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Abstract
State-of-the-art low-power ultra-wideband (UWB) chipsets commonly rely on phase-difference of arrival (PDoA) and
time-difference of arrival (TDoA) measurements for performing angle-of-arrival (AoA) estimations. But in real-world
scenarios, the TDoA and PDoA measurements suffer from AoA-dependent phase and delay biases introduced
by the receiver antennas. If not proerly compenated, the accuracy of the fina AoA estimates reduces. To assess
such antenna influences, we extend effective-height-based analysis methods from standalone antennas to antenna
arrays for simulation and measurement. Each antenna element is modelled as an LTI system, with its effective
height as AoA-dependent transfer function. The obtained effective heights of the single antenna elements consider
coupling effects between the antenna elements as well as objects in their vicinity. The proposed simulation and
measurement procedures were applied to two different antenna pairs, one composed of directional antennas and
one composed of omnidirectional antennas. We compare impulse responses as well as PDoA and TDoA estimates
obtained from simulations and measurements to discuss influences of the measurement system as well as modelling
uncertainties in the simulation. We found that effecitve heights and PDoAs correlate rather well between simulation
and measurement for the investigated antennas. However, substantial differences were observed between simulated
and measured TDoAs, which require further investigation.
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1. Introduction & State-of-the-Art

Modelling and mitigating antenna influences on transmitted and
received signals is of special interest for ultra-wideband (UWB)
radio systems, which are used for high-accuracy localization.
The impacts of bandwidth, array geometry and multipath prop-
agation on the achievable localization accuracy were already
subject to extensive investigations [1, 2, 3]. But these investiga-
tions neglect the impact of the radiation and reception charac-
teristics of the utilized antenna arrays, although it was shown
that non-ideal antenna characteristics can lead to degradations
of the localization accuracy [4, 5, 6, 7]. Localization in UWB
radio systems can be achieved by exploiting various parameters
of the received signals [8], and antennas may impact each of
them differently. In low-power UWB chpisets, the estimation of

the angle-of-arrival (AoA) of an incident electromagnetic wave
is commonly based on phase-difference of arrival (PDoA) and
time-difference of arrival (TDoA) measurements [9, 10, 11, 12].
Analyses of antenna influence on these signal parameters were
performed by system-level measurements [11, 12] in the past,
but were not isolating antenna effects from other performance
impairments caused by e.g. the wireless channel. Alternative
approaches analyze antenna influences using resource inten-
sive receive-mode simulation procedures [13], requiring the
re-execution of full-wave EM simulations if e.g. different po-
larizations of the incident waves shall be investigated. To cir-
cumvent these and other drawbacks of state-of-the-art methods,
we propose wideband antenna analysis methods build up on an
antenna parameter called effective height [6, 14]. The effective
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height1 is a receive-mode antenna parameter, modelling the
conversion between �eld-level and circuit-level quantities in a
broadband manner by treating antennas as LTI systems [17].
Provided that reciprocity holds for an investigated antenna, the
effective height also fully describes the antenna in transmit
mode [14, 18].

Determining the effective height of an antenna by measure-
ment is discussed in [6] and [16]. S-parameter measurements
are performed between the antenna under test (AUT) mounted
on a suitable positioner, and a reference antenna with suf�cient
bandwidth and known polarization. The AUTs effective height
versus incident wave direction is then determined from the
captured transmission S-parameters. The S-parameter measure-
ments were thereby compensated for the propagation channel
in the anechoic chamber and the effective height of the refer-
ence antenna itself. The reference antenna's effective height is
determined by a preceding calibration measurement.

An ef�cient way for determining effective the height of an
AUT from simulation is presented in [19] and [20]. The AUT
operates in transmit mode, and its effective height is determined
from probing the radiated electric �eld strength due to a given
port voltage. Towards the end of [19], the authors provide a
short analysis of different two-antenna arrangements. Last but
not least, [13] discusses a simulation approach for determining
the PDoA versus AoA relations of a two-antenna arrangement
on a UWB sensor node in receive mode. The direction of an
incident wave is varied along the xz-cut of the problem domain.
For each incident wave direction, a time domain simulation was
performed, using a500MHzUWB pulse as envelope of the in-
cident plane wave. The receivers of the used UWB chipset were
modelled as perfect50Wresistors, and the PDoA for each inci-
dent wave direction was determined by the phase shift between
the resulting voltage signals at these resistors.

The current work intends to assess antenna in�uences on
PDoA and TDoA measurements delivered UWB radio systems,
using effective-height-based models for the respective antenna
arrays. For this purpose, we propose three major contributions
to the state-of-the-art: First, the theoretical framework for mod-
elling UWB antenna arrays by means of their effective heights
is developed. We do so by extending the derivations from [6],
which cover standalone antennas, to antenna arrays. A rather
similar derivation was provided in the recent paper [21], but
considering narrowband arrays only, and thus omitting any form
of time-domain analysis.
Based on the derived array model, we introduce a wideband
signal model for analyzing direction-of-arrival and polarization
dependent array in�uences on the received signals, as a basis
for subsequent PDoA and TDoA measurements. To the best
knowledge of the authors, this signal model together with the
PDoA/TDoA analysis methodology have not been presented in
the literature so far. The developed signal model and analysis
methodology are applicable to effective-height models deter-
mined from either simulations or measurements. The second
major contribution of the current paper is therefore the extension
of the simulation schemes from [19] and [20] to antenna arrays.

1Alternative names for the effective height found in literature are (vector)
effective length [15] or antenna transfer function [16].

Utilizing the reciprocity property of the investigated antennas,
the desired antenna effective heights can be determined from
transmit mode simulations and applied in subsequent receive
mode analyses. This approach circumvents two major draw-
backs of direct receive mode analysis procedures carried out
in, e.g., [13]. The �rst drawback is the increasing simulation
effort with a growing number of incident wave directions, an
issue already brought up by the authors of [19] as an argument
for performing a transmit mode analysis rather than a receive
mode analysis. Secondly, the simulation results are tied to the
selected polarization of the incident wave, leading to a further
increase in the computational effort if the impact of an inci-
dent wave's polarization shall be investigated. However, the
effective-height-based approach introduced in our work allows
arbitrary incident wave polarizations to be analyzed without
requiring additional EM simulations. Determining the effective
height of a single antenna by measurement is covered [6] for
the 2D case, and extended to 3D measurements in [16].
As third and last major contribution of our paper, we propose
generalizations of these measurement techniques to antenna
arrays. In contrast to [6] and [16], we use a 6-axis robot arm for
rotating the AUT in the three-dimensional space while keeping
the reference antenna static. This allows to keep the relative
position between the AUT and the reference antenna constant
upon rotation, which is of special importance when comparing
simulated and measured effective heights of the AUT. The im-
pact of not rotating around an AUTs apparent phase center in
measurement2, is shortly addressed [6] and can be circumvented
with our proposed measurement setup as well.

The rest of the paper is organized as follows: Section 2 pro-
vides the mathematical framework for effective-height-based
antenna modelling and analysis. A revisit of the necessary
basics is provided in Section 2.1, due to unfortunately inconsis-
tent de�nitions and notations of the effective height and related
formulas found in literature [6, 14, 18]. The proposed exten-
sions to the array case are then discussed in Subsections 2.2,
2.3 and 2.4. The calculation steps to obtain the desired PDoA
and TDoA measurements from antenna port voltages sensed
by UWB receivers are covered in Section 3. Sections 4 and 5
discuss the proposed methods for determining antenna effec-
tive heights in the array case in simulation and measurement.
Finally, simulation and measurement results are provided in
Section 6, together with a detailed discussion. Appendices A
and B provide background information on the coordinate sys-
tem conventions used during simulation and measurements, as
well as adapted PDoA and TDoA relations for planar arrays
under this coordinate system conventions.

2. Effective-height-based characterization of
multi-antenna arrangements

2.1. Standalone antenna
The effective heightHHH 2 C3 of an antenna is a receive-mode
model parameter, describing the conversion of the electric �eld
strength of a incident plane electromagnetic to the respective
outward propagating voltage wave at the antenna port. A corre-

2Provided that one exists and does not signi�cantly move with frequency.
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(a)

(b)

Figure 1: Receive and transmit mode relations for a standalone
antenna. In receive mode (a), the antenna is terminated with a
matched load (U+ = 0), whereas in transmit mode (b), the
antenna is fed from a matched source (U� = 0).

sponding sketch is found in Figure 1a. The electric �eld strength
of the plane wave is denoted asEEE+ 2 C3, and its propagation
vector iskkk+ = � 2p

l nnn+ . The outward propagating voltage wave
at the antenna port is denoted as U� 2 C.

U � (w;nnn+ )
p

Zc
= HHHH (w;nnn+ ) �

EEE+ (w;nnn+ )
p

Z0
; (1)

SuperscriptH denotes Hermitian transposition,w is the angular
frequency inrads�1 , l is the wavelength,Z0 2 R+ is the free
space impedance,Zc 2 R+ denotes the reference impedance
associated with S-parameter measurements at the antenna port3

andnnn+ 2 R3 is a unit vector denoting the incident wave direc-
tion. The effective heightHHH is always related to a geometrically
�xed reference point on the antenna structure, which can be
freely selected4. The electric �eld strengthEEE+ in (1) is then the
electric �eld strength of the incident plane wave exactly at this
reference point. In the time domain, (1) becomes

u� (t;nnn+ )
p

Zc
= hhhT (t;nnn+ ) �

eee+ (t;nnn+ )
p

Z0
; (2)

with u� 2 R and hhh;eee+ 2 R3. The time domain equivalent
hhh(t;nnn+ ) of the effective heightHHH(w;nnn+ ) is commonly known
as the antenna impulse response or antenna transient response.
The� operator in(2) is a composition of an inner product and a
convolution:

fff T (t) � ggg(t) :=

¥Z

�¥

fff (t) T � ggg(t � t)dt : (3)

In transmit mode, depicted in Figure 1b, a vector-valued di-
mensionless transmit factorAAA 2 C3 relates an incident voltage

3Zc is also assumed to be the wave impedance of all transmission lines
attached to the antenna ports.

4Common reference point selections are geometric center of the antenna
structure or, if known in advance, the phase center of the antenna.

wave at the antenna portU+ 2 C from a matched source, to the
electric �eld strengthEEE� 2 C3 of the resulting radiated elec-
tromagnetic wave with propagation vectorkkk� = 2p

l nnn� . The
respective frequency domain relation is

EEE� (w;r;nnn� )
p

Z0
=

1
r

e� jw r
c0 AAA(w;nnn� )

U+ (w)
p

Zc
; (4)

with r andnnn� being distance and direction from the selected
reference point on the antenna to an arbitrary observation point,
andc0 denoting the speed of light. One derives again an equiva-
lent time domain relation

eee� (t; r;nnn� )
p

Z0
=

1
r

d
�

t �
r
c0

�
� aaa(t;nnn� ) �

u+ (t)
p

Zc
: (5)

If the antenna is reciprocal,hhh andaaa 2 R3 are related by [14, 18,
22]

aaa =
1

2pc0

¶
¶t

hhh (6)

in the time domain, and equivalently in the frequency domain
by

AAA =
jw

2pc0
HHH : (7)

Applying the reciprocity relations(6) and(7) to the time- and
frequency domain transmit mode relations (4) and (5) delivers

EEE� (w;r;nnn� )
p

Z0
=

jw
2pc0r

e� jw r
c0 HHH(w;nnn� )

U+ (w)
p

Zc
; (8)

and

eee� (t; r;nnn� )
p

Z0
=

1
2pc0r

d
�

t �
r
c0

�
�

¶hhh(t;nnn� )
¶t

�
u+ (t)
p

Zc
(9)

=
1

2pc0r
d

�
t �

r
c0

�
� hhh(t;nnn� ) �

1
p

Zc

¶u+ (t)
¶t

;

due to the properties of the convolution operator.
If the radiated electric �eld strength of an antenna due to a

certain excitation voltage is known,(8) allows to determine an
antennas effective height via

HHH(w;nnn� ) =
2pc0r

jw
ejw r

c0

r
Zc

Z0

EEE� (w;r;nnn� )
U+ (w)

: (10)

2.2. Extension to antenna arrays
Provided that linearity holds, all relations from Section 2.1 apply
for the array case depicted in Figure 2 as well. The transmit
mode relation of single antennam in the array case, depicted
in Figure 2b, is then similar to the transmit mode relation in
the standalone case, if all other antennas are terminated with
matched loads:

EEE�
m(w;rm;nnn�

m)
p

Z0
=

jw
2pc0rm

e� jw rm
c0 HHHm(w;nnn�

m)
U+

m (w)
p

Zc

�
�
�
�U+

l =0
8l2[1:::M];l6=m

:

(11)
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(a)

(b)

Figure 2: Receive and transmit-mode relations for antenna
arrays. In receive mode, (a) all antennas are terminated with
matched loads. In transmit mode, (b) the currently active
antenna m is fed from a matched source, while all other
antennas are terminated with matched loads.

The receive mode relation of antennam, depicted in Figure 2a,
is

U �
m (w;nnn+

m)
p

Zc
= HHHH

m(w;nnn+
m) �

EEE+
m(w;nnn+

m)
p

Z0

�
�
�
�U+

m =0
8m2[1:::M]

; (12)

provided that all antennas are terminated with matched loads.
Mutual coupling between antennas, as well as coupling to ob-
jects in proximity, are implicitly modelled by the effective
heights in (11) and (12).

Relation(11) allows to determine the effective height of
antennamby probing the radiated electric �eld strength due to
a given excitation voltage, similar to (10):

HHHm(w;nnn�
m) = (13)

=
2pc0rm

jw
e� jw rm

c0

r
Zc

Z0

EEE�
m(w;rm;nnn�

m)
U+

m (w)

�
�
�
�U+

l =0
8l2[1:::M];l6=m

Relation(13)will be used in Section 4.1, when determining an
antenna's effective height from simulation.

Figure 3: SIMO wireless link. The transmit antenna is fed
from a matched source, while all receive antennas are
terminated with matched loads.

2.3. The SIMO wireless link
When interpreting the single-input-multi-output (SIMO) radio
link depicted in Figure 3 as a multiport circuit, the respective
transmission S-parameters between the antenna ports can be
expressed in terms of the effective heights of the involved anten-
nas. Assuming that the same reference impedanceZc is applied
at all antenna ports, the relation between the excitation voltage
U+

0 at the TX antenna and the resulting port voltageU �
m at

receive antenna m is obtained by combining (8) and (12):

U �
m (w;rm;nnn+

m) = (14)

=
jw

2pc0rm
e� jw rm

c0 HHHH
m(w;nnn+

m) �HHH0(w; �nnn+
m)U +

0 (w) :

Interpreting the SIMO wireless link as a multiport circuit, re-
lation (14)describes the respective transmission S-parameters
Sm0 between the TX and RX antenna ports:

Sm0(w;rm;nnn+
m) =

U �
m

U+
0

= (15)

=
jw

2pc0rm
e� jw rm

c0 HHHH
m(w;nnn+

m) �HHH0(w; �nnn+
m):

Equation(15) is important for determining an antenna's effec-
tive height by measurement, further described in Section 5.

2.4. Array signal model
Having proper wideband antenna models at hand, the next step
is to develop parametric data models for the signals sensed by
UWB receivers at the antenna ports, which are further used
for direction �nding via PDoA and TDoA measurements. For
this purpose, the setup depicted in Figure 4 is considered, in
addition to the following assumptions:

A1 (Matched Receivers). The UWB receivers are perfectly
matched to the antenna ports, i.e, each of theM receivers is
capable of acquiring UUU �

m without impairments.

A2 (Far-Field conditions). Far-�eld conditions are assumed, i.e.
the distance between transmit antenna and receive antenna array
is large enough, such that all receive antennas observe a plane
wave incident from direction nnn+ [23].

4
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Figure 4: SIMO antenna link from Figure 3 under the far-�eld
assumption A2.

A3 (Ideal transmit antenna). The transmit antenna is an ideal
isotropic radiator with in�nite bandwidth.

A4 (Bandpass excitation). The excitation signal on the TX side
is assumed to be a bandlimited lowpass signals(t) 2 C, up-
converted to the desired RF band with angular center frequency
w0.

The transmit antenna at positionppp 2 R3 emits an electro-
magnetic wave propagating towards an array ofM receive anten-
nas at positionsqqqm 2 R3, m = 0: : :M � 1 . Due to assumption
A2, the incident directionnnn+ and the propagation directionnnn�

can be expressed as

nnn� = �n nn+ =
qqq � ppp
rqp

; (16)

with qqq being the array reference point

qqq =
1
M

m

å
m=1

qqqm; (17)

andrqp = kqqq � pppk. We further introduceDqqqm = qqqm � qqq as the
position of antenna elementm relative to the array reference
point.

Due to assumption A3, the TX antenna's effective height
HHHTX is proportional to the polarizationPPP of the emitted electro-
magnetic wave:

HHHTX
�
w;nnn� �

µ PPP(w;nnn� ) = (18)

= Pj ejsign(w)f j iii j (nnn� ) +Pqejsign(w)f q iiiq (nnn� ) ;

where the propagation directionnnn� points in radial direction,
andiii j andiiiq are the respective unit vectors in azimuth and
elevation direction. Consequently,PPPH (w;nnn� ) � nnn� � 0 . The
parametersPj , Pq , f j andf q are real numbers determining

the polarization state [15, Sec. 2.12]. As the radiated electric
�eld strength is a real-valued quantity in the time-domain, the
sign(w) terms are required in(18) to maintain Hermitian sym-
metry ofHHHTX in frequency domain. See Appendix A for further
details. Combining(18) and(11), the radiated electric �eld
strength at distance r from the TX antenna is

EEE� (w;r;nnn� )
p

Z0
=

jw
2pc0r

e� jw r
c0 PPP(w;nnn� )

U+
0 (w)
p

Zc
: (19)

The electric �eld strength(19) leads to receive antenna port
voltages

U �
m (w;nnn+ ) = (20)

=
jw

2pc0jjqqqm � pppjj
e� jw jjqqqm�pppjj

c0 HHHH
m(w;nnn+ ) �PPP(w; �nnn+ )U +

0 (w) ;

according to (14), whereby nnn� = �n nn+ has been considered.
Next, the far-�eld assumption A2 is used to further simplify

(20). The path losses towards allM receive antennas can be
assumed to be similar, leading to

1
jjqqqmmm � pppjj

!
1

rqp
: (21)

In addition, as a plane wave incident on the antenna array is
assumed, the complex exponential can be rephrased in terms of
the incident wave direction nnn+ as following [23]:

e� jw jjqqqm�pppjj
c0 ! e � jw nnn� �(qqqm�ppp)

c0 = e jw nnn+ �(qqqm�ppp)
c0 (22)

Further considering qqqm = qqq+Dqqqm delivers

ejw nnn+ �(Dqqqm+qqq�ppp)
c0 = e jw nnn+ �Dqqqm

c0 ejw nnn+ �(qqq�ppp)
c0 = e jw nnn+ �Dqqqm

c0 e� jwt

(23)

with

t := �
nnn+ � (qqq � ppp)

c0
(24)

being propagation delay between the transmit antenna and the
reference point of the receive antenna array. Using simpli�ca-
tions (21) - (23) in (20) yields

U �
m (w;nnn+ ) = (25)

=
jw

2pc0rqp
ejw nnn+ �Dqqqm

c0 e� jwt HHHH
m(w;nnn+ ) �PPP(w; �nnn+ )U +

0 (w) :

Last but not least, assumption A4 is considered. The signal
s(t) is assumed to be a baseband signal, with spectrumS(w) :=
F f s(t)g andS(w) = 0 + j0 8 jwj > B , whereby parameterB
denotes the signal's bandwidth inrads�1 andF is the Fourier
transform. The TX antenna port voltage is obtained from up-
convertings(t) to the desired RF channel with angular center
frequencyw0 and taking the real part, which in time-domain
leads to

u+
0 (t) = Re

�
s(t)ejw0t 	 : (26)

5
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For convenience in the upcoming derivations,u+
0 is expressed

by its complex pre-envelopêu+
0 , which is obtained fromu+

0
using the Hilbert transform H :

û+
0 (t) := u +

0 (t) + jH
�

u+
0 (t)

	
= s(t)e jw0t (27)

The spectrum of û+0 is

Û+
0 (w) := F

�
û+

0 (t)
	

= S(w �w 0) ; (28)

and is a bandpass spectrum with non-zero frequency compo-
nents only withinw0 �B � w � w 0+B . The resulting bandpass
spectra of the receive antenna port voltages are

Û �
m (w;nnn+ ) = (29)

=
jw

2pc0rqp
e

jw
�

nnn+ �Dqqqm
c0

�t
�

HHHH
m(w;nnn+ ) �PPP(w; �nnn+ )S(w �w 0):

Down-conversion of̂U �
m delivers the equivalent lowpass spectra

Ũ �
m (w;nnn+ ) := Û �

m (w +w 0;nnn+ ) = (30)

=
j(w +w 0)
2pc0rqp

e
j(w+w 0)

�
nnn+ �Dqqqm

c0
�t

�

H̃HHH
m(w;nnn+ ) � P̃PP(w; �nnn+ ) S(w);

with non-zero frequency components only within jwj � B and

H̃HHm(w;nnn+ ) := HHHm(w +w 0;nnn+ )

P̃PP(w; �nnn+ ) := PPP(w +w 0; �nnn+ )

denoting the lowpass spectra of the receive antenna effective
height and transmit antenna polarization respectively. However,
polarizationP̃PP is independent of w in baseband, as

P̃PP(w; �nnn+ ) =P j ejsign(w+w0)f j iii j (�nnn+ ) (31)

+Pqejsign(w+w0)f q iiiq (�nnn+ ) ;

andsign(w +w0) = 1 8 jwj � B � w 0. Formally dropping the
frequency dependence ofP̃PP,

P̃PP(w; �nnn+ ) ! P̃PP(�nnn+ ) = P j ejf j iii j (�nnn+ ) +Pqejf q iiiq (�nnn+ ) ;
(32)

delivers the �nal expression for the baseband spectra of the
receive antenna port voltages:

Ũ �
m (w;nnn+ ) = (33)

=
j(w +w 0)
2pc0rqp

e
j(w+w 0)

�
nnn+ �Dqqqm

c0
�t

�

H̃HHH
m(w;nnn+

m) � P̃PP(�nnn+ ) S(w)

One can further collect allM port voltages(33) in a single
vector

ŨUU � (w;nnn+ ) :=

2

6
6
6
4

Ũ �
1 (w;nnn+ )

Ũ �
2 (w;nnn+ )

...
Ũ �

M (w;nnn+ )

3

7
7
7
5

= (34)

= H̃HHRX
�
w;nnn+ �

�
j(w +w 0)P̃PP(�nnn+ )

2pc0rqp
e� j(w+w 0)t S(w)

where all receive-antenna related terms are collected in a single
matrix H̃HHRX 2 CM�3 , called antenna reception matrix in the
following:

H̃HHRX
�
w;nnn+ �

:=

2

6
6
6
6
6
6
4

H̃HHH
1 (w;nnn+ )e j(w+w 0) nnn+ �Dqqq1

c0

H̃HHH
2 (w;nnn+ )e j(w+w 0) nnn+ �Dqqq2

c0

...

H̃HHH
M(w;nnn+ )e j(w+w 0) nnn+ �DqqqM

c0

3

7
7
7
7
7
7
5

(35)

Considering that the terms next toH̃HHRX in (34)are baseband rep-
resentations of the incident plane wave's electric �eld strength
at the array reference point,

j(w +w 0)P̃PP(�nnn+ )
2pc0rqp

e� j(w+w 0)t S(w) , EEE+ (w +w 0;nnn+ )

:= ẼEE+ (w;nnn+ ) ; (36)

relation(34) can be interpreted as a generalization of the re-
ceive mode relation(1) for antenna arrays under a plane-wave
assumption:

ŨUU � (w;nnn+ ) = H̃HHRX(w;nnn+ ) � ẼEE+ (w;nnn+ ) : (37)

3. Baseband processing
The �nal step required for analyzing the impact of antennas
on PDoA and TDoA measurements, is to consider the actual
processing steps performed within a UWB receiver to obtain
the desired PDoA and TDoA measurements from the antenna
port voltages (33). For notational convenience, we introduce

t m := �
nnn+ �Dqqqm

c0
+ t ; (38)

with t m expressing the propagation delay from the transmitter
to receiving antennam andt from (24). The minus signs in
(38) are a consequence of the incident directionnnn+ pointing
in the opposite direction than the propagation vectorkkk+ of the
respective incident wave (see Figure 4). With(38), one obtains
for the time-domain equivalents of the antenna port voltages
(33)

ũ�
m(t;nnn+ ) =

jw0

2pc0rqp
e� jw 0t m

n
P̃PPH � �̃hhhm � s

o �
t � t m;nnn+ �

;

(39)

using de�nitions

h̃hhm(t;nnn+ ) := F �1 �
H̃HHm(w;nnn+ )

	
; (40)

�̃hhhm(t;nnn+ ) :=
d
dt

h̃hhm(t;nnn+ ) : (41)

The dot-product between polarizationP̃PP and antenna impulse re-
sponsẽhhhm reveals that the receive antenna acts as the weighted
sum of linear �lters. The respective �lter impulse responses
are determined bỹhhhm, whereas polarizatioñPPP determines the
weights. As a consequence of the antenna impulse responseh̃hhm

6
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being a direction dependent quantity, the total �ltering opera-
tion applied the antenna is generally direction and polarization
dependent. Antenna effects being direction and polarization de-
pends is known to the literature [24, 25]. However, the current
works differs from [24, 25] in the sense that the direction and
polarization dependent antenna effects are now to considered
to vary within the bandwidth of the received signal as well, i.e.
the common assumption of the signal bandwidth being much
smaller than the antenna bandwidth is not applied.

From (39), one observes that the port voltage of antenna
m in time-domain is essentially determined by the baseband
excitation signal on the TX side,s(t), delayed by the propaga-
tion delayt m and �ltered by the time derivative of the antenna
impulse response�̃hhhm. These �ltering operations add determinis-
tic, but generally direction and polarization dependent delays
to the signals at the antenna ports. Consequently, the delay
estimations performed in UWB radio systems for localization
purposes are subject to a direction and polarization dependent
bias term, denoted bŷt m in the following.

Delay estimations in low-power UWB chipsets are com-
monly achieved by relatively simple algorithms due to the lack
of available computation power. One example is a matched
�lter followed by a peak-search algorithm [26, 27]. The output
of such a matched �lter is, when applied to the port voltages
(39),

ym(t;nnn+ ) = ũ �
m(t;nnn+ ) � s(�t) = (42)

=
jw0

2pc0rqp
e� jw 0t m

n
P̃PPH � �̃hhhm �R ss

o
(t � t m) ;

with Rss being the autocorrelation function ofs(t). Targeting
the analysis of the antenna-induced delay bias termt̂ m as a
deterministic effect, no form of noise or multipath propagation
is considered in the antenna port voltages(39). The total signal
delay or time-of-arrival (ToA)Tm at antennamis now estimated
by searching for the magnitude peak of the matched �lter output:

Tm(nnn+ ; P̃PP) := argmax
t

�
�ym(t;nnn+ )

�
� = (43)

, t m+ t̂ m(nnn+ ; P̃PP) = �
nnn+ �Dqqqm

c0
+ t + t̂ m(nnn+ ; P̃PP)

The phase of the matched �lter output at the magnitude peak
location, frequently called phase-of-arrival (PoA)F m, can also
be expressed as the sum of a true PoAf m determined only by
the array geometry, and an antenna-induced bias termf̂ m:

F m(nnn+ ; P̃PP) := arg
�

y(Tm;nnn+ )
	

, f m+ f̂ m (44)

considering thatw0
c0

= 2p
l . The true PoAf m is thereby the phase

of (42), neglecting the �ltering operation through the antenna:

f m := p �w 0t m = p +
2p nnn+ �Dqqqm

l
�w 0t : (45)

With (45), one �nally obtains for (44)

F m(nnn+ ; P̃PP) = p +
2p nnn+ �Dqqqm

l
�w 0t + f̂ m(nnn+ ; P̃PP) : (46)

The true ToAt m in (43)and the true PoAf m in (46)offer a
linear relationship

f m = p �w 0t m : (47)

A similar relationship does not necessarily exist for the delay
and phase bias termst̂ m andf̂ m, especially if the effective height
of the respective antenna shows a strong nonlinear phase within
the bandwidth of the received signal. And even if such a rela-
tionship would exists for one incident direction and polarization,
this may not be the case for all incident directions and polar-
izations. As a consequence, the �nal ToA estimatesTm from
(43) and PoA estimates from(46) do not offer a generally valid
relationship similar to (47).

The true ToAst m at each of theM antennas are only de-
termined by the array geometry and the incident wave direc-
tion nnn+ according to(38). Consequently, if one is capable of
precisely determining the ToAs from multiple antennas, the
incident wave directionnnn+ can be estimated from the pairwise
ToA differences, the Time-Difference-of-Arrival (TDoA)DTnm
[9]. The TDoA between two antennas n and m is obtained as

DTnm := Tn � T m = (48)

= �
nnn+ � (Dqqqn �Dqqqm)

c0
+ t̂ n(nnn+ ; P̃PP) � t̂ m(nnn+ ; P̃PP):

For real world antennas, the delay bias termst̂ n andt̂ m in (48)
do not necessarily cancel out for all incident wave directionsnnn+

and polarizations̃PPP. Hence, the resulting TDoA measurements
are also subject to direction and polarization dependent bias.

The incident wave directionnnn+ may alternatively be es-
timated from pairwise differences between the PoA of two
antennas, the Phase-difference-of-arrival (PDoA):

DFnm = F n � F m = (49)

=
2p nnn+ � (Dqqqn �Dqqqm)

c0
+ F̂ n(nnn+ ; P̃PP) � F̂ m(nnn+ ; P̃PP)

Similar as for the TDoAs, the PDoA measurements may be
subject to a direction- and polarization dependent bias, if the
phase bias termŝF n andF̂ m do not cancel out for allnnn+ and
P̃PP.

4. Simulation Framework

4.1. Determining antenna effective heights from Full-
Wave EM simulations

The fundamental equation for determining an antenna's effec-
tive height from full-wave EM simulation results is(13). Fol-
lowing this equation, one requires the electric �eld strength
radiated by an antenna due to a speci�c excitation voltage sam-
pled on a spherical surface and exported from the simulation
software.

An example simulation model is shown in Figure 5, showing
two co-polarized crossed exponentially tapered slot (XETS)
antennas [19] with a separation of40mm, created in Ansys
HFSS [28] version 2024R1. The two sub-�gures depict the
distribution of the spatial E-�eld samples points around the
antennas, in line with the sampling point distribution of the
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(a) (b)

Figure 5: Model of a XETS antenna pair in Ansys HFSS. A
near �eld sphere is spanned up around the center of each
antenna. The distribution of the E-�eld sample points on each
sphere was selected in alignment with the sample point in
measurement. For visualization purposes, the radii of the
sample points were reduced from 1m to 30mm.

measurement procedure later introduced in Section 5. The
center points of the sphere surfaces were set to the geometric
centers of the respective antennas, although the selection of
arbitrary center points is possible5. Last but not least, the radii
of the spherical surfaces must be large enough to ensure far-�eld
conditions. The sphere radii in Figure 5 were reduced to30mm
for visualization purposes; the �nal simulations were executed
with a radius of 1m.

If the simulation domain contains multiple antennas, e.g.
as shown in Figure 5, the antennas are sequentially excited
with an incident voltage wave ofU+

m = (1 + j0)V , while all
other antennas are terminated with matched loads. The radiated
electric �eld strength of the currently active is then sampled
at the desired spatial sampling points, and applied in(13) to
obtain the desired effective height. It shall be emphasized that
the effective height determined in this way implicitly contains
effects due to mutual coupling between the antennas, or other
unwanted effects due to e.g. coupling to objects in proximity.
The simulation frequency range for all antennas covered in this
document was[2GHz;12GHz]with a step width of5MHz. A
raised-cosine �lter is applied to the effective heights determined
from the E-�eld sample points, for the purpose of circumventing
long ringing in respective antenna impulse responses due to the
�nite simulation frequency range. The roll-off factor of the
raised-cosine �lter was selected to set the transient bands to the
[2GHz;4GHz] and [10GHz;12GHz] intervals.

4.2. Simulating PDoA and TDoA measurements
Having determined the effective heights of the antenna array
under test, the desired PDoA and TDoA measurements are ob-
tained by following the calculation steps discussed in Sections
2.4 and 3. A root-raised cosine pulse with a roll-off factor of
0.5 and a low-pass bandwidth of250MHzis considered as base-
band excitation signals(t) in (27) and(42). This pulse-shape
is equivalent to the baseband reference pulse de�ned for the
HRP UWB physical layer speci�cation in [29]. As a next step,
the antenna port voltages are calculated according to(39). If
not stated otherwise, the polarizationP̃PP is selected to match the
polarization of the antenna under test.

5It is however important that the center points in simulation and measure-
ment are equal.

The resulting port voltage is fed to the matched �lter(42),
followed by the estimation of the time-of-arrival(43)and phase-
of-arrival (46).

5. Measurement Setup
The measurement principle follows to a large extent the princi-
ple introduced in [6]. The reference antenna is kept static, and
the AUT is rotated using a 6 axis robot as shown in Figure 6. A
two-port measurement is performed6 between the reference an-
tenna and each AUT in a multi-antenna setup, with the unused
antennas being terminated with matched loads. As shown in
Figure 8, only the effective height component co-polarized of
the reference antenna's effective heightHHHre f can be determined
in a single measurement run. Mathematically, the inner product
in (15) vanishes, and one obtains the transmission S-parameter
[6, 30]

S21(w;nnn+ ) =
jw

2pc0r
e� jw r

c0 H �
re f (w)HAUT;copol(w;nnn+ ) ;

(50)

with HAUT;copol denoting the co-polarized effective height com-
ponent of the AUT. Relation(50) is �nally rephrased to deter-
mine HAUT;copol from

HAUT;copol(w;nnn+ ) =
2pc0r

jw
ejw r

c0
S21(w;nnn+ )
H �

re f (w)
: (51)

The calculation ofHAUT;copol from (51) requires the effective
height of the reference antennaHre f to be known. Thus, a
calibration measurement is performed with a reference antenna
mounted on both ends of the measurement setup. From this
measurement, one obtains Hre f as

Hre f (w) =

s
2pc0r

jw
ejw r

c0 S21(w) : (52)

A raised-cosine �lter is applied to the effective heights deter-
mined by measurement, similar to the effective heights deter-
mined from simulation. To counter unwanted effects caused by
e.g. re�ections at the 6-axis robot, a window function is further
applied to the measured effective heights in the time domain.
A Tukey window [31] has been selected for this purpose, as
its shape parameter allows a precise selection of the time in-
terval that should not be affected by the window function. A
window length of5nswith a shape factor0:1 was determined
empirically.

The robot used for positioning the AUT is a bench-top 6-
axis robot of type Nova 5 from vendor Dobot [32]. A close-up
picture of the robot is found in Figure 7. The robot acts as an
elevation-over-azimuth positioner [33], leading to the azimuth
j and elevationq rotation angles as shown in Figure 8. Using
the robot's built-in inverse kinematics functionality, each of the
AUTs could be rotated in space while keeping the reference
points selected in simulation (see Figure 5) stationary in space.

6One can obviously perform a multi-port measurement as well instead of
multiple two-port measurements, assuming that the reference impedances at all
ports are identical.
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Figure 6: Measurement setup at NXP Semiconductors in
Gratkorn, Austria. A 6-axis robot with mounted Vivaldi
antenna is depicted, together with a double-ridged horn antenna
visible in the front. The entire setup is placed in an anechoic
chamber.

Figure 7: Close-up picture of the 6-axis robot. The XETS
antenna pair from Figure 18b is mounted on the robot for
example purposes. The robot itself has been covered with �at
absorber material wherever possible without affecting the
rotary joints.

The robot was additionally covered with �at absorber material
wherever possible without affecting the rotary joints, to at least
slightly reduce re�ections at the robot structure exposed to the
radiated �eld of the reference antenna. A systematic re�ection
hot-spot analysis as introduced in e.g. [34] can be considered
as future research topic, to further reduce the in�uence of the
robot on the measurement results. The remaining details of the
measurement setup are:

• Reference Antenna: Double-Ridged Guide Horn An-
tenna, Model 3115 from ETS-Lindgren [35].

• Vector Network Analyzer & Instrument Settings:
Keysight FieldFox Microwave Analyzer, Type N9916B
[36]. The setup was calibrated using an electronic cali-
bration module of type N7553A [37] from Keysight as
well. The calibration kit is speci�ed up to�15dBm max-
imum input power, so all measurements were carried out
at this power level. The measured frequency range was
[2GHz;12GHz]with a step width of5MHz. The VNA's
IF bandwidth was set to 1kHz.

Figure 8: Desired versus measured effective height. Two
measurement runs may be required if the alignment between
the effective heights of the AUT and the reference antenna are
unknown, or the AUTs effective height shows a signi�cant
variation over the incident wave direction nnn+ .

6. Simulation & Measurement results
The simulation and measurement procedures introduced in the
previous sections were applied to

• the Vivaldi antenna from [38], and
• the XETS-antenna introduced in [19].

A standalone antenna element as well as a pair of antennas
with speci�c spacing has been analyzed for each of the two
antenna types above. The PDoA and TDoA measurements
delivered by each antenna pair were estimated at HRP UWB
PHY Channel 5 [29], with a center frequency of� 6:5GHz .
All presented results utilize the coordinate system conventions
and angle de�nitions from Appendix A. The PDoA and TDoA
relations(49)and(48) for planar and linear arrays under these
coordinate system conventions are provided in Appendix B.

6.1. Vivaldi Antenna & Vivaldi Antenna Pair
Figures 9 and 10 depict the simulation models and correspond-
ing measurement assemblies for a standalone Vivaldi antenna
and a Vivaldi antenna pair with30mmspacing respectively. The
simulation models consider the 3D-printed antenna �xture from
measurement, as well as a short metal cylinder modelling the
end-effector of the 6-axis robot. The antenna �xture is made
from PLA plastic, and the robot end-effector is considered to
be made from aluminum. The vivaldi antennas are dominantly
polarized in elevation direction (iiiq in Figure 8). The refer-
ence antenna in measurement as well as the polarization of the
incident plane wave in simulation were aligned accordingly.

6.1.1. Results
Figure 11a depicts the elevation componentHq of the simu-
lated effective heightHHH, for a wave incident from direction
j = q = 0 � . The unwrapped phase ofHq together with the
thereof derived group delay are depicted in Figures 11b and
11c respectively. Figure 11d depicts antenna impulse response
hq , derived fromHq , together with its envelopejh̃q j. A com-
parison between impulse responses obtained from simulation
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(a) (b)

Figure 9: Standalone Vivaldi antenna in (a) simulation and (b)
measurement.

(a) (b)

Figure 10: Vivaldi antenna pair with 30mm spacing in (a)
simulation and (b) measurement.

and measurement for is provided in Figure 12 two different
incident wave directions. Figure 13a plots the simulated im-
pulse response envelopesjh̃q j over azimuthj in the elevation
q = 0 � plane. The respective impulse response envelopes from
measurement are depicted in Figure 13b. On the other hand,
Figure 14 provides the impulse response envelopesjh̃q j over
elevationq in the azimuthj = 0 � plane. Figures 15(a)-(h) com-
pare simulated and measured PDoAs over azimuthj for the
vivaldi antenna pair from Figure 10. Four different elevation an-
glesq 2 f �30 � ;0� ;30� ;60� g were analyzed. The left column
shows the PDoA curves wrapped to a �180� interval, whereas
the right column depicts the unwrapped PDoAs. In a similar
manner, TDoA results from simulation and measurement for
the four elevation anglesq 2 f �30 � ;0� ;30� ;60� g are plotted
in Figure 16.

6.1.2. Discussion

The impulse responses depicted in Figures 12 - 14 correlated
well between simulation and measurement. However, the mea-
sured impulse response in Figure 12b shows a small sidelobe
around4:4ns, which is not present in the simulated impulse
response. Possible explanations for this this sidelobe include
re�ections at the robot structure not modelled in simulation, or
re�ections at the reference antenna structure scattered back to
the AUT. But the latter explanation can be excluded, as in that
case a similar sidelobe is expected to be present in Figure 12a,
which is not the case. The by far most interesting property of the
Vivaldi antenna impulse responses is the formation precursors
towards larger azimuth angles. This effect is consistent with
measurements performed for a similar Vivaldi antenna in [6].
Such precursors in the antenna impulse responses may lead to
a signal dispersion similar to two-path propagation channels

(a) (b)

(c) (d)

Figure 11: (a) Simulated elevation component Hq of the
standalone Vivaldi antenna's effective height towards direction
j = q = 0 � . Subplot (b) shows the unwrapped phase and
subplot (c) the respective group delay. The impulse response
hq together with its envelope jh̃q j is shown in (d).

[39] for waves incident for the respective directions, even if the
actual propagation channel is an AWGN channel.

The PDoA curves depicted in Figures 15a-h show a rela-
tively good correlation between simulations and measurements.
However, an increasing mismatch can be observed towards the
outer azimuth regions, and for increasing elevation angles. Such
mismatches could be expected to a certain extent, due to the
directivity of Vivaldi antennas. That is, re�ections at the robot
structure may become more and more prominent for larger az-
imuth angles compared to the line-of-sight component. Unfortu-
nately, the correlation between simulated and measured TDoAs
depicted in Figures 16a-d is pretty poor, which is quite surpris-
ing considering the good correlation of impulse responses and
PDoAs discussed before. Another interesting fact about the
depicted TDoA curves is, that even the simulated curves do not
really follow the expected sinusoidal shape. A drastic example
of this effect is Figures 16c, where even the curvatures of the
respective simulated and measured TDoA curves change over
azimuth. But TDoA curves looking worse than the respective
PDoA curves from the same antenna pair have already observed
in the past, e.g. in [9]. There, the authors compare the measured
PDoA and TDoA curves delivered by an UWB evaluation kit.
The PDoA curve follows it's expected sinusoidal shape rela-
tively well, whereas the TDoA curve deviates much stronger
from the expected sinusoid.
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