtigt werden. Für unkorreliertes Fading sind die
oberen Schranken sowie die Approximation der Kanalkapazität unabhängig von
den Laufzeitverzögerungen der Antennenelemente. Die Kanalkapazität wächst
zunächst mit der Anzahl der Pfade, um dann in eine Sättigung zu gehen. Die
Kanalkapazität ist dann nahezu konstant und von der Anzahl der Pfade unab-
hängig. Darüber hinaus ist die Kanalkapazität der standardisierten NLoS-Kanalmodelle
(Non-Line-of-Sight, NLoS) generell höher als die der standardisierten LoS-Kanalmodelle
(Line-of-Sight, LoS).

Schlagworte: Parameterschätzung, Pfadverlust, Ultrabreitband.
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ABSTRACT

This thesis deals with the localization and communication by means of radio sig-
nals. Based on the time-of-arrival (ToA), the first part of this thesis addresses the
estimation of the position of a mobile station and the enhancement of the esti-
mation accuracy. The second part of this thesis evaluates the channel capacity of
the multiantenna ultrawideband communication channels in order to predict the
achievable data rate.

In the first part, a classical ToA estimation approach is considered in conjunc-
tion with a path loss model. It is shown that the path loss exploitation increases the
ToA estimation accuracy, provided that the path loss exponent (PLE) is perfectly
known at the receiver. Apart from such prospect performance improvement, the
performance of the geolocalization by exploiting the path attenuation information
is also investigated when the PLE is not exactly known. It is found that for a small
deterministic PLE error and a low signal-to-noise ratio, the maximum likelihood
(ML) estimator can still benefit from the path loss model even when the the path
loss model is subject to the uncertain PLE. More precisely, the ML estimator under
the imperfect PLE can provide lower root mean square error than the conventional
maximum correlation estimator, which does not require any PLE knowledge. The
above results, which are obtained for real-valued data models, is then extended
to complex-valued data models. It is found that a special complex data model
outperforms the real data model by a factor 1

4 in terms of the asymptotic error
variance. Applying the ToA estimation with the path gain attenuation informa-
tion to the wireless non-line-of-sight (NLoS) geolocation problem, we analyze the
Cramér-Rao bound of the mobile position estimation.

In the second part, the channel capacity is derived for a standard channel in-
cluding cluster feature, which is further extended to the multiantenna systems
taking into account the propagation delay across antenna elements. For uncorre-
lated fading, the upper bounds and the approximate channel capacity using the
determinant approximation do not depend on the antenna element time delay.
The channel capacity increases with the number of rays. However, it will be satu-
rated when the number of rays becomes sufficiently large. In addition, the channel
capacity of the standard NLoS channel models is higher than that of the standard
line-of-sight channel models.

Keywords: Parameter estimation, path loss, ultrawideband.
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xxx Listings

1B−M column vector whose entries are B−M ones in (7.29)

a amplitude or path gain in (1.1)

a[k, l] tap weight of the k-th component in the l-th cluster in (8.7)

ab path gain to the b-th BS in (5.5)

âMC MC estimate of the path gain in (3.35)

a vector of path gains from all multipath components in (1.12)

a vector of path gains from all BSs in (6.15)

a vector defined in (8.25a)

ā vector of LoS path gains in (6.18a)

âML ML estimator of the path gains from all multipath components in (1.17)

A matrix defined in (8.26a)

A[k, l] matrix defined in (8.27a)

A(ρ̃) matrix defined in (7.25)

Ā matrix defined in (7.34)

Ã[k, l] dispersion matrix of the amplitude matrix in Sec. 8.7.1

b index of the b-th BS in (5.1)

bk complex data symbol at the k-th sub-carrier in (2.39)

bττ CRB of the ToA estimation in (4.12)

bττ|α̂ CRB for unstructured complex-valued model in polar form in (4.26b)

bττ|γ CRB for complex-valued path loss model with perfect PLE in (4.30)

bττ|γ̂ CRB for complex-valued path loss model with unknown PLE in (4.32b)

B number of BSs in (5.1)

B̄det determinant uper bound on channel capacity in (8.37)

B̄Jensen Jensen upper bound on channel capacity in (8.36)

B̄tr upper bound based on trace inequality in (8.41)

B̄tr+Jensen upper bound based on trace and Jensen’s inequalities in (8.41)

B[k, l] matrix defined in (8.33)

Bττττττ matrix of CRB on ToA error variances in (6.16)

Bpp matrix of CRB on position error variances in (6.17)

B̄pp error covariance matrix by modified CRB in (7.52)

B̌pp error covariance matrix by simplified Bayesian CRB in (7.56)

B̆pp error covariance matrix by Bayesian CRB in (7.65)

Bpp error covariance matrix by asymptotic CRB in (7.46)

c speed of the light in (2.8)

c1 constant defined in (4.61)

c2 constant defined in (4.61)

c3 constant defined in (4.61)

c4 constant in (8.39)

C channel capacity in (1.30)

C̄ ergodic capacity in Sec. 8.2.1

C̃ approximate channel capacity in (8.40)

C̃approdet approximate channel capacity after inserting the expectation in (8.40)

C set of complex number

d distance between the transmitter and the receiver in (2.8)

d distance of adjacent antenna element separation in Sec. 8.4.1

d0 close-in reference distance in (2.8)
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db[i] the i-th range measurement to the b-th station in (1.18)

db vector of the position of the b-th station in (1.22c)

d̄ vector taken from the distances between B−M LoS BSs and the MS

d̃ vector of distances between M NLoS BSs and the MS in (7.30a)

D(·) diagonal matrix whose diagonal elements are given by the vector ·
eb error vector in (1.22e)

E received energy

Eb received energy at the b-th BS in (5.2)

Eh channel energy related to (1.35)

Es transmitted energy from the mobile station in (5.2)

Ess the energy of the signal in (2.2)

Ess(τ) exact signal energy as a function of the ToA in (4.6)

Esṡ(τ) correlation between the transmitted signal and its derivative in (4.7)

Eṡṡ(τ) correlation between the derivatives of the transmitted signal in (4.8)

EṡRṡR(τ0) correlation between the derivatives of the real parts of signal in (4.13a)

EṡIṡI(τ0) correlation between the derivatives of the imaginary parts

of signal in (4.13b)

EsRsR(τ0) correlation between the real parts of signal in (4.13c)

EsIsI(τ0) correlation between the imaginary parts of signal in (4.13d)

EsRṡR(τ0) correlation between real part and its derivative in (4.13e)

EsIṡR(τ0) correlation between imaginary part and the derivative

of real part in (4.13f)

EsRṡI(τ0) correlation between real part and the derivative

of imaginary part in (4.13g)

EsIṡI(τ0) correlation between imaginary part and its derivative in (4.13h)

Ĕss(τ) signal energy defined in (4.47a)

Ĕsṡ(τ) signal energy defined in (4.47b)

Ĕṡṡ(τ) signal energy defined in (4.47c)

Ĕss̈(τ) signal energy defined in (4.47d)

Ess(τ, τ́) signal energy defined in (1.16b)

Ess(τττ,τττ) matrix of signal correlations in (1.15b)

f0 central frequency in (2.8)

fb,k(t) orthonormal function at the b-th BS in (5.10)

fk central frequency in (2.39)

fk(t) orthonormal function in (2.14)

fH highest frequency of signal which is at least 10 dB

below the peak in Sec. 1.1.1

fL lowest frequency of signal which is at least 10 dB

below the peak in Sec. 1.1.1

fML(ηηη) ML objective as a function of ηηη in (4.23)

fML(τ|γ) ML function written as a function of τ conditioned on γ in (3.1)

g(ξ,ω) quantity defined in (7.64b)

gξ(ξ) quantity defined in (7.64a)

h(t) channel impulse response in (8.7)

h(ξ,ω) quantity defined in (7.63b)

hσ2
nσ

2
n

Fisher information of noise variance in (4.20)
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hττ|α̂ Fisher information in (4.27)

hξ(ξ) quantity defined in (7.63a)

hk,l
nr,nt(t) channel of AETD in (8.20)

hnr,nt(t) effective channel impulse response in (8.22)

hξξ modified Fisher information of ξ in (7.55)

h̃ξξ quantity defined in (7.62)

h̃τττξ modified Fisher information vector for NLoS in Sec. 7.4.3

h̄τττξ modified Fisher information vector for LoS in Sec. 7.4.3

H(t) MIMO channel matrix in (8.1)

HK,L(f) channel matrix in frequency domain with

K+ 1 clusters and L+ 1 rays in (8.32)

HL̃(f) Fourier transform of the channel matrix in (8.3)

Huu Fisher information matrix in (7.47)

Hττττττ Fisher information matrix in (6.14)

Hθθθθθθ Fisher information matrix in (4.17)

H̆θθθθθθ total information matrix in (7.59)

Huu modified FIM in (7.49)

Hθθθθθθ modified FIM of model parameter in 7.54

H̃ττττττ modified FIM for NLoS ToAs in (7.51a)

H̄ττττττ modified FIM for LoS ToAs in (7.51b)

H̃θθθθθθ a priori information matrix in (7.59)

I0(x) zeroth order modified Bessel functions of the first kind in (4.48a)

Ik(x) k-th order modified Bessel functions of the first kind in (4.48a)

I(·) identity matrix of size · in (8.2)

k1 constant defined in (4.61)

km mean factor defined in (8.10a)

kγ parameter describing the increase in the decay constant

with the delay in (8.18)

k̃m standard deviation factor defined in (8.10b)

K K+ 1 is the number of rays in (8.7)

l(τ|r(t); t∈(0, To]) likelihood function in logarithm scale in (2.20)

lb additional path length caused by the NLoS propagation in (5.3)

�(τb|rb(t); t∈(0, To]) likelihood function in logarithm scale in (5.16)

lḿ,m(y) likelihood ratio in (1.37)

l vector of additional path lengths caused by

NLoS propagation in (5.7)

L L+ 1 is the number of clusters in (8.7)

L̄ mean of L in (8.8)

L̃ number of multipath components in Theorem 3

m m-factor of Nakagami distribution in (8.9)

M number of BSs that are subject to the NLoS propagation

M large number for approximating the infinite sum in Sec. 8.9

Mc shadowing exponent in (8.19)

M(f) matrix defined in (8.3)

n index of sampling point in (7.14)

n(t) additive noise at the receiver at time t in (1.1)



Listings xxxiii

nb(t) additive noise at the b-th BS in (5.5)

nb,k noise sample at the b-th BS in (5.13)

nI(t) imaginary part of the noise n(t) in (4.10f)

nk noise sample in (2.18b)

nP index of multipath component in (1.7)

nr index of antenna element at the receiver in Sec. 8.4.1

nR(t) real part of the noise n(t) in (4.10e)

nt index of antenna element at the transmitter in Sec. 8.4.1

n(t) additive noise at the receiver in (8.1)

N the number of measurements in (1.18)

N number of complex data symbols per block in (2.39)

N0 double-sided power spectral density

No number of observed samples after sampling in (7.14)

NP number of multipath components in (1.7).

Nr number of antenna elements at the receiver in Sec. 8.2

Ns number of samples at which the transmitted signal

is nonzero in (7.16)

Nt number of antenna elements at the transmitter in Sec. 8.2

Ñ number of random parameters in Sec. 8.2.1

Ň minimum number between the numbers of the transmitter

and receiver antennas in (8.2)

N set of BS indices that are subject to the NLoS propagation

o(·) little ‘o’ of Bachmann-Landau symbols in (2.21)

O(·) big ‘o’ of Bachmann-Landau symbols in (8.38)

Ω mean square value of the amplitude in (8.9)

p(r1, . . . , rK|τ) conditional pdf of the received signal samples in (2.19)

p(rb,1, . . . , rb,K|τb) conditional pdf of received signal samples

at the b-th BS in (5.15)

pr|u(r|u) marginal pdf in (7.48)

pr|v,u(r|v,u) conditional pdf in (7.48)

pv(v) pdf of v in (7.48)

p(x,y) joint pdf of x and y in (1.36)

p position of the MS in (5.7)

pb the b-th BS position in (5.1)

p̂LS position estimate using the LS criterion in (6.8)

p̂ML position estimate using the ML criterion in (6.10)

p̂WLS position estimate using the WLS criterion in (6.9)

p̌ a guessed value of the true position in Sec. 1.1.2

P limited power for transmission in (8.5)

P matrix of all BS positions in (5.30)

q̂LLS vector defined in (1.27)

Q(·) transition probability function related to (1.35)

r cell radius in (5.30)

r(t) received signal at time t in (2.9)

rb(t) received signal at the b-th BS in (5.5)

rb,k received signal sample at the b-th BS in (5.12)
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rI(t) imaginary part of the received signal r(t) in (4.10b)

rk received signal sample in (2.16)

rR(t) real part of the received signal r(t) in (4.10a)

r(t) vector of received signals from all BSs in (5.17)

R+ set of positive number

R(f) Fourier transform of r(t) in (2.43)

Rnn(τ) noise autocovariance matrix in (8.28)

Rxx(τ) transmitted signal autocovariance matrix in (8.30)

s(t) transmitted signal in (2.1)

sb,k signal sample at the b-th BS in (5.13)

sI(t) imaginary part of the transmitted signal s(t) in (4.10d)

sk signal sample in (2.18a)

sR(t) real part of the transmitted signal s(t) in (4.10c)

ṡ(t) derivative of the signal s(t) with respect to

the time t in (1.6)

s(t,τττ) vector of delayed transmitted signals in (7.8c)

s̃(t;τττ, ξ) composite signal defined in (7.20)

s̃(t) OFDM signal in (2.39)

S(f) Fourier transform of the transmitted signal s(t) in (2.6)

SNR SNR in (1.4)

SNRdB SNR in decibel in (2.42)
˜SNRb received SNR at the b-th BS

t time on the real line

T [l] the l-th cluster arrival time in (8.7)

Ts signal duration in Sec. 1.1.2

To observation period in (2.2)

Tf frame period (1.35)

u Gaussian random variable only in (7.40)

u deterministic parameter in Sec. 7.4.2

v Gaussian random variable only in (7.41)

v random parameter in Sec. 7.4.2

w(t) signal waveform in (2.1)

W bandwidth in Sec. 1.1.1

W̄ weighting matrix corresponding to LoS portion in (6.9)

x x coordinate of the MS in x-y plane in (5.8)

x0 true value of x in (5.22)

xb x coordinate of the b-th BS in x-y plane in (5.1)

x̃b relative distance in the x-axis between the b-th BS and the MS in (5.3)

x(t) transmitted signal at the transmitter in (8.1)

y y coordinate of the MS in x-y plane in (5.8)

y0 true value of y in (5.22)

yb y coordinate of the b-th BS in x-y plane in (5.1)

ỹb relative distance in the y-axis between the b-th BS and the MS in (5.3)

y(t) received signal at the receiver in (8.1)

α amplitude of complex path gain in (4.18)

αb quantity defined in (5.28)
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αb real path gain with shadow fading in (7.6)

αnr,nt [k, l] antenna-dependent complex amplitude in (8.23)

ααα vector of path gains from all BSs in (7.8b)

β effective bandwidth in (1.5)

β frequency band

β mixture probability parameter in (8.14)

β̄ Gabor’s effective bandwidth in (2.6)

β̄c critical effective bandwidth in (7.31)

χb quantity defined in (5.24a)

χ attenuation factor of the first component in (8.15)

δ Nyquist sampling period in (7.14)

δ(t) Dirac delta function in (8.7)

δ·,· Kronecker delta function

(δx, δy) the corresponding guessed error pair in Sec. 1.1.2

δγ PLE error in (3.6)

δ̆γ upper limit of the confident PLE difference in (3.20)

δδδ vector defined in (8.25e)

δ̂̂δ̂δLLS linearlized least squares estimate in (1.23)

ΔΔΔ matrix defined in (1.22a)

ε ratio of total positioning errors in (7.39)

ε(τ|γ) bias in parametric form in (3.32)

ε statistical mean of ε in (7.43)

ε̄ empirical error variance in (6.22)

ε2 total positioning accuracy in (5.22)

ηb delay in discrete time in (7.16)

ηηη vector of random parameters in Sec. 8.2.1

η̂̂η̂ηML ML estimate of ηηη in (4.22)

γ path loss exponent

γ0 true value of the PLE in (2.25)

γ1 parameter determining the decay at later times in (8.15)

γb PLE at the b-th BS in (5.2)

γmax maximum value of the truncated random PLE in (3.23)

γmin minimum value of the truncated random PLE in (3.23)

γMC(τ) PLE estimate based on the MC estimator in (3.33)

γr parameter determining how fast the PDP increases

to its local maximum in (8.15)

γt mean of the truncated Gaussian PLE in (3.24)

γ̄ mean of the untruncated random PLE in (3.23)

γ̂MC PLE estimate using the MC estimator in (3.36)

γ̂ML PLE estimate using the ML estimator in (3.3)

γ̄t mean of the truncated Gaussian PLE in (3.28)

γ̌0 root for a condition of γ0 in (3.31)

γ[l] intra-cluster decay time constant in (8.15)

γγγ vector of the PLEs from all BSs in (6.6b)

γ̄̄γ̄γ vector of LoS PLEs in (6.18b)

Γ(·) gamma function in (8.9)
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ι sign of the amplitude in (8.11)

κ constant depending on antenna characteristics and

average channel attenuation in (2.8)

κdB constant κ in decibel in (2.42)

λ1 a ray arrival rate in (8.14)

λ2 another ray arrival rate in (8.14)

λb,k eigenvalue of homogeneous Fredholm integral

at the b-th BS in (5.10)

λk eigenvalue of homogeneous Fredholm integral in (2.14)

Λ[l] cluster arrival rate in (8.13)

μ0 mean factor defined in (8.10a)

μm(τ) mean of lognormal random variable in (8.10a)

μσ mean of σ in (7.41)

μ̃0 standard deviation factor defined in (8.10a)

ν constant in (7.37)

Ω[l] energy of the l-th cluster in (8.15)

φ phase shift of complex path gain in (4.18)

φ AoA in Sec. 8.4.1

φb relative angle between the b-th BS and the MS in (5.24b)

φφφ vector of relative angles in (5.32)

φφφ vector defined in (8.25c)

Φ(·) normal cumulative distribution function in (3.27)

ΦΦΦ matrix defined in (8.26c)

ΦΦΦ[k, l] matrix defined in (8.27c)

ΦΦΦxx limited PSD matrix of a certain regulation in (8.6)

Φ̄̄Φ̄Φ matrix taken from the last B−M columns ofΦΦΦ in (6.4)

ψnr,nt [k, l] propagation delay across antenna element in (8.20)

ΨΨΨ(ρ̃) matrix defined in (7.28)

ρ average SNR related to (1.35)

σ standard deviation of σ̃ in (7.40)

σ ∼ N(μσ,σ2σ) σ is distributed as real Gaussian random variable with mean μσ

and variance σ2σ
σ ∼ N

γmax
γmin (μσ,σ

2
σ) σ is distributed as real truncated Gaussian random variable with

untruncated mean μσ and untruncated variance σ2σ within [γmin,γmax]

ΠΠΠxx(f) Fourier transform of the transmitted signal correlation matrix in (1.38)

ΠΠΠnn(f) Fourier transform of the noise covariance matrix in (1.38)

ρns(τ) correlation between the noise and the transmitted signal in (2.35)

ρnṡ(τ) correlation between the noise and the derivative of the transmitted

signal in (2.25)

ρrs(τ) correlation between the received signal and

the transmitted signal delayed with τ in (2.23)

ρ̃ quantity defined in (7.29)
ˇ̃ρ quantity defined in (7.57)
˘̃ρ quantity defined in (7.66)

ρρρrs(τττ) vector of the correlations in (1.15a)

σ̃ shadowing exponent in (7.37)
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σc standard deviation of shadowing exponent in (8.19)

σσ standard deviation of σ in (7.41)

σ∞ infinite summation of PDP in (8.45)

σ̆1,1 an element of Σ̆ΣΣ
−1

in (4.58)

σ̆1,2 an element of Σ̆ΣΣ
−1

in (4.58)

σ̆1,3 an element of Σ̆ΣΣ
−1

in (4.58)

σ̆1,4 an element of Σ̆ΣΣ
−1

in (4.58)

σ̆2,2 an element of Σ̆ΣΣ
−1

in (4.58)

σ̆2,3 an element of Σ̆ΣΣ
−1

in (4.58)

σ̆2,4 an element of Σ̆ΣΣ
−1

in (4.58)

σ̆3,3 an element of Σ̆ΣΣ
−1

in (4.58)

σ̆3,4 an element of Σ̆ΣΣ
−1

in (4.58)

σ̆4,4 an element of Σ̆ΣΣ
−1

in (4.58)

σ̆1|3(τ0) a quantity defined in (4.59)

σ̆2|3(τ0) a quantity defined in (4.59)

σ̆4|3(τ0) a quantity defined in (4.59)

σ̆1,2|3(τ0) a quantity defined in (4.59)

σ̆1,4|3(τ0) a quantity defined in (4.59)

σ̆2,4|3(τ0) a quantity defined in (4.59)

σ̆1|4(τ0) a quantity defined in (4.59)

σ̆2|4(τ0) a quantity defined in (4.59)

σ̆3|4(τ0) a quantity defined in (4.59)

σ̆1,2|4(τ0) a quantity defined in (4.59)

σ̆1,3|4(τ0) a quantity defined in (4.59)

σ̆2,3|4(τ0) a quantity defined in (4.59)

σ2b error variance of ToA from the b-th BS in (6.6c)

σ2n the variance of the noise sample in (2.19)

σ2γ variance of the random PLE in (3.22)

σ2γt
variance of the truncated Gaussian PLE in (3.25)

σ̄2γt
variance of the truncated Gaussian PLE in (3.29)

σ̂2n estimate of noise variance in (4.20)

σ̄̄σ̄σ2 vector the ToA error variances

taken from all LoS BSs in (6.6c)

ΣΣΣAA[k, l, ḱ, ĺ] covariance matrix of the amplitude matirx in (8.42)

ΣΣΣnn(f) PSD matrix of the additive noise in (8.3)

ΣΣΣxx(f) PSD matrix of the transmitted signal in (8.2)

Σ̆ΣΣ matrix defined in (4.57)

τ time delay in (1.1)

τ[k, l] the delay of the k-th multipath component relative to

the l-th cluster arrival time T [l] in (8.7)

τ0 true value of the ToA in (2.25)

τb ToA at the b-th BS in (5.3)

τ̂BCML(γ) parametric estimate of the ToA

using the BCML estimator in (3.37)

τ̂EML ToA estimate using the even ML estimator in (4.29)

τ̂MC ToA estimate using the MC estimator in (2.24)
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τ̂ML ToA estimate using the ML estimator in (1.2)

τ̂OML ToA estimate using the odd ML estimator in (4.29)

τnP ToA of the nP-th multipath component in (1.7)

τττ vector of ToAs in (5.19)

τ̄̄τ̄τ vector taken from the last B−M elements of τττ in (6.3)

τ̂̂τ̂τ estimate of τττ in (6.7)
ˆ̄τ̄̂τ̄̂τ estimate of τ̄̄τ̄τ in (6.7)

θ AoD in Sec. 8.4.1

θθθ unknown parameter in (4.11)

θθθ vector defined in (8.25d)

θθθ0 true value of model parameter in (5.20)

θθθα̂ unknown parameter for complex-valued unstructured model in (4.25)

θθθγ unknown parameter in complex-valued path loss model in (4.28)

θθθγ̂ unknown parameter for complex-valued path loss in (4.31)

τ̂̂τ̂τML ML estimate of the ToA from all multipath components in (1.14)

ΘΘΘ matrix defined in (8.26d)

ΘΘΘ[k, l] matrix defined in (8.27d)

υ[k, l] phase shift of the k-th component in the l-th cluster in (8.7)

υυυ vector defined in (8.25b)

ΥΥΥ matrix defined in (1.26a)

ΥΥΥ matrix defined in (8.26b)

ΥΥΥ[k, l] matrix defined in (8.27b)

ε1(τ0,γ0) a quantity defined in (4.46a)

ε2(τ0) a quantity defined in (4.46b)

εCRB(σ̃) total error in both axes by CRB in (7.38)

εACRB estimation error of the mobile position

from both axes by ACRB in (7.67a)

εBCRB estimation error of the mobile position

from both axes by SBCRB in (7.67c)

εSBCRB estimation error of the mobile position

from both axes by SBCRB in (7.67b)

# quantity defined in (7.45)

ϕi(t) orthonormal basis function in (1.31)

ϕ(t, t́) eigenfunction, which is noise autocovariance function, in (2.14)

ϕb(t, t́) eigenfunction at the b-th BS in (5.10)

ΞΞΞ(f) Fourier transform of the channel matrix in (1.38)

ζζζ vector defined in (1.26c)

q̂LLS linearlized least squares estimate in (1.27)

ξb shadow fading at the b-th BS in (7.1)

ξ̃ random shadow fading in (7.37)

ζ(τ) ML objective function in (2.31)

� approximation by neglecting o(·) in (2.22)

∗ convolution in (8.1)

� Hadamard product in (7.7)
∂
∂t partial derivative with respect to t

‖ · ‖E Euclidean norm
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(·)∗ complex conjugate of ·
| · | absolute value of scalar ·, or determinant of matrix ·
�·� least integer number of ·
(·)−1 inverse of matrix ·
B 	 C difference matrix A = B − C is positive semidefinite

argmax
τ

f(τ) argument τ, which maximizes the objective function f(τ), in (2.24)

argmin
τ

f(τ) argument τ, which minimizes the objective function f(τ), in (2.33)

arg zero
τ

f(τ) argument τ, which makes the objective function f(τ) zero, in (3.31)

En(·){·} expectation with respect to the realization of n(·) in (2.28)

erf(·) error function in (3.23)

f(x)|x=x0
function f(x) evaluated at x = x0

I0(·) zeroth order modified Bessel function of the first kind in (4.48a)

Ik(·) k-th order modified Bessel function of the first kind in (4.48b)

�(·) imaginary part of ·
ln(·) natural logarithm function in (3.9)

log10(·) logarithm of base 10

max
x

f(x) maximum value of the function f(x) over the set of x in (8.2)

[M][2×2] the first 2× 2 block of M

�(·) real part of ·
sinc(·) unnormalized sine cardinal function in (2.40)

tr(·) trace of matrix ·
vec(·) column-stacking vectorization in (8.25)


