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Abstract—Next-generation Ultra-Wideband (UWB) applica-
tions require high–performance and fully-integrated UWB an-
tenna systems to guarantee accurate localization and sensing in
challenging Internet of Things (IoT) environments. This paper
proposes an entire system-level simulation framework that accel-
erates the design and optimization of integrated UWB antenna
systems for various IoT applications by accurately predicting
the effects of the entire system integration environment and
enabling time-efficient optimization of system-level metrics. These
metrics include the System Fidelity Factor and the Distance
Estimation Error in full 3D, which are required to minimize
orientation-specific pulse distortion and phase-center variation.
To reconcile fast and accurate system-level performance predic-
tion with reduced computational resources, the UWB link is
partitioned, enabling the combination of standalone full-wave
antenna simulations, UWB front-end circuit models, and UWB
wireless channel models considering all antenna and circuit
imperfections. Moreover, this simulation framework is the first
to include the Huygens’ field equivalence principle to efficiently
and accurately model the entire system environment, crucial to
ensure high-performance UWB antenna systems for integrated
IoT applications. To validate the simulation framework, an
extensive time-domain measurement campaign was performed
on a representative UWB link, including multiple integration
platforms. Simulation and measurement results correspond well
and show that the presence of the actual integration platform
significantly impacts the system performance along different
orientations. The simulation framework is several orders of mag-
nitude faster than what is currently achievable with conventional
electromagnetic field simulators and facilitates the development
of high–performance and fully integrated UWB systems that
satisfy the needs of demanding IoT applications.

Index Terms—ultra-wideband (UWB), transfer function, link
performance merits, simulation framework, integration platforms

I. INTRODUCTION

ULTRA-WIDEBAND (UWB) systems play a pivotal role
in Industry 4.0, Smart Buildings, eHealth, automotive

and Internet of Things (IoT) applications for high-quality
localization, tracking, ranging and sensing. The absence of
Global Navigation Satellite System (GNSS) signals within
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indoor factory environments has led to alternative indoor Real-
Time Locating Systems (RTLS) to provide precise and robust
location information. Numerous RTLS have been explored,
including those based on infrared radiation, ultrasound, Blue-
tooth and WiFi [1]. Time-of-Arrival (ToA) and Angle-of-
Arrival (AoA) based UWB RTLS have received significant
attention by both the academic and industrial world in the
last decade. This is because UWB systems rely on bursts of
(sub)nanosecond pulses to transmit information and, hence,
exhibit high immunity to both multipath and narrowband in-
terference. In data-driven smart factories, for instance, location
information has become crucial for workflow optimization [2],
resource tracking [3], safety management [4] and autonomous
robot navigation [5]. In addition, precise localization is cru-
cial for IoT devices, providing features such as preference
management, privacy and security [6]. Current commercial
UWB applications claim sub-decimeter and a 10–30-cm po-
sitioning accuracy in indoor LOS and NLOS conditions,
respectively [6]. However, next-generation UWB applications
such as UWB radar for gesture recognition [7], monitoring
individuals [8] and vital signs [9], require more reliable and
more accurate UWB systems. Moreover, the existing solutions
are becoming inadequate due to the harsh and challenging
propagation conditions, high levels of interference, and the
substantial number of IoT devices requiring service within the
smart factory environment [3]. In addition, to accelerate the
large-scale roll-out of these next-generation UWB systems and
to enable unobtrusive integration in a wide variety of everyday
objects [10], [11], there is a strong need for co-design, co-
optimization and co-integration of the UWB system with the
entire system environment. The entire system environment
encompasses all components, interactions, and external factors
that can affect the functionality and performance of the UWB
system in actual deployment conditions. The integration plat-
form is a critical component in this environment. Its influence
on the UWB transmit and receive antenna system can lead
to inadequate impedance matching, undesired coupling, and
deformation of the antenna radiation pattern.

The use of (sub)nanosecond pulses and the advanced seam-
less integration in demanding next-generation IoT applications
urge the need for a holistic system-level approach for the de-
sign and optimization of such highly integrated UWB systems,
and more specifically their transmit (Tx) and receive (Rx)
antenna modules to guarantee high performance in challeng-
ing real-life deployment conditions. In addition to enforcing
specifications for conventional frequency-domain antenna per-
formance indicators, time-domain performance optimization is
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essential to minimize pulse distortion [12]. Frequency-domain
antenna performance indicators include antenna impedance
matching, which aims at minimizing the magnitude of the
antenna’s reflection coefficient or maximizing the antenna’s
return loss. They also include the antenna radiation charac-
teristics in terms of its antenna gain, radiation efficiency and
the antenna-coupling between neighboring elements or nearby
structures, aimed at maximizing isolation. Time-domain per-
formance is characterized by the impulse response, which is
crucial for investigating the System Fidelity Factor (SFF) [13]
and the Distance Estimation Error (DEE) [14]. In this process,
the transmit and the receive chain should be included in the
simulation [15], [16], as they have a significant influence on
the performance of UWB systems for localization and sensing
[17]. Moreover, not only time-domain performance along a
single main direction, such as broadside, should be analyzed,
but also more comprehensive orientation-specific system-level
figures of merit, such as the angle-dependent SFF and the
DEE in full 3D, to prevent antenna-induced orientation-
specific ranging bias [18]. While digital predistortion can be
used to increase pulse fidelity [19], it is only useful if the
antenna-induced pulse distortion is constant over its entire
field-of-view. Besides introducing orientation-specific pulse
distortion, inappropriate UWB antenna design might introduce
phase-center variations (angle-dependent offset between the
antenna reference point and the real incidence point [20])
leading to systematic errors, which can drastically impact
UWB localization and sensing applications [21]. Finally, the
effects of the entire system environment should be taken
into account. Antenna-to-integration-platform coupling may
cause frequency-dependent distortion of the antenna radiation
pattern, severe detuning and higher mutual coupling in multi-
antenna systems [22]. While high mutual coupling between
the Rx and the Tx antenna reduces the range in UWB radar
applications [9], antenna radiation pattern deformation and
detuning will lead to orientation-specific pulse distortion and
phase-center variations, drastically affecting UWB localization
and sensing performance [22], [23].

In [24], a custom UWB system with integrated omnidi-
rectional chip antenna and UWB transceiver (DWM1000) is
placed on top of a drone for 3D localization of sensor nodes.
A lightweight machine-learning-based error-correction model
was applied, resulting in an improvement in localization error
with an upper-boundary of 21 cm. However, the measured
ranging error as a function of azimuth angle is showing outliers
with a localization error up to 85 cm due to the system
environment. These effects may be significantly reduced by
co-design and co-optimization of the UWB localization system
with the entire system environment. Yet, no simulation tools
currently exist to efficiently and simultaneously optimize the
UWB system for these time-domain and system-level metrics
in full 3D while including the entire system environment.
This makes the design, optimization and integration of next-
generation UWB applications for highly accurate localization
and sensing very challenging.

In this paper, a novel simulation framework is proposed
to enable highly accurate, time-efficient system-level analysis
and optimization of UWB antenna systems for localization and

sensing in harsh IoT environments by incorporating all relevant
system environment side effects. By first performing stan-
dalone full-wave and/or circuit simulations of each separate
link component and, subsequently, efficiently integrating them
in the simulation framework to characterize the complete sys-
tem performance, a modular approach is obtained that allows
for light-weight simulations with extensive design flexibility.
In addition, leveraging the Huygens’ field equivalence prin-
ciple enables us to combine standalone full-wave simulations
with a 3D ray tracer, based on the shooting and bouncing rays
(SBR) technique, to include integration platforms in a time-
efficient way. The simulation framework can be exploited for
a thorough analysis of the complete UWB system, providing
insight in the impact of each design choice, but also for
their optimization [25], [26]. This ensures reliable and high
performance after deployment in challenging real-life condi-
tions. Note that the modular simulation framework also allows
measurement results to be included for co-optimization. This
approach allows us to minimize phase-center variations and
pulse distortion throughout the entire system for all possible
directions, from the UWB transmitter to the receiver, while ac-
counting for all relevant system environment effects, as well as
antenna and circuit imperfections. This is done for all relevant
orientations of the Tx and Rx antennas, thereby effectively
mitigating orientation-specific ranging bias, which is crucial
for high-performance UWB antenna systems. The simulation
framework’s accuracy is validated by dedicated time-domain
measurements, both in standalone conditions as well as when
the UWB module is deployed on a metal plate (mimicking
the impact of large metal objects such as ship hulls, metal
racks or the body of a car) and on a robotic integration
platform. Simulation and measurement results correspond very
well and prove that the presence of such integration platforms
can drastically impact system performance. In addition, the
presented simulation framework facilitates UWB system de-
signers in assessing the influence of the integration platform on
the overall system performance and ascertaining the need for
additional precautions. Furthermore, the simulation framework
performance is benchmarked against commercially available
solvers, showing a significant reduction in CPU time.

Specifically, the main contributions of the paper are the
following:

1) This paper presents a modular system-level simulation
framework, incorporating all antenna and circuit im-
perfections in the UWB wireless link by leveraging
standalone full-wave antenna simulations, UWB front-
end circuit models, and UWB wireless channel models.

2) It is the first paper that includes the entire system
environment in the UWB wireless link by leveraging
the Huygens’ field equivalence principle.

3) It includes non-linear RF front-end effects and its impact
on Two Way Ranging (TWR) performance.

4) It allows minimization of orientation-specific pulse dis-
tortion and phase-center variation by jointly optimizing
system-level metrics, such as SFF and DEE, in full 3D.

The remainder of this paper is organized as follows. Section
II provides an overview of the related work involving simula-
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tion frameworks focusing on UWB electronic circuitry and/or
antenna links. Section III outlines the simulation framework
architecture and elaborates on the UWB system link decompo-
sition. In Section IV, the simulation accuracy, timing and per-
formance are validated and benchmarked against commercial
solvers. Next, in Section V, a real UWB system is evaluated
on ranging accuracy and a more realistic robotic integration
platform is briefly discussed. Finally, the conclusions are
presented in Section VI.

II. RELATED WORK

Next-generation UWB-based IoT applications require wire-
less systems that are simultaneously optimized for time-
domain and system-level metrics in full 3D, while including
the entire system environment to reconcile high performance
with seamless integration. To fulfill this challenging set of
design requirements, a system-level approach needs to be
adopted to ensure excellent performance in the frequency, time
and spatial domains, while also taking into account fabrication,
integration, cost and size aspects. To speed up simulation time
and shorten the design cycle of pulse-based UWB wireless
systems, multiple system-level simulation frameworks have
been proposed in literature [27]–[35]. An overview of these
simulation frameworks is given in Table I. First, we examine
the simulation of active electronics in the UWB link. This is
succeeded by the inclusion of antenna effects in the frequency
domain, followed by frameworks that focus on the time
domain and eventually also system-level metrics. Finally, there
is a brief discussion of frameworks using Machine Learning
(ML) techniques for the design and optimization of antennas.

In [27] and [36], a comprehensive simulation framework
is proposed to accurately simulate a complete UWB link in
Matlab and Keysight’s Pathwave Advanced Design System
(ADS), including the analog front-ends, digital back-ends and
channel effects. Whereas this paper initially focused on UWB
indoor localization, the generality of the simulation framework

also enables predicting the performance of UWB radar sys-
tems [37], [38]. In particular, the simulation framework was
leveraged to accurately predict the performance limitations of
a pulse-based three-dimensional through-wall imaging radar.
It allows analyzing various effects, such as signal quality,
pulse shape and environmental characteristics. It was fully
validated using an FPGA-based UWB radar platform. While
this simulation framework focused on the active electronics
and put less emphasis on antenna-induced orientation-specific
pulse distortion and phase-center variations, other dedicated
simulation frameworks have been presented that focus more
on antenna effects in the UWB link [28], [30]–[33]. These
simulation frameworks speed up the frequency-domain opti-
mization of UWB antennas, but only [30]–[33] support joint
optimization in the time domain as required for pulse-based
UWB ranging and sensing.

In [30], a factored broadband channel model for the opti-
mization of UWB antenna links with real, dispersive anten-
nas, was proposed. It was verified by a Method-of-Moments
(MoM) technique and analyzes the effect of transmitter and
receiver impedances on achievable link performance, clearly
demonstrating the advantage of antenna-IC co-optimization.
However, it does not consider angle-dependent pulse distor-
tion and phase-center variations, which are required for the
system-level metrics in full 3D. In [33], a novel method
was proposed to analytically model the angle-dependent pulse
distortion of planar UWB antennas. Based on time-domain
antenna measurements, the antenna’s aperture field distribution
is estimated. Next, the proposed method relates the incident
transient field to the antenna output pulse in receive mode,
and the antenna input pulse to the transient radiated fields
in transmit mode. It is validated by comparing the measured
received pulse of three different UWB antennas to the model.
By leveraging this analytical model, orientation-specific pulse
distortion can be minimized and UWB radio designers are
given prior knowledge of the remaining distortion. Yet, the
analytical approach impedes simulating more advanced UWB

TABLE I
OVERVIEW OF EXISTING UWB SIMULATION FRAMEWORKS.

Simulation
Framework

Antenna System-Level
Metrics RF

Front-Ends
System

Environment
Full-Wave Analytical Frequency

Domain
Time

Domain Full 3D SFF DEE

[27] ✓

[28] ✓ ✓ ✓

[29] ✓ ✓ ✓

[30] ✓ ✓ ✓

[31] ✓ ✓ ✓ ✓

[32] ✓ ✓ ✓ ✓

[33] ✓ ✓ ✓ ✓ ✓

[34] ✓ ✓ ✓ ✓ ✓

[35] ✓ ✓ ✓ ✓ ✓

This Work ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
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antennas and does not allow including RF front-end imper-
fections and the entire system environment. In [31], a general
simulation framework is proposed to analyze the impact of the
UWB antennas on the system performance for a pulse-based
physical-layer scheme. To enable a more detailed analysis
compared to [30] and [33], full-wave antenna simulations in
either WIPL-D [39] or in CST Microwave Studio (MWS) are
leveraged [40]. WIPL-D utilizes the MoM applied to surface
integral equations employing higher-order basis functions and
a quadrilateral mesh for accurate analysis of complex geome-
tries, particularly in antenna design and scattering problems.
CST MWS employs various numerical methods, including
the finite integration technique in both Time Domain and
Frequency Domain as well as finite element and integral
equation solvers. These methods are used to simulate electro-
magnetic fields in 3D structures, making it ideal for computer-
aided UWB antenna design and optimization. In doing so, the
simulation framework can be used to discover the main cause
of pulse distortion in a given UWB link, while also supporting
optimization of UWB antennas in the time domain, but not in
full 3D. Moreover, no system-level metrics are discussed, and
it is not possible to include the entire system environment.

In recent years, ML is exploited more and more to design
and optimize UWB antenna systems [29], [34], [35]. In [41], a
comprehensive overview of advanced computational methods
is given for the analysis, synthesis, and optimization of UWB
antennas. These methods are subdivided into four categories,
being artificial neural networks, genetic algorithms, particle
swarm optimization and hybrid techniques. While most of
the work on ML-based UWB antenna optimization focuses
on frequency-domain parameters, [34] and [35] also include
time domain parameters in the multi-objective optimization

process. Recently, in [29], a ML-assisted electromagnetic
modelling framework for UWB antennas was published to
further speed up UWB antenna development. To validate the
simulation framework, a dual-element and quad-element UWB
Multiple Input Multiple Output (MIMO) antenna system were
designed and measured, demonstrating good agreement and a
significant reduction in optimization time. Yet, both designs
were only optimized for frequency-domain parameters, and
do not take the orientation-specific pulse distortion and phase-
center variation into account. In [42] and [43], a multistage
collaborative machine learning (MS-CoML) method and a
deep reinforcement learning (DRL) algorithm are proposed,
respectively, for the design and optimization of antennas and
antenna arrays, but not for UWB purposes. In summary,
ML techniques can be useful for the optimization of UWB
antennas, but they do not yet provide any insights into the
orientation-specific system-level figures of merit, which are
essential for UWB antenna system design.

III. SIMULATION FRAMEWORK

A. Simulation Framework Architecture

The simulation framework first partitions the UWB system
into a transmitter part (Tx system), receiver part (Rx system)
and the wireless propagation channel, as shown in Fig. 1. The
transmit system is further subdivided into a pulse generator
and a transmit chain, comprising a variety of microwave
components, such as filters, power amplifiers, and a transmit
antenna. Similarly, the receive system is subdivided into a cor-
relator and a receive chain, comprising a variety of microwave
components such as filters, low-noise amplifiers and a receive
antenna. The antenna link can be implemented by any pair of
transmit and receive antennas, each with arbitrary orientations,

Full-Wave Solver

Standalone Simulation

S-parameters

Antenna Model

MATLAB

Input Pulse (.txt)

Antenna Model

System Transfer Function: Hsys(f, �, �) 

Inverse Fourier: hsys(t, �, �) 

Output Pulse: x(t, �, �) = s(t) * hsys(t, �, �)

System

Environment

3D CAD 

Distance

Post-integration antenna-specific parameters (reflection coefficient and far-field radiation pattern)

and orientation-specific system-level System Fidelity Factor (SFF) and Distance Estimation Error (DEE)

Materials

SPA

SLNA

Radiation Patterns

Full 3D Radiation Patterns

Tx antenna

Tx system Rx system

LNAChannel Rx antenna CorrelatorGenerator PA

S-parameters
Radiation Patterns
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Ray-Tracing Solver
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Full-Wave Solver

Standalone Simulation

Full 3D Radiation Patterns

Ray-Tracing Solver
Shooting and Bouncing Rays

Huygens' Principle

SBPF

SBPF

Fig. 1. High-level modular overview of the complete UWB system as described in the proposed simulation framework including the transmitter part (Tx
system), receiver part (Rx system), the entire system environment, and the wireless propagation channel.



5

and a propagation channel, which may be a free-space link
or a multipath channel. Therefore, a modular approach is
proposed in Fig. 1 to facilitate efficient and agile system-level
simulations.

To characterize the performance of UWB systems, given
a certain predefined excitation pulse, a thorough frequency-
and time-domain analysis of the complete system is required.
By calculating the received pulse and comparing it to the
transmitted pulse, a wide variety of system-level metrics are
extracted, such as the SFF and the DEE. The SFF characterizes
the amount of pulse distortion introduced by the entire antenna
system [13], [44]. In turn, the amount of ranging bias is
quantified by the DEE, comparing the estimated ToA for
different configurations to the ToA in boresight of the antenna
system [14].

Each component is considered linear (active components,
appropriately biased, may be included through small-signal
analysis) and is characterized by its S-parameters, calculated
by either a circuit or full-wave solver, or a combination
of both. Subsequently, the S-parameters of every component
are transformed into ABCD-parameters so that they can be
cascaded to determine the complete orientation-specific system
transfer function (Fig. 2), defined as Hsys(f, θ, ϕ) =

V2

V1
, based

on [
V1

I1

]
=

[
A B
C D

] [
V2

−I2

]
(1)

with V1 the input voltage, I1 the input current, V2 the output
voltage, I2 the output current and A, B, C and D the elements
of the ABCD matrix:

A = (1+S11)(1−S22)+S12S21

2S21

B = Z0
(1+S11)(1+S22)−S12S21

2S21

C = 1
Z0

(1−S11)(1−S22)−S12S21

2S21

D = (1−S11)(1+S22)+S12S21

2S21

(2)

with S11 the input reflection coefficient, providing a measure
for the input matching, S21 the forward transmission coeffi-
cient, S12 the reverse transmission coefficient, both providing
a measure for the insertion loss, S22 the output reflection
coefficient, providing a measure for the output matching, and
Z0 the reference impedance of the S-parameters [45].

Zs

ZL

Vs

Ssys

a1

b1

a2

b2

I1

V1

I2

V2

Tx antenna LNAChannel Rx antennaPA

Fig. 2. Graphical representation of the UWB system transfer function.

For a free-space channel with direction of departure at the
transmitter along the unit vector u and direction of arrival
at the receiver along u, the transmission coefficient of the
channel (Fig. 3) Schannel,21 at frequency f is given by

Schannel,21 =
(
1− |ΓRx|2

)( ZL

ZL + ZR

)
(
−2ȷλ

Zc

)
(FT(u) · FR(−u))

(
e−ȷkr

r

)
(

1

ZT + ZS

)(
1− |ΓTx|2

)
,

(3)

with ZL the load impedance, ZR the input impedance of the
receive antenna, Zc the free-space impedance, ZT the input
impedance of the transmit antenna, ZS the internal impedance
of the source generator, λ = c/f the free-space wavelength, c
the speed of light, f the frequency, ȷ the imaginary unit, k the
wave number and r the distance between both antennas [15].
F(u) is the radiation vector for the direction defined by u, of
both transmit (subscript T) and receive antenna (subscript R).
In addition, owing to the modularity of the system, instead
of a free-space channel, also multipath channels (simulated or
measured) may be included in the UWB link by replacing (3)
by a similar multipath-propagation formula.

ZT

ZRZs

ZL

Vs Vo

Schannel

FT(u) FR(-u)

a1

b1

a2

b2

FT(f, θT, ϕT) FR(f, θR, ϕR)

Schannel

Fig. 3. Equivalent circuit of the channel between the transmit antenna (left)
and the receive antenna (right).

Performing full-wave simulations of the complete antenna
link for different antenna orientations and separations quickly
becomes computationally intensive. Therefore, the antenna
link should be decomposed to enable link simulations based on
the individual radiation patterns of the standalone antennas. To
this end, a circuit equivalent model is used for the antenna link
without additional peripheral circuitry, as proposed in [15].
It enables translating, rotating or even replacing one of the
antennas in the link without having to resimulate the complete
link for each relevant deployment orientation.
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Finally, the discretization of continuous time-domain signals
and frequency-domain parameters during simulations impacts
not only the computational workload, but also the system-
level parameter accuracy. The UWB spectrum is generally
defined within the frequency range of 3.1 GHz to 10.6 GHz
[46], which results in a sample rate of at least 21.2 GHz, as
prescribed by the Nyquist Theorem. Although this theorem
establishes a minimum sample rate, a widely accepted rule of
thumb suggests sampling at a rate substantially greater than
twice the bandwidth, typically recommending a sampling rate
of 5 to 10 times the bandwidth to obtain more samples per
period of the waveform, resulting in higher accuracy with
straightforward processing. In addition, UWB systems rely on
(sub)nanosecond pulses and, therefore, a guideline is to select
the time step δt < 10 picoseconds (ps) [47], corresponding to
a sampling frequency above 100 GHz.

B. Transmit Chain

The transmit chain consists of different components such as
the pulse generator, filters, power amplifiers, and the transmit
antenna. The representative transmit system in the modular
approach, outlined in Fig. 1, is compliant with the latest
UWB transmitter architectures [48]. In the proposed simula-
tion framework, the generated pulse may be any predefined
pulse, such as a root-raised-cosine pulse, characterized by

s(t) =
2 cos(2πf0t)

π
√
Tp

cos(1.5πt/Tp) +
sin(0.5πt/Tp)

2t/Tp

1− (2t/Tp)2
, (4)

with f0 the pulse carrier frequency and Tp the pulse width,
which is defined by the IEEE 802.15.4-2020 standard [46].
It may also be a customized pulse or a measured pulse
described by a set of time-series data. Next, the simulated or
measured S-parameters of active components, which are set to
their correct operating point by applying appropriate DC bias
voltages, can be incorporated using small-signal analysis. The
latter refers to the study of how these components respond
to small input signals around their operating point, allowing
us to analyze their behavior with linear approximations. This
approach allows designers to co-design and optimize the
transmit chain, utilizing advanced circuit simulators such as
Keysight’s Pathwave ADS. Next, the transmit antenna system
is integrated into the simulation framework by incorporating its
radiation patterns and its S-parameters, which can be obtained
either through a full-wave solver, such as CST MWS, or by
direct measurements.

C. Receive Chain

The receive chain is typically composed of a correlator,
filters, low-noise amplifiers and a receive antenna. The repre-
sentative modular receive chain, considered in Fig. 1, is com-
pliant with the latest UWB receiver architectures [49]. When
the receive antenna is excited by an incident electromagnetic
plane wave in a free-space environment without multipath, an
open-circuit voltage [50], [51]

Vo(u) =
−2ȷc

Zcf

(
FR(−u) ·Einc

)
(5)

is induced, with ȷ the imaginary unit, c the speed of light,
Zc the free-space wave impedance, f the frequency, FR(−u)
the radiation vector of the receive antenna along direction
u and Einc the electric field of a plane wave impinging
from that direction. Similar to the transmit chain, simulated
or measured S-parameters of the active components and the
receive antenna, as well as the antenna’s radiation patterns can
be imported into the simulation framework.

To calculate the output pulse, the system impulse response
hsys(t, θ, ϕ) is computed by performing an inverse Fourier
transformation on the system transfer function Hsys(f, θ, ϕ).
The output pulse x(t, θ, ϕ) is then obtained as

x(t, θ, ϕ) = s(t) ∗ hsys(t, θ, ϕ), (6)

with s(t) the input pulse and ∗ the convolution operator. Once
the output pulse is known, all relevant system-level character-
istics are determined by correlating the output-pulse envelope
with the input-pulse envelope. The orientation-specific SFF
and DEE are of particular interest in the context of UWB
systems for localization and sensing, as they characterize the
localization system accuracy. The SFF is obtained by

SFF(θ, ϕ) = max
t

∣∣∣∣∣∣
∫ tn
t0

s(τ)x(τ + t, θ, ϕ)dτ√∫ tn
t0

s2(τ)dτ
∫ tn
t0

x2(τ, θ, ϕ)dτ

∣∣∣∣∣∣ , (7)

with s(τ) the input pulse as a function of time τ , x(τ+t, θ, ϕ)
the time-shifted (by time t) output pulse as function of time τ ,
ϕ and θ the azimuth and polar angle in a spherical coordinate
system, respectively, and t0 and tn the first and last time
sample, respectively [13]. The denominator normalizes the
cross-correlation in the numerator, resulting in an SFF value
between 0 and 1. The DEE is obtained by

dest,e (θ, ϕ) = (tmax (θ, ϕ)− tmax (0, 0)) c, (8)

with c the speed of light and tmax(θ, ϕ) and tmax(0, 0)
the time at which the SFF becomes maximal for (θ, ϕ) and
broadside, respectively.

D. Wireless Channel and System Environment

The previously described antenna link decomposition re-
quires a standalone full-wave simulation of both the transmit
and receive antenna in a free-space environment, providing
us the S-parameters that model antenna matching and mutual
coupling between neighboring antenna elements, in case of an
antenna array, and the standalone full 3D radiation patterns,
via their angle-dependent radiation vectors. However, when
studying modern IoT systems in realistic scenarios, almost
every application features a receive antenna and/or a transmit
antenna integrated close to electronics, walls, ceilings, metal
structures, etc. These integration platforms can severely and
detrimentally affect the antenna performance [22]. The pro-
posed simulation framework enables designers to incorporate
the entire system environment into the system transfer function
by importing the antenna models or measurements in a 3D ray
tracer that is based on the SBR technique, with the inclusion
of edge diffractions [52]. Therefore, a 3D CAD model and a
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material file of the integration platform need to be added to
the simulation framework.

To accurately simulate these platform effects, the field
equivalence principle is employed [53], allowing us to de-
compose the domain containing the antenna system from the
platform [54]. Therefore, according to the Huygens’ principle,
along the closed surface forming the interface between the
antenna system and the platform, virtual electric and magnetic
current densities are introduced, corresponding to the tangen-
tial magnetic and electric fields on that boundary, generated
or received by the antenna operating in the presence of the
platform. The simulation framework iteratively approximates
these tangential fields [55] by starting from the equivalent
electric and magnetic currents produced by the antenna in
stand-alone conditions as a zero-order approximation [56].
These can directly be derived from the far-field radiation
pattern [57]. Then, a first-order estimate of the effect of
the platform on the antenna system is derived by solving
the field problem in the presence of the platform based
on these sources. This field distribution, in turn, allows the
simulation framework to refine virtual electric and magnetic
currents on the Huygens’ surface and to start a next iteration
based on these new first-order approximations to model the
antenna interaction with the platform in an even more accurate
manner. We continue iterating until the Huygens’ sources have
converged, thereby fully taking into account the effect of
the platform on the antenna system. Moreover, owing to the
modularity of the system, also multipath channels (simulated
or measured) may be included in the link, for example, to
analyze the performance of IoT nodes with UWB localization
and sensing capabilities in an industrial environment [58].

IV. VALIDATION: A REPRESENTATIVE UWB LINK

A. Antenna Link and Measurement Setup

To validate the theory postulated in the previous section,
the proposed modular design simulation framework is applied
to simulate a representative UWB link. This link consists of
a hemispherical transmit antenna, serving as the anchor node,
and an omnidirectional receive antenna, acting as the tag node.
The transmit antenna is a highly efficient coupled half-mode
cavity-backed slot antenna implemented in stacked air-filled
substrate integrated waveguide (SIW) technology [25], while
a monopolar spline antenna [59] is used as receive antenna.
The transmit antenna is fixed in the setup and the receive
antenna is mounted on the rotating robot arm, as depicted
in Fig. 4. When deployed on the NSI measurement system
in the anechoic chamber, both antennas are spaced 2.34 m
apart in free space (corresponding to a delay of 7.8 ns). The
described UWB link is now simulated and measured using
this monopolar spline antenna, both in free space and in front
of a circular metal plate with a diameter of 43.5 cm and a
thickness of 1.65 mm. This metal plate is specifically chosen
to mimic and represent a typical metal integration platform,
such as a robotic platform, a ship hull, or a car roof [26].

A modulated root-raised-cosine pulse is transmitted, char-
acterized by (4) with f0 = 4.4928 GHz the pulse carrier
frequency and Tp = 2 ns the pulse width, resulting in a

Metal Plate

Monopolar

Spline Antenna

90 Degree SMA

x

y

z
θϕ

x

Fig. 4. To measure the orientation-specific impact of an integration platform,
a monopolar spline antenna is placed on a rotating robot arm in front of a
circular metal plate, representing a metal integration platform.

pulse bandwidth of 499.2 MHz [46]. To measure the proposed
system, a dedicated time-domain measurement setup, depicted
in Fig. 5, is constructed inside an anechoic chamber, composed
of a Keysight M8195A Arbitrary Waveform Generator (AWG)
(with a sampling rate of 65 GSa/s), to generate the input
pulse, and a LabMaster 10-65Zi-A Real-Time Oscilloscope
(RTO) (sampling at 160 GSa/s) from Teledyne LeCroy, to
measure the received pulses. The noise introduced by the RTO
is also included in the simulation framework as additive white
Gaussian noise.

Lpath = 52.87 dB

d = 2.34 m

s(t) x(t)
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.5

 d
B

Fixed

Antenna

Rotating

Antenna

ZRON-8G+

+23 dB Amplifier

M8195A 65 GSa/s

Arbitrary Waveform Generator

10-65Zi-A 160 GSa/s

Real-Time Oscilloscope

θ

φ

Fig. 5. Measurement setup for the time-domain measurements in free-space
conditions with a fixed transmit antenna and a rotating monopolar spline
receive antenna [14].

The resulting time and frequency domain settings are given
by 

fs = 160 GHz
δf = 1

tmax
= 1

20 ns = 50 MHz
tmax = 20 ns
δt = 1

fs
= 1

160 GHz = 6.25 ps,

(9)

with fs and δf the sampling frequency and the frequency step,
respectively, and tmax and δt the maximum observation time
and the time step, respectively.
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B. Frequency Domain: S-parameters

The magnitude of the reflection coefficient of both antennas,
expressed in dB and with respect to 50 Ω, is depicted in
Fig. 6. Both the transmit and the receive antenna cover the
IEEE 802.15.4z channel 3 frequency band from 4.2432 GHz
to 4.7424 GHz [46].

4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 4.9
Frequency (GHz)
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Fig. 6. Magnitude of the simulated reflection coefficient in dB, with respect
to 50 Ω, of the fixed transmit antenna |S11| and the receive antenna |S22|.

Next, the magnitude of the system transfer function of the
antenna link |Hsys(f, θ, ϕ)| in dB at the carrier frequency of
4.4928 GHz, as a function of the angle θ in both the xz-plane
(ϕ = 0◦) and yz-plane (ϕ = 90◦) of the rotating monopolar
spline antenna, is depicted in Fig. 7. Moreover, the frequency
dependence of the system transfer function within the [4.2432;
4.7424 GHz] IEEE 802.15.4z channel 3 frequency band is also
shown in Fig. 7, represented using a lighter color tone.

ive

nce

tive

ence

Constructive

Interference

Fig. 7. Magnitude of the simulated system transfer function |Hsys(f, θ, ϕ)|
in dB within the [4.2432; 4.7424 GHz] IEEE 802.15.4z channel 3 frequency
band, for both the xz-plane (ϕ = 0◦) and yz-plane (ϕ = 90◦), for the monopolar
spline antenna along different rotations θ (Fig. 5) in free space and when
deployed 48 mm in front of a metal plate.

As expected, the antenna link features a fairly constant
magnitude of the system transfer function in both planes

in free space. The minor dips at 90◦ and -90◦ in the yz-
plane originate from the torus-shaped radiation pattern of the
monopolar spline [59]. Subsequently, the antenna link was
analyzed with the monopolar spline antenna deployed in front
of a metal plate. The presence of the integration platform has
a significant impact on the system transfer function, as it leads
to constructive or destructive interference for certain angles.
On the one hand, an increase in |Hsys(f, θ, ϕ)| is noticed
between 30◦ and -30◦, because of constructive interference.
On the other hand, multiple large dips are present in the
xz-plane and yz-plane plane due to destructive interference
between the direct wave and the reflected wave. In addition,
there is much more variation in |Hsys| than in free space. This
can be attributed to the large electrical size of the integration
platform, giving rise to a more irregular interference pattern
with significant fluctuations.

C. Time Domain: SFF and DEE
In Fig. 8, we evaluate both the simulated and measured SFF

of the antenna link by jointly analyzing the antennas’ behavior
across the frequency, time, and space domains in real-world
deployment conditions. This is done for two scenarios: when
the receive antenna is placed in free space and when it is
positioned 48 mm in front of a metal plate, as shown in Fig. 4.
Only the frontal hemisphere is depicted in Fig. 8 because of
the presence of the metal plate behind the monopolar spline
antenna. For the free-space link, the SFF is fairly constant and
remains above 90% in the xz-plane. In general, an SFF of at
least 80% is considered acceptable for most practical UWB
systems, while higher precision UWB applications target an
SFF above 90%. When the SFF drops below 50%, the output
pulse is distorted such that it will no longer be recognized
by the receiver [13]. In the yz-plane, minor dips can be
observed around 90◦ and -90◦ in the simulated free-space SFF
curve. These dips are caused by the torus-shaped radiation
pattern of the monopolar spline antenna. Hence, as expected, in
free-space conditions without interference, the pulse distortion
remains minimal or negligible, except within the yz-plane
from 60◦ to 90◦ and from -60◦ to -90◦. However, when the
antenna is deployed in front of the metal plate, severe pulse
distortion can be observed at certain angles in the xz- and
yz-plane, due to destructive interference. In particular, three
prominent dips can be observed at approximately +50◦ and
-50◦ in the xz-plane, and at -45◦ in the yz-plane, indicating
significant pulse distortion. These three angles are labeled
”Pulse Distortion” and will be further explained in Subsection
IV-D. In addition, a less prominent dip is observed at an
angle of +50◦ in the yz-plane. This dip is labeled ”Phase-
Center Variation” and will be further discussed in Subsection
IV-E. The simulated and measured SFF for these four angles
remain well above 50% and, therefore, it will not necessarily
lead to information loss, but it will result in an orientation-
specific range bias. The asymmetrical results observed in the
yz-plane can be attributed to the asymmetrical placement of
the monopolar spline antenna, coaxial cable and connector in
the measurement setup, as shown in Fig. 4. In general, the
SFF predicted by our simulation framework shows excellent
consistency with the measurement results.
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Fig. 8. SFF in % and DEE in cm for the xz-plane (ϕ = 0◦) and yz-plane (ϕ = 90◦), in free space (left) and 48 mm in front of a metal plate (right).

In addition to the SFF, the DEE is studied to analyze
the angle-dependent ranging bias generated by the antenna
link, due to pulse distortion and/or phase-center variation. The
simulation framework and measured results of the DEE are
shown in Fig. 8. Again, the DEE predicted by our simulation
framework is in excellent agreement with the measured DEE
in free-space, being close to 0 cm in both planes with a small
increase from 60◦ to 90◦ in the yz-plane, as expected. The
measured free-space DEE curve in the yz-plane shows a larger
DEE at -90◦, because of the position of the coaxial cable
attached to the connector and the robotic measurement arm
in the measurement setup. For the metal plate setup, there
were three large dips for the SFF at +50◦ and -50◦ in the xz-
plane and at -45◦ in the yz-plane. Along these angles, there
is now a large increase in ranging bias, resulting in a DEE
of about 20–30 cm in Fig. 8. Furthermore, a large spike is
noticed at +50◦ in the yz-plane, whereas the corresponding
SFF remains 95%, indicating that a phase-center variation is
the cause for the large error in the estimated distance at this
angle, as discussed into more detail in Subsection IV-E. At
-90◦, the deviation between simulation and measurement is
again due to the position of the coaxial cable and the arm in
the measurement setup. Overall, the DEE predicted by our
simulation framework is in very good agreement with the
measured results.

D. Pulse Distortion
In this part, we analyze the pulse distortion more in detail.

Therefore, we compare the performance at broadside on the
receive antenna to the performance at θ = −45◦ in the yz-
plane (labeled with ”Pulse Distortion” in Fig. 8), for both the
simulated and measured results. First, the measured normal-
ized input pulse is depicted, together with both the simulated
and measured normalized broadside output pulse, in Fig. 9.
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Output pulse at ? = 90°, 3 = 0° (measured)

Fig. 9. Normalized amplitude of the measured input pulse, the simulated
output pulse at broadside and the measured output pulse at broadside, with
markers showing the 7.8 ns delay, corresponding with the 2.34 m distance
between the antennas.

A very good agreement is obtained between the simulated
broadside output pulse by the simulation framework and the
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measured broadside output pulse. Second, the same analysis
for the distorted output pulse at θ = −45◦ in the yz-plane
versus the input pulse is shown in Fig. 10(a). The pulse
distortion is clearly visible here. To compare the simulated
output pulse to the measured output pulse more in detail,
the normalized envelope of these pulses is shown in Fig.
10(b). Notice that the joint contribution of both the direct
path and the reflected path, depicted in Fig. 11, leads to
a deformed pulse, which is also confirmed by the lower
SFF value of 70% (simulation framework), compared to 97%
(simulation framework) in free-space conditions, shown in
Fig. 8. Although this value is still reasonable high, it can lead
to a significant time shift for the peak of the pulse envelope,
as shown in Fig. 10(b), resulting in much higher DEE values.
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Fig. 10. (a) Normalized amplitude and (b) normalized envelope of the
measured input pulse versus the simulated and measured output pulse with
pulse distortion at ϕ = 90◦, θ = -45◦, with markers showing the 7.8 ns delay,
corresponding with the 2.34 m distance between the antennas, and the time
shift for the peak of the pulse envelope due to pulse distortion.

A thorough analysis is given in this section to explain the
output pulse deformation more in detail. A cross-section of the
yz-plane with the monopolar spline antenna and metal plate
at ϕ = 90◦ and θ = −45◦ is shown in Fig. 11.

Due to the extra path length in the reflected path, the pulse
contribution via the reflected path has a slightly larger delay
than the direct pulse contribution, as shown in Fig. 12(a). The
direct pulse in Fig. 12(a) is equal to the simulated output
pulse along broadside and the reflected pulse is a time-shifted
version of the simulated pulse along broadside, corresponding
with the contribution of the reflected path. Adding the con-
tributions of both paths leads to the normalized output pulse
in Fig. 12(b), which resembles the normalized output pulse in
Fig. 10(a). Finally, we compare the normalized envelope of the
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d = 2.34 m
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Fig. 11. Cross-section of the setup in the yz-plane at θ = -45◦ with FT

and FR the simulated radiation vector of the transmit and receive antenna,
respectively.

joint direct and reflected path, to the normalized envelope of
the simulated and measured output pulse with pulse distortion
at ϕ = 90◦, θ = −45◦ in Fig. 12(c). Note that, for all
these results, the simulation framework is highly accurate for
the time domain analysis of an antenna link. A very good
agreement is found between simulated and measured time
domain characteristics, such as SFF, DEE and pulse distortion,
with and without the presence of an integration platform. The
same analysis also applies to the output pulse at θ = 50◦ and
at θ = −50◦ in the xz-plane.
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Fig. 12. Origins of the deformation of the output pulse with pulse distortion
at ϕ = 90◦, θ = −45◦: (a) normalized amplitude of the direct pulse and
the reflected pulse, (b) normalized amplitude of the sum of the direct pulse
and the reflected pulse and (c) normalized envelope of the sum compared to
the simulated and measured output pulse with pulse distortion at ϕ = 90◦,
θ = −45◦, with markers showing the time shift for the peak of the pulse
envelope due to pulse distortion.
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E. Phase-Center Variation

In Fig. 8, both the measured and simulated DEE yielded a
value of about 15 cm at ϕ = 90◦ and θ = 50◦, whilst the
SFF for this angle was about 95%. This proves that the large
ranging error at this angle results from an undesired phase-
center variation, which can be clearly seen in Fig. 13. The
output pulse at an angle of θ = 50◦ in the yz-plane closely
resembles the pulse shape in the broadside direction, but a
time shift of 0.5 ns is causing a DEE of 15 cm for a wave
travelling at the speed of light in free space. This is why it is
very important to take the DEE into account during the antenna
optimization process, and not only the SFF, which is a largely
used standard nowadays when designing UWB antennas. The
accuracy of the proposed simulation framework is shown in
Fig. 13, with the simulation framework being able to simulate
this phase-center variation very accurately as well.
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Fig. 13. Normalized measured and simulated envelope of the output pulse
at broadside, and the output pulse with phase-center variation at ϕ = 90◦,
θ = 50◦.

F. Benchmarking

To conclude this section, Table II provides a summary of
the CPU times required to simulate the orientation-specific
frequency and time-domain system-level metrics (SFF and
DEE) for the setup described in Subsection IV-A by means of
the proposed simulation framework versus two-port full-wave
and ray-tracing simulations in CST Microwave Studio, using
an Intel Core i7-10850H 2.70 GHz CPU with 16 GB RAM.
The CST MWS full-wave solver only simulates and computes
one antenna orientation at a specified distance at a time and,
hence, does not scale well when additional orientations or
distances need to be simulated. The CST MWS shooting and
bouncing rays (SBR) ray-tracing requires a single full-wave
simulation of each antenna in free space but also requires
the antenna designer to manually rotate the antenna for every
orientation. This makes such a ray-tracing solver a lot faster
than the full-wave simulator, but this technique also does not
scale well when additional orientations or distances need to
be simulated, as shown in Table II.

The proposed simulation framework computes the required
system-level parameters for all requested orientations and
distances in one simulation run. The simulation in broadside
(5min46s) includes the full-wave simulation of both antennas
separately and the time to calculate everything in Matlab. For
multiple angles, the simulation time is only slightly affected by

TABLE II
SUMMARY OF CPU TIMES FOR THE FULL-WAVE SOLVER, SHOOTING AND

BOUNCING RAYS (SBR) RAY-TRACING SOLVER AND OUR
SIMULATION FRAMEWORK.

CST MWS
Full-Wave

CST MWS
SBR

Simulation
Framework

Free Space (2.34 m)
Broadside 48min26s 4min43s 5min46s

2D plane [step 5◦] >2 days1 13min1 6min32s
2D plane [step 1◦] >12 days1 46min36s1 8min25s

Metal Plate Integration (2.34 m)
Broadside >1 hour 5min26s 7min50s

2D plane [step 5◦] >3 days1 >1 hour1 9min39s
2D plane [step 1◦] >16 days1 >5 hours1 14min55s

1 Linearly extrapolated, rotation of the antenna model under test
required for every step in CST Microwave Studio.

the number of orientations or distances between the antennas
because of the modular approach, proposed in Fig. 1.

A CST MWS full-wave simulation, of the antennas used
in this representative UWB link, has an average CPU load of
70% of the 6 cores of the Intel Core i7-10850H 2.70 GHz
and an average memory load of 30% of the available 16 GB
RAM, while a CST MWS SBR simulation has a reduced CPU
and memory load of 30% and 10%, respectively. The modular
approach in the proposed simulation framework enables a
more efficient usage of the CPU and memory, minimizing the
intensive full-wave simulations in combination with an effi-
cient Matlab program, with a CPU and memory load of only
20% and 30%, respectively, to calculate the post-integration
antenna-specific parameters and orientation-specific system-
level figures of merit. As a result, this simulation framework
provides the required speed and accuracy for the design and
optimization of integrated IoT nodes for UWB localization
and sensing applications.

V. APPLICATIONS: UWB TRANSCEIVER IMPERFECTIONS
AND ROBOTIC INTEGRATION PLATFORMS

A. Two Way Ranging (TWR)

In the previous section, the DEE was studied to analyze the
antenna-induced angle-dependent ranging bias, due to pulse
distortion and/or phase-center variations. Now, a real UWB
system is evaluated in terms of ranging accuracy using the
same setup as presented in Fig. 5 with a Wi-PoS hardware
platform connected to both the transmit and receive antenna
[59]. The Wi-PoS hardware is configured to operate within
the IEEE 802.15.4-2020 channel 3 frequency band [46]. To
analyze the system’s performance, the output pulse of the Wi-
Pos board was measured in the time domain with a LabMaster
10-65Zi-A RTO from Teledyne LeCroy and in the frequency
domain with a Rohde & Schwarz FS40 Spectrum Analyzer
(SA), yielding Fig. 14. The transmit spectrum of the channel
3 output pulse, plotted in Fig. 14(b), is fully compliant with
the spectral mask defined by the IEEE 802.15.4-2020 standard
[46].

In order to accurately simulate this real UWB system, the
measured pulse from the Wi-Pos board, plotted in Fig. 14(a), is
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Fig. 14. Wi-Pos measured output pulse shape in channel 3: (a) time domain
and (b) frequency domain.

now applied as the input pulse in the simulation framework. In
addition, the non-linear characteristics of the RF front-end of
Qorvo’s DW1000 can lead to a range-bias effect that is related
to the received signal level [60]. These data, provided by the
manufacturer, were imported into the simulation framework.
By interpolating between these RF front-end, the simulation
framework is able to predict the DEE in the presence of these
non-linear effects.

Therefore, for each angle in the xz-plane (ϕ = 0◦) and yz-
plane (ϕ = 90◦), 200 TWR measurements were performed
and averaged. The mean value and standard deviation of
these measurements are plotted in Fig. 15. The measured
results in free-space, shown in Fig. 15(a), match the results
in Fig. 8, with sub-cm accuracy in the entire xz-plane. The
inclusion of the non-linear behavior of the RF front-end into
the simulation framework has no significant impact on the
DEE in the xz-plane. Yet, the results for the yz-plane in free-
space exhibit some deviations from the results in Fig. 8, with
an increase in the TWR distance estimation error from +30◦

to +75◦ and from -30◦ to -75◦ in both the measurement and
simulation. This is because the torus-shaped radiation pattern
of the monopolar spline antenna leads to a lower received
signal level, which results in an extra range bias [60].

Next, when comparing the measured results when deployed
in front of the metal plate, depicted in Fig. 15(b), to the
results in Fig. 8, a good agreement is found for the angles
that were labeled ”Pulse Distortion” and the angle that was
labeled ”Phase-Center Variation”. In the xz-plane, the same
increase in ranging bias is noticed at +50◦ and -50◦ in the
measurement as in the simulation with the RF front-end
included. In contrast to the single narrow peaks in Fig. 8,
the measured ranging bias now occurs for multiple angles
between ±40◦ and ±50◦, which is also well predicted after

(a)

Phase-Center Variation

Pulse Distortion

(b)

Fig. 15. Mean value (simulated and measured) and standard deviation
(represented using a lighter color tone) of the TWR distance estimation error
compared to broadside within the IEEE 802.15.4-2020 channel 3 frequency
band, measured over a time period of 30s, for both the xz-plane (ϕ = 0◦) and
yz-plane (ϕ = 90◦): (a) in free-space and (b) 48 mm in front of a metal plate.

including the RF front-end in the simulation framework. In
the yz-plane, a similar increase in measured ranging bias is
noticed at -45◦, where pulse distortion occurs. Furthermore,
the angle labeled ”Phase-Center Variation” at +45◦, is slightly
shifted to a lower angle in the measurement results, but also
shows a less prominent ranging error, which is expected from
the results in Fig. 8. The simulated results for both the xz-
plane and yz-plane exhibit a higher DEE for the angles that
were labeled ”Pulse Distortion”, because, in practice, nulls in
the radiation pattern are less prominent than in simulations.
In general, it can be stated that the measured TWR distance
estimation results are in very good agreement with the new
simulation results, predicted by our simulation framework.
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B. Integration on a Robotic Platform

In the previous section, a first representative UWB link was
extensively validated in both the frequency and time domains
to validate the proposed simulation framework. Industry 4.0
applications, such as smart factories, heavily rely on high-
accuracy and autonomous robotic localization systems [61].
Therefore, a real robotic platform, being a TurtleBot3 Burger
Mobile Robot (Fig. 16), is now considered as a practical
application platform [62]. One of the innovative aspects of
the simulation framework is the ability to simulate the impact
of these larger and more complex integration platforms on
the antenna link performance. Therefore, only a 3D CAD file
and material parameters of the intended platform need to be
imported in the proposed simulation framework.
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Fig. 16. Monopolar spline antenna placed on top of a TurtleBot3 Burger
Mobile Robot.

The monopolar spline antenna was deployed 6 cm above the
TurtleBot3 Burger Mobile Robot, in order to place the connec-
tor and measurement cable, and a coupled half-mode cavity-
backed slot SIW antenna was exploited as the fixed transmit
antenna. Otherwise, the same measurement configuration was
maintained as in the previous section.

The simulated and measured SFF of the antenna link with
the robot, as a function of θ, is shown in Fig. 17. Now,
the full xz-plane (ϕ = 0◦) is depicted in combination with
the top hemisphere of the yz-plane (ϕ = 90◦), since the
robot is located below the monopolar spline antenna. The
SFF characteristic in the full xz-plane is fairly constant, being
higher than 90% for all values of θ. Since the robotic platform
is placed in the null of the radiation pattern, this result is
expected. In the yz-plane, there is a dip around 75◦ in the
simulated and measured SFF data, due to the presence of the
TurtleBot3 Burger Mobile Robot below the monopolar spline
antenna in combination with the torus-shaped radiation pattern.
The dip is more prominent in the SFF curve obtained with
the simulation framework than in the measured SFF curve.
This is because, in practice, nulls in the measured radiation
pattern are less prominent than in the simulations, due to
some finer and more detailed features that are not included in
the simplified simulation model and because of measurement
noise. In addition, a small angular shift is seen in the measured
SFF curve, which is probably due to a simplified representation
of the TurtleBot3 Burger Mobile Robot, as well as some small
misalignment errors, in the simulation framework. Similar to

the previous section, the simulation framework results of the
SFF are in excellent agreement with the measurement results.
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Fig. 17. Simulated and measured SFF on top of a TurtleBot3 robot in % for
the xz-plane (ϕ = 0◦) and yz-plane (ϕ = 90◦).

VI. CONCLUSION

A novel simulation framework was presented to accelerate
the design of active UWB antenna systems that satisfy the
stringent requirements of demanding next-generation IoT ap-
plications and maintain performance when deployed in harsh
and challenging environments. Particular attention was given
to the integration of standalone simulation results into a
system-level simulation framework, thereby facilitating light-
weight simulations with excellent design flexibility. Moreover,
this simulation framework is the first to include the Huygens’
field equivalence principle to efficiently model the entire
system environment, crucial to ensure high performance UWB
antenna systems for integrated IoT applications. To obtain high
accuracy with significantly reduced computational resources,
the antenna link was partitioned, enabling the combination
of standalone full-wave antenna simulations with different
wireless channel models to construct the two-port antenna link.

The system was jointly characterized in the frequency, time
and space domains, enabling the assessment and optimiza-
tion of its system-level performance in terms of the SFF
and DEE. The proposed simulation framework was validated
by a series of time domain measurements, transmitting and
measuring pulses in an anechoic chamber with an AWG
and RTO, respectively. A good agreement between simulation
and measurement results was observed for different antenna
links. Furthermore, the simulation framework performance
was benchmarked against commercial solvers, showing a
reduction of the required CPU time by several orders of
magnitude. Additionally, a practical application scenario was
studied with a real robotic integration platform, proving good
correspondence between simulation and measurement results.

This paper shows that the presence of an actual integra-
tion platform can drastically impact the system performance
along different orientations. Moreover, the simulation and
measurement outcomes emphasize the significance of the DEE
for UWB ranging and sensing systems, highlighting that not
only the SFF should be taken into account. The proposed
simulation framework offers a solution for designers to analyze
and optimize high–performance systems for these orientation-
specific system-level metrics, such as the SFF and the DEE in
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full 3D, with the antenna integrated into the actual deployment
platform.

REFERENCES

[1] A. Syberfeldt, M. Ayani, M. Holm, L. Wang, and R. Lindgren-Brewster,
“Localizing Operators in the Smart Factory: A Review of Existing Tech-
niques and Systems,” International Symposium on Flexible Automation,
ISFA 2016, pp. 179–185, 2016.

[2] B. J. Silva and G. P. Hancke, “Practical challenges of IR-UWB based
ranging in harsh industrial environments,” Proceeding - 2015 IEEE
International Conference on Industrial Informatics, INDIN 2015, pp.
618–623, 2015.
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