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Abstract—In dense environments, such as residential, office or
industrial sites, the predominant type of link encountered by
a radio based real-time localization system (RTLS) is non-line-
of-sight (NLOS). Often, the mobile nodes are separated from
their related anchor nodes by the building’s walls. In Impulse
Radio Ultra Wideband (IR-UWB) based localization systems, the
penetration of walls can cause significant distortions of the pulses.
The grade of distortion depends on the walls’ thickness, materials
used and the pulses’ angle of incidence.

Pulse distortion has a negative impact on the performance
of correlation in matched filter (MF) based algorithms in the
time domain. This paper presents a detailed evaluation of an
approach using the amplitude spectrum of the received signal
for correlation. To evaluate this approach, simulations were
performed for typical materials of walls, with varying wall
thicknesses and angles of incidence and, in addition, different
pulse types according to the regulations. For the parameter
space using an UWB pulse with bandwidth compliant to FCC,
improvements up to 15 % were reached.

I. INTRODUCTION

Localization systems providing a high resolution and good
accuracy over a wide area are a key requirement for Smart
Factories, Cyber-Physical Systems and Industry 4.0 in general.

Highly precise satellite based locating solutions (GNSS,
global navigation satellite system) are available for a broad
array of outdoor applications. Custom of-the-shelf (COTS)
realtime localization systems (RTLS) for indoor use employing
several different technologies are also available. The approach
of employing Ultra Wideband (UWB) radio to track mobile
nodes attached to entities has been shown to perform with
high accuracy [1, 2]. Since UWB does transmit very short
pulses instead of modulating a carrier wave, the achievable
ranging accuracy surpasses that of other radio technologies.
A drawback of currently available UWB ranging solutions
is the need for line-of-sight (LOS) or weak non-line-of-
sight (NLOS) links since obstacles between transmitter and
receiver negatively impact the maximum reachable accuracy.
To circumvent this limit, the canonical solution would be
to place more anchor nodes, which is not feasible for all
applications and environments.

Typical residential, industrial or office environments tend
to be very dense, so the majority of radio links in such an
environment will be NLOS [3]. The UWB pulses are able
to penetrate many of the construction materials which are
typically present in obstacles such as walls or doors, but this
introduces a bias in the resulting range estimation [4, 5].

Additionally, the received pulses’ shape will be distorted
and the received signal strength does suffer from significant
attenuation.

The distortion is a peculiarity of pulse based radio tech-
nologies. Due to the wide bandwidth, there is a wide range of
frequencies affected by the penetration of walls, for example.
One cause for the distortion is that each frequency compo-
nent has an individual relative phase shift depending on the
material, angle of incidence and thickness of the wall.

In case of radio receivers based on matched filter (MF)
algorithms, the performance is degraded in accordance to the
grade of pulse distortion.

A. Motivation

The aim of the paper is to present a detailed evaluation of
a new approach for the detection of distorted UWB pulses
in radio receivers, which is already published by the authors
in [6]. In addition the mentioned paper encloses an improved
receiver algorithm based on this new approach.

The motivation is to improve the performance of pulse
detection in NLOS-afflicted indoor localization. Basis for the
new approach is the detection of pulses in frequency domain,
more precisely using the amplitude spectrum of the signals. In
this regard, a main aspect is to show the impact of penetration
effects on the propagation of UWB pulses through walls.

A common scenario for indoor localization is a set of
anchor nodes distributed in a building. Fig. 1 depicts a typical
geometry of such a localization scenario. The anchor nodes
are distributed in the rooms and hallways. Typically within
a localization process of a mobile node there is a mix of
LOS and NLOS links (see Fig. 1). The type and grade of
pulse distortion depends on the angle of incidence of the pulse
at the wall in combination with the material and thickness
thereof. Regarding the mentioned typical scenarios, this paper
will provide a quantification of the improvement and therefore
the potentialities and the limitations of the proposed approach.

B. Related work

There are several approaches for the detection of the first
incoming pulse or the leading edge in time-of-flight (ToF)
measurements, which differ in terms of complexity and re-
liability. For example threshold-based leading-edge detection
(Th-LED) on the received signal (waveform) [7] or a further
enhancement by applying two centralized average filters to



Fig. 1: Exemplary and schematic view on an indoor localization scenario e. g. in an office environment. The range measurements
undergo penetration effects due to the walls within the buildung.

the signal (adaptive LED) [8]. Many of them are based on
the matched filter (MF) signal which is typically a correlation
with the transmitted pulse template in time domain. Those
algorithms could be improved by applying the proposed ap-
proach.

A lot of research has been done on the quantification of the
bias error due to penetration effects [9, 10, 11] and further
on the effect onto localization reliability and accuracy [12].
On the way to this, the frequency dependent parameters were
investigated for typical building materials which can be found
in [13] or [14]. But extensive studies on the mitigation of pulse
distortion effects are still missing.

The following sections of this paper are structured as
follows: In Sec. II the new approach for detection of distorted
pulses based on amplitude spectrum analysis, is presented.
The simulational results and the performance of the proposed
approach are shown in Sec. III. Sec. IV concludes the paper
with an additional outlook.

II. CORRELATION IN FREQUENCY DOMAIN

The proposed approach is based on the observation that
in many cases the amplitude spectrum of an UWB pulse
is weaker affected due distortion than the phase spectrum.
Therefore, the idea is to take solely the amplitude spectrum
of the received signal for the pattern matching by correlation.
This method is called |F|-correlation in following.

The mathematical model for a discrete UWB pulse is:

s[t] = A ·
(
1− 4π(t− Tc)2

τ2

)
· exp−

2π(t−Tc)2

τ2 (1)

where A is the amplitude of the pulse, Tc the offset on
time axis and τ the characteristic time constant of the UWB
pulse [14].

In many localization scenarios, the ideal transmitted pulse
s[t] (or s) is distorted in its shape and attenuated in its
amplitude by a NLOS link. Hence, the distorted first pulse
sd1[t] (or sd1) is, among others, e. g. multi path components
and noise, element of the received waveform r[t].

In [14] the impact of the NLOS case penetration of a
dielectric slab is described. This NLOS case will be the overall
focus of the following considerations. Decisive part of the
pulse distortion is the relative shift of the containing frequency

components. In this cases the pulses phase spectrum is more
affected than the pulses amplitude spectrum. In conjunction to
that, the coefficients from |F|-correlation will be higher than
those from correlation in the time domain where amplitude
and phase are combined (further called t-correlation). The
correlation coefficient in time domain ρt can be described as
the Pearson Correlation Coefficient (PCC):

ρt =

∣∣∣∣∣ nt(s · sd1)− (
∑

s)(
∑

sd1)√
[nt(s · s)− (

∑
s)2][nt(sd1 · sd1)− (

∑
sd1)2]

∣∣∣∣∣ (2)

where nt is the length of the pulses, s the transmitted
pulse and sd1 the received distorted pulse in time domain.
To compare the correlation coefficients, the absolute value of
the PCC is used.

The equivalent PCC correlation in frequency domain ρf can
be determined as:

as = as[ω] = |dft(s)| (3)
asd1 = asd1 [ω] = |dft(sd1)| (4)

ρf =

∣∣∣∣∣ nf (as · asd1)− (
∑

as)(
∑

asd1)√
[nf (as · as)− (

∑
as)2][nf (asd1 · asd1)− (

∑
asd1)

2]

∣∣∣∣∣
(5)

where nf is the width of the spectrums as and asd1

(typically nf = 2p ≥ nt, p ∈ N), as the amplitude spectrum
of the transmitted and asd1 the amplitude spectrum of the
received pulse. To compare the correlation coefficients, the
absolute value of the PCC is used. For better readability, Eqn. 5
is equivalent to:

ρf = |pcc(as,asd1)| (6)

According to the circumstance that correlating amplitude
spectrums outperforms correlation in time domain, the condi-
tion for an improved detection result is:

ρf > ρt (7)

In the next section the theoretical improvement of the pulse
correlation in frequency domain will be quantified with some
typical examples in several experimental setups.



III. SIMULATIONS AND PERFORMANCE

Aim of the simulations is to quantify the absolute improve-
ment of |F|-correlation against t-correlation. This will be done
by simulating the distortion for different materials used for
walls. The angle of incidence on the surface of the wall is
varied in a range of 0 ◦ to 75 ◦ and the thickness is varied from
0 cm to 25 cm. The actual distortion is calculated as described
by Jing et al. in [10]. Values for the frequency dependent
material parameters dielectric constant εr and loss tangent
tan δ from 2GHz to 11GHz are taken from that publication,
too (see Fig. 3).

In the following subsections two representative pulse tem-
plates are analysed: one with a large bandwidth and another
with a smaller bandwidth. The pulse with the large bandwidth
is exemplifying for the compliance to the regulations of Fed-
eral Communications Commission (FCC) (cf. Fig. 2). Regula-
tions from European Electronic Communications Committee
(ECC) are more restrictive and allow only about 2GHz in two
different frequency ranges (cf. Fig. 2).

FCC (indoor) ECC (with mitigation techniques) 

Fig. 2: UWB regulations FCC and ECC (cf. [15]).

A. Pulse template with 9GHz bandwidth

For the first considered pulse template, which uses most
of the bandwidth from 2GHz to 11GHz for which mate-
rial parameters are available, we are using the parameters:
Tc = 0 ns and τ = 0.134 ns for pulse generation (cp. Eqn. 1).
In our consideration the absolute amplitude A of the pulse is
irrelevant. The resulting pulse template is shown for example
in the upper subplots in Fig. 5 (blue line/marker). The pulses
are represented by 61 samples with a sample interval of
15.625 ps (fs = 64GHz).

Fig. 4 shows the performance of the |F|-correlation against
t-correlation for material type brick. The x-axis of the surface
plot shows the thickness of the wall (stepsize 1 cm) and the
y-axis shows the angle of incidence of the pulse (stepsize 3 ◦).

The colour of the elements represent the ratio of the correlation
coefficients ηm,t,α (cf. Eqn. 2 and 5) calculated as follows:

ηm,t,α = 1−
ρtm,t,α
ρfm,t,α

(8)

where m is the type of material, t the thickness of the
wall and α the angle of incidence. The coefficient ρtm,t,α
is the maximum value of a cross-correlation of the pulse
template and the distorted pulse (e. g. blue and red line in the
upper subplot in Fig. 5a). In addition the two signal segments
are synchronized at this maximum correlation coefficient in
the comparison plots. The ρfm,t,α are calculated with the
corresponding amplitude spectrums which are shown in the
lower subplots in Fig. 5.
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Fig. 3: Frequency dependent material constants dielectric
constant εr and loss tangent tan δ for materials brick and
partition (cf. [10]).
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Fig. 4: Surface plot of the correlation ratio between |F|- and
t-correlation over the wall thickness and the angle of incidence
for material type brick and 9GHz bandwidth.
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(a) wall thickness of 15 cm and angle of incidence of 69 ◦ resulting in
performance ratio ηbrick,15 cm,69 ◦ of 0.009
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Pulse distortion: material=Brick, thickness=0.21m, angle=12°
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(b) wall thickness of 21 cm and angle of incidence of 12 ◦ resulting in
performance ratio ηbrick,21 cm,12 ◦ of 0.141

Fig. 5: Comparison of the pulse template (blue) and the pulse distorted by a wall of brick (9GHz bandwidth).
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Pulse distortion: material=Partition, thickness=0.24m, angle=51°
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(a) wall thickness of 24 cm and angle of incidence of 51 ◦ resulting in
performance ratio ηpartition,24 cm,51 ◦ of −0.056
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Pulse distortion: material=Partition, thickness=0.12m, angle=3°

0 5 10 15

x 10
9

0

0.5

1

frequency [Hz]

m
a
g
n
it
u
d
e
 (

s
ta

n
d
a
rd

iz
e
d
)

 

 

(b) wall thickness of 12 cm and angle of incidence of 3 ◦ resulting in
performance ratio ηpartition,12 cm,3 ◦ of 0.136

Fig. 6: Comparison of the pulse template (blue) and the pulse distorted by a wall of partition (9GHz bandwidth).

It can be seen in Fig. 4 that the improvement of applying
|F|-correlation varies from 0% to about 14% in this test range,
with this pulse type and brick as material. In addition there is a
very irregular distribution of higher and lower correlation ratio
values ηm,t,α visible. The pattern and the absolute values for
ηm,t,α are dependent of the material parameters and the type
of pulse template. It is noticeable that the impact of the angle
on the distortion is not very strong in this test case. There is
only slight alteration from 20 cm wall thickness visible.

Fig. 5a shows an exemplary comparison of a distorted
pulse with a very small ηm,t,α. In this case the reason is a
similar grade of distortion in time domain (ρtm,t,α ) and of the

amplitude spectrum (ρfm,t,α ). On the other hand in Fig. 5b
is shown an example where correlation in frequency domain
clearly outperforms the traditional correlation in time domain.

For material partition, there is a totally different pattern
of performance (see Fig. 7). In comparison to the pattern of
material brick (Fig. 4) there is a stronger dependency of the
angle of incidence. Furthermore there is an area from 20 cm
to 25 cm and 40 ◦ to 60 ◦ where the performance ηm,t,α is
degraded to zero respectively turns to negative. An example
for this negative ratio is depicted in Fig. 6a. Despite the high
values for thickness and angle of incidence, the pulse is not
deformed as much as expected. The pulse in time domain is
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Fig. 7: Surface plot of the correlation ratio between |F|- and
t-correlation over the wall thickness and the angle of incidence
for material type partition and 9GHz bandwidth.
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Fig. 8: Surface plot of the correlation ratio between |F|- and
t-correlation over the wall thickness and the angle of incidence
for material type brick and 2.2GHz bandwidth.

distorted in a manner that the left and right tail have a proper
proportion and there is only a slight overall stretch in the time-
axis. In the amplitude spectrum the higher frequencies are
stronger attenuated so there is a visual shift of the magnitude
maximum to the lower frequencies.

To sum up, the maximum value of the whole matrix is in the
same order as with material brick. An exemplifying distortion
with a higher performance of about 13.6% is shown in Fig. 6b.
There the tails of the pulse in time domain are partially shrunk
and stretched. So the pulse is strongly distorted and the ηm,t,α
rises.
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(a) wall thickness of 21 cm and angle of incidence of 33 ◦ resulting in
performance ratio ηbrick,21 cm,33 ◦ of 0.000

0 0.5 1 1.5 2 2.5

x 10
−9

−1

−0.5

0

0.5

1

time [s]

m
a
g
n
it
u
d
e
 (

s
ta

n
d
a
rd

iz
e
d
)

 

 

pulse template

distorted pulse

spectrum pulse template

spectrum distorted pulse

Pulse distortion: material=Brick, thickness=0.11m, angle=54°

0 5 10 15

x 10
9

0

0.5

1

frequency [Hz]

m
a
g
n
it
u
d
e
 (

s
ta

n
d
a
rd

iz
e
d
)

 

 

(b) wall thickness of 11 cm and angle of incidence of 49 ◦ resulting in
performance ratio ηbrick,11 cm,45 ◦ of 0.012

Fig. 9: Comparison of the pulse template (blue) and the pulse
distorted by a wall of brick (2.2GHz bandwidth).

B. Pulse template with 2.2GHz bandwidth

A further important question is the impact of the bandwidth
on the distortion. In the previous subsection, a pulse with a
high bandwidth was considered. Now, a much smaller band-
width is analysed. We took a pulse template, which uses only
a bandwidth of 2.2GHz. It is generated with the parameters:
Tc = 0 ns and τ = 0.7 ns. The pulse was shifted in frequency
domain up to a range from 3.1GHz to 5.3GHz. This type of
pulse is used for example in UWB transceivers manufactured
by the company Time Domain (cf. [16]). The pulse is sampled
with a shorter interval of about 3.906 ps (fs = 256GHz),
because of the more detailed pulse shape. Due to the smaller
bandwidth the pulse is wider than the previous template in
time domain. The pulses are cut out and represented due 601



sample values (cf. Fig. 9a and 9b).
In Fig. 8 the performance of the |F|-correlation ηm,t,α with

the small bandwidth pulse is depicted. There is an influence
of the thickness observable, whereas the angle of incidence
has no significant impact on the performance in this test case.
But in fact the overall performance is very weak. Even the
high values around a wall thickness of 10 cm are only about
1% improvement due |F|-correlation. Fig. 9a is an example
for a weak performance despite higher values for thickness
and angle. The pulse is inverted in time domain, but neither
the shape in time domain nor the amplitude spectrum is
distorted significantly. Also in the case of a better performance
(e. g. Fig. 9b) the shape and the spectrum are both only
slightly distorted. This results in generally low values for the
performance of lesser than 1.1% in this test case.

This shows that the bandwidth of the UWB pulse is an
important criterion for the grade of distortion and therefore
for the performance of |F|-correlation.

IV. CONCLUSION

In indoor environments UWB pulses are often strongly
distorted and attenuated by the penetration of walls or other
obstacles. This paper presented the detailed evaluation of
an approach for the improved detection of distorted UWB
pulses for ToF measurements. The approach is to detect the
distorted pulses on the basis of the amplitude spectrum instead
with the established way in time domain. The idea based on
the assumption that in many NLOS cases with penetration
effects, the phase spectrum is more strongly affected than
the amplitude spectrum. Therefore a correlation based on the
amplitude spectrum outperforms a correlation in time domain.

The results in Sec. III show that this applies only in some
cases and depends on the bandwidth of the pulse template
and the penetrated material. The approach performs well with
the use of pulse templates with a large bandwidth. With
the analysed parameter space improvements up to 15% were
reached in our simulations. But in small bandwidth systems
only an insignificant improvement of about 1% was reached.

Next step is an real world evaluation of the simulated results
from this and the previous paper [6]. Due to distortion of the
pulse, the maximum value of t-correlation is often not longer
centralized to the middle of the pulse. Therefore a further step
is to examine if, there is a positive impact to a centralized
detection of the distorted pulse in |F|-correlation by a sliding
DFT.
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