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Ultra-wideband (UWB) technology include many applica-
tions, such as WiGig, home networking, wireless universal
serial bus (USB), wireless personal area network (WPAN),
wireless body area network (WBAN), healthcare and medical
imaging, and automotive radar. The burgeoning application
of UWB technology has brought about new challenges and
opportunities for both the academia and the industry. For
example, recently, many groups are dedicated to the appli-
cation of UWB technology on medical sensing, localization,
and communication, which leads to potential applications in
medicine, especially for less invasive medical diagnosis and
monitoring. Undoubtedly, with UWB technology, current
wireless health systems and novel medical applications can
be further improved and developed.

Ka-band UWB vehicular radars can inherently achieve
high-range resolution. In the research article entitled “Per-
formance analysis of ultra-wideband channel for short-
range monopulse radar at Ka-band,” the development and
measurement results of a prototype UWB monopulse radar
equipped with a two-element receiving antenna array are
illustrated. Additionally, to design suitable radar’s wave-
forms, performance degradation attributed to a number of
averaged received monopulses is examined.

Furthermore, in the research article entitled “Analysis
and mitigation of the narrowband interference impact on IR-
UWB communication systems,” the impact of narrowband
interference signals on impulse radio UWB communication
systems is investigated by proposing an interference canceller
scheme. This scheme is capable of suppressing the impact of
such interference and enhancing the performance of UWB
communication systems.

UWB signal generation is critical in UWB communica-
tion systems. In the research article entitled “All-optical fiber-
interferometer-based methods for ultra-wideband signal
generation,” two new, simple, and cost-effective all-optical
methods for generating UWB impulse radio signals are
reported. These methods not only generate UWB pulses opti-
cally but also assure the propagation over optical networks.

UWB signals show robustness against multipath inter-
ference and allow for high-accuracy positioning. Thus, it
is promising to apply them in real-time locating systems
(RTLSs) and wireless sensor networks which adopt the IEEE
802.15.4a standard. In the research article entitled “Ranging
performance of the IEEE 802.15.4a UWB standard under
FCC/CEPT regulations,” a coherent receiver and an energy
detector (i.e., a noncoherent receiver) are studied for ranging
in IEEE 802.15.4a, in the sense of maximal allowed transmit
energy and path-loss, and maximal operating distance.

In the research article entitled “UWB localization system
for indoor applications: concept, realization and analysis,”
a complete UWB indoor localization demonstrator is pre-
sented. This demonstrator is targeted on operation with a
predeployed access point infrastructure. The proposed meth-
ods have improved the average accuracy from 9 cm to 2.5 cm.

The inherent features of the UWB radio signals make
them highly suitable for less invasive medical application. For
example, the UWB radar may be used in novel noninvasive
sensing and imaging techniques thanks to its high temporal
resolution for detecting backscattered signals. In the review
article entitled “Ultra-wideband technology in medicine:
a survey,” the authors described their current research on
the application of the UWB technology to noninvasive
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measurement of blood pressure. In addition, they reported
a survey of recent research in UWB technology for medical
sensing and communications.

The Guest Editors of this special issue acknowledge all
the authors who responded to the call for papers, and they
thank all the reviewers for their dedication for ensuring a
high standard for the selected papers. Though this special
issue only covers some but not all of the important areas
related to ultra-wideband circuits, systems, and applications,
we hope that readers will find this issue insightful and useful.

Yo-Sheng Lin
Baoyong Chi

Hsien-Chin Chiu
Hsiao-Chin Chen
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We report two new, simple, and cost-effective all-optical methods to generate ultra-wideband (UWB) impulse radio signals.
The proposed methods are based on fiber-interferometric structures, where an input pulse is split and propagates along the
two interferometer arms. The interference of these pulses at the output of the interferometer leads to UWB pulse generation. A
theoretical analysis is provided and some relevant simulation results are presented. Large bandwidths are obtained while satisfying
the requirements of the Federal Communication Commission (FCC). With these two techniques, UWB pulses can be readily
generated and cost-effectively propagated through optical fibers.

1. Introduction

Major advances in wireless communications, networking,
radar, imaging, and positioning systems have been made
since the fast emergence of ultra-wideband (UWB) tech-
nology. UWB radio technology converges towards being a
strongest candidate compared to the other existing radio
technologies. It has gained ground since the USA FCC’s
proposed rulemaking. In its Report and Order (R&O) issued
in February 2002, large bandwidth from 3.1 to 10.6 GHz has
been unleashed with an isotropic radiated power level of less
than −41 dBm/MHz. Besides, this radio technology owns its
success due to its intrinsic features and benefits including
low power consumption, low complexity, low cost, wide
occupied bandwidth, high data rates, immunity to multipath
fading, and high security [1–3].

Unfortunately, shot-range propagation is still considered
as a main limitation preventing widespread deployment
of such technology: transmitted signals can propagate for
distances less than 10 meters as illustrated by Figure 1. To
overcome this inherent restriction, solutions based on the
integration of optical fibers and UWB radio are promising.
The idea is to widen the area of coverage by means of

small antennas interconnected by optical fibers. Large surface
can hence be divided into small picocells where low-power
transmitters are used. A key point in such architecture is the
fact that UWB pulses are generated from a central station
(CS) and distribute to UWB access points (UWB-AP)
through optical fibers as shown in Figure 1. This way saves
optoelectronic (O/E) conversions, which limit the band-
width. In addition, it ensures seamless integration with the
high-rate optical networks. Thus, UWB over fiber (UWB-o-
F) system can be deployed to achieving high data rate access
in an indoor environment.

UWB signals have been generated both electronically
[4–8] and optically [9–22]. Several approaches have been
proposed for optical UWB signal generation. For example,
monocycle pulses have been generated using a hybrid system
based on a gain switched Fabry-Pérot laser diode (FPLD) and
a microwave differentiator [9, 10]. Other techniques were
based on cross-phase modulation (XPM) [11] and cross-gain
modulation (XGM) [12] in a semiconductor optical ampli-
fier (SOA). Birefringence time delay has been also applied
by cascading phase modulator (PM) with a polarization
maintaining fiber (PMF) [13]. Generation based on the gain
saturation of a dark return-to-zero (RZ) signal in an SOA



2 Journal of Electrical and Computer Engineering

UWB antenna
UWB-o-F

UWB AP

CS Optical fiber

Figure 1: An UWB-o-F system for high data rate coverage
(UWBAP: UWB Access Point).

[14] has been also demonstrated. Moreover, other types of
UWB signals (e.g., doublet) have been generated based on
a Mach-Zehnder modulator (MZM) biased at a nonlinear
region [15], a combination of an optical phase modulator
with a dispersive fiber [16], and a special frequency shift
keying modulator [17], and a conversion from phase modu-
lation (PM) to intensity modulation (IM) is performed by an
optical frequency discriminator-based Fiber Bragg Grating
(FBG) [18–22]. The aforementioned techniques require a lot
of adjustment and control to be able to ensure a relative stable
UWB pulse generation. This may lead to complex solutions,
which will be costly when implementing. In this paper, we
advance two new and simple approaches for monocycle and
doublet UWB signal generation in the optical domain.

2. Development of the Design Methods

In nonlinear (NL) dispersive fibers, propagation of optical
pulses is governed by a propagation equation which can
be reduced to the nonlinear Schrödinger Equation (NLSE)
under certain conditions [23]. The propagation equation can
be written as follows:

i
∂u

∂z
+ iβ1

∂u

∂t
+ i

α

2
u− 1

2
β2

∂2u

∂t2
− i

6
β3

∂3u

∂t3
+ γ|u|2u = 0,

(1)

where u is the slowly varying amplitude of the incident pulse
envelope, α is the attenuation coefficient related to fiber
losses effects, and β2 and β3 are, respectively, the second-
and third-order dispersion parameters: the group velocity
dispersion (GVD) ([ps2/Km]) and the third-order dispersion
(TOD) ([ps3/Km]) parameters. The nonlinear parameter is
represented by γ known as the self-phase modulation (SPM)
parameter. β1 is the first-order dispersion constant or merely
the inverse of the group velocity vg ([ps/Km]).

Suppose that a related time frame T which is measured
in a frame of reference moving with the pulse at the group
velocity vg(T = τ − (z/vg ) = t − β1z). The β1 term of (1)
can be omitted. Besides, since pulses are significantly larger
than 5 picoseconds, TOD as well as nonlinear effects can
also be neglected [24]. In a previous work and for another
application a more rigorous analysis including TOD was
carried out [24]. However in our present application the
pulse width is larger than 10 ps, which means that TOD and

nonlinear effects have insignificant meaning. By neglecting
the TOD (and preserving the non linear parameter γ for the
moment) we obtain

i
∂u

∂z
+ i

α

2
u− 1

2
β2

∂2u

∂T2 + γ|u|2u = 0. (2)

Let us consider the case where only the dispersion is
dominating and the pulse is propagating in a lossless medium
(α = 0); (2) can be rewritten as

i
∂u

∂z
= 1

2
β2

∂2u

∂T2 . (3)

Nonlinearity effects can be neglected under the following
condition: Ld/Lnl � 1, where Ld is the dispersion length
expressed by T0

2/|β2| and Lnl is the nonlinear length
expressed by 1/γP0 . P0 and T0 are, respectively, the peak
power and initial width for the incident pulse. For given
values of the fiber parameters γ and β2, P0 should be �1.
W and T0 should be in the picoseconds range.

Consider now a normalized amplitude s(z, τ) introduced
as follows:

u(z, τ) =
√
P0 exp

(
−αz

2

)
s(z, τ), (4)

where τ is a time scale—normalized to the input pulse width
T0—defined by T/T0.

Under all the aforementioned conditions, if we define
the normalized amplitude s(z,T) according to (4), s(z,T)
satisfies the following partial differential equation:

i
∂s

∂z
= 1

2
β2

∂2s

∂T2 . (5)

The expansion of (5) leads to

i(s(z + Δz,T)− s(z,T)) = 1
2
Δzβ2

∂2s

∂T2 . (6)

Let us suppose the difference between the two fields s(z +
Δz,T) and s(z,T) as an output signal described by the
following expression:

s1
out(z,T) = s(z + Δz,T)− s(z,T). (7)

Expression (7) represents a spatial difference since it is a
difference fulfilled in the space (i.e., z) domain. In addition
to this spatial difference, a temporal difference can be achieved
as well. This is done by fixing z and varying T by a certain
delay of τ. Hence, another difference results as

s2
out(z,T) = s(z,T − τ)− s(z,T). (8)

A Fourier domain analysis tells us that

TF
(
s1

out(z,T)
)
α− ω2S(z,ω),

TF
(
s2

out(z,T)
)
α− ω S(z,ω).

(9)



Journal of Electrical and Computer Engineering 3

-shift

3-dB
coupler

2,2

2,1

Gaussian
doublet

Figure 2: Possible doublet pulse generation scheme.

Going back to time domain, s1
out and s2

out are proportional
to the first and second derivatives of the impulse s itself:

s1
out(z,T)αs(2)(z,T),

s2
out(z,T)αs(1)(z,T).

(10)

Two possible schemes can hence be proposed for the
generation of UWB signals. In both cases the first and the
second derivates of a Gaussian impulse give the monocycle
and the doublet pulses, respectively [25, 26].

2.1. Space-Based UWB Pulse Generation. Figure 2 shows us
a clear insight on how a physical implementation for UWB
impulses generation would be: an interferometer system
having two arms with different lengths z and z + Δz. The π-
shift element induces a negative impulse.

In the following analysis, we used the expressions of s1

and s2 that can be deduced from the solution of (5) in two
different ways:

s1(z,T) = s(z,T)

= T0(
T0 − iβ2,1z

)1/2 exp

⎛⎝− T2

2
(
T0

2 − iβ2,1z
)
⎞⎠,

(11)

s2(z,T) = s(z + Δz,T)

= T0(
T0 − iβ2,1(z + Δz)

)1/2

× exp

⎛⎝− T2

2
(
T0

2 − iβ2,1(z + Δz)
)
⎞⎠.

(12)

β2 in (5) is β2,1.
Equation (12) contains a virtual GVD parameter β2,2,

which is different from the first one (β2,1):

β2,2 = β2,1
z + Δz

z
. (13)

So, instead of adding a short fiber-length (Δz) to the second
arm, we can choose a fiber arm as long as the first arm but
with a different dispersion parameter as depicted in Figure 3.

2,12,1

2,1 2,2

ΔzΔz LL

Figure 3: Length-dispersion equivalence.

Expression (12) becomes

s2(z,T) = s(z + Δz,T)

= T0(
T0 − iβ2,2z

)1/2 exp

⎛⎝− T2

2
(
T0

2 − iβ2,2z
)
⎞⎠.

(14)

For a fixed first arm length z = L, β2,2 is constant. As a
special case, if we fix z to Ld, which is the dispersion length
over which the effects of dispersion become more important
(introduced in Section 2), the following relationship will
have an important consideration in our simulation:

β2,2 = β2,1
L + Δz

L
. (15)

2.2. Time-Delayed UWB Generation. Figure 4 depicts anoth-
er possible interferometer-based system, which is composed
of two optical fiber arms with different lengths, two optical
3-dB couplers, and a π-phase shifting device. The delay loop
element assures a delay τ between the two arms. Fourier
transform of the expression (8) leads to

Sout(z,ω) =
(
e−iωτ − 1

)
S(z,ω), (16)

where S and Sout are, respectively, the Fourier transforms of
both the injected and the output pulses. The decomposition
of (16) into Taylor basis would lead to (up to the first order)

Sout(z,ω) ≈ −iωτ S (z,ω). (17)

From (17) we can make out that the output spectrum
is identical to the initial spectrum modulated by a linear
function of the frequency. Let us replace S(z,ω) by the
following analytical expression:

S(z,ω) = S(0,ω) exp

(
i
β2

2
ω2z

)
, (18)

where S(0, ω) can be calculated as [18]

S(0,ω) = √2πT0 exp

(
−ω2T0

2

2

)
. (19)

Hence, by combining (18) and (19), the spectrum of the
output signal becomes

Sout(z,ω) = √2πT0

(
e−iωτ − 1

)
exp

(
i
β2

2
ω2z

)

× exp

(
−ω2T0

2

2

)
.

(20)
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Table 1: Doublet generation’s parameters.

P0 FWHM CR1 CR2 l1 l2 β2,1 β2,2

0.95 mW 62.5 ps 0.3 0.1 720 m 720 m −7.34 ps2/km −5.75 ps2/km

Table 2: Monocycle generation’s parameters.

P0 FWHM CR1 CR2 l1 l2 β2,1 β2,2

2 mW 46.875 ps 0.5 0.5 720 m 500 m −22.28 ps2/km −22.28 ps2/km

Delay loop

Gaussian
monocycle

phase shift

Optical fibers

3 dB coupler

OC1

OC2

Figure 4: Time delay interferometer (OC: Optical Coupler).

Since the initial spectrum S(0,ω) is as large as that of the
propagated signal S(z,ω), the bandwidth of the output signal
(the extent of Sout(z,ω)) does not depend on z.

In the two proposed systems, a π phase device must
be inserted in one arm to implement the negative impulse
function. The π-phase shift element design is not considered
in our work; however, it can be implemented such as in [27]
or [28].

3. Simulation Results

As a quick proof of concept, we have carried out simulations
using the Photonic Transmission Design System (PTDS)
simulator produced by Virtual Photonics Inc, known as
VPISystems nowadays [29]. It is based on the Ptolemy open-
source software [30]. Figure 5 describes a range of parame-
ters that have been manipulated in the purpose of ensuring
high-quality monocycle and doublet impulses. The injected
impulse is characterized by its initial power (P0) and its
full width at half maximum (FWHM). The optical couplers
control the amount of power through the interferometer by
adjusting the coupling ratios CR1 and CR2. l1, l2, β2,1, and
β2,2 are the lengths and GVD parameters of the two optical
fiber arms, respectively. The semiconductor optical amplifier
(SOA) gives a little amplification for the obtained impulse. In
these simulations, it has been controlled through its injection
current Ic. A photodetector performs a conversion from the
optical to the electrical domain.

PDSOA
CR2CR1

l1, 2,1

l2, 2,2

P0, FWHM

IC

Figure 5: UWB pulse generation schema.

3.1. For the Space Approach. In this approach, the interfer-
ometer arms’ lengths are chosen equal to 720 m (Figure 5)
but with different dispersion parameters −7.34 ps2/km and
−5.75 ps2/km. A Gaussian pulse, with an FHWM of 62.5 ps,
is injected via the first optical coupler which has a coupling
ration CR1 equal to 0.3. A Gaussian doublet has been
generated and amplified with an SOA (biased at 150 mA).
Table 1 summarizes the interferometer’s parameters used for
the doublet generation. A UWB doublet signal has been
obtained with an FWHM of about 48.45 ps, as shown in
Figure 6, with 10.7 GHz bandwidth (from 2.7 to 13.4 GHz)
measured at −10 dB.

3.2. For the Time-Delay Approach. A 2 mW Gaussian pulse
is launched to the interferometer system with an FWHM
of about 47 ps (Figure 5). The arms’ lengths are fixed to
720 m and 520 m with the same dispersion parameter of
−22 ps2/km. The coupling ratios of the input and output
couplers of our system are equal to 0.5 (See Table 2 for the
interferometer’s parameters). At the output of the second
coupler, the optical monocycle pulse is amplified by a
semiconductor optical amplifier (SOA) biased at 120 mA.
Table 2 summarized the interferometer’s parameters used
for monocycle generation. After the photodetector, the
resulted monocycle (Figure 7) measures an upper FWHM
of about 40.625 ps and a lower FWHM of about 57.813 ps.
It offers a −10 dB bandwidth of about 10.3 GHz from 2.3
to 12.6 GHz (Figure 7). The obtained spectrum respects well
the requirements of the FCC spectral mask.

Both symmetry of the monocycle and the bandwidth
of its spectrum can be adjusted by tuning the injection
current in the SOA. The higher this current is, the more the
symmetric pulse is ensured.

The time-delay approach offers a relatively broader spec-
trum than that obtained with the space approach. On the
other hand, from a practical point of view, the latter



Journal of Electrical and Computer Engineering 5

−0.0004

−0.0002

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

0.0016

(a
.u

.)

1.2 1.4 1.6 1.8 2

Time (ns)

Output pulse

Set no. 1

10 GHz

Set no. 1

−100

−90

−80

−70

−60

−50

−40

Po
w

er
 (

dB
m

)

0 5 10 15 20 25

Frequency (GHz)

Spectrum

Figure 6: The generated doublet (a) and its spectrum (b).
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Figure 7: The generated monocycle (a) and its spectrum (b).

approach not only requires different and nonstandard dis-
persion parameters in both arms of the proposed system,
but also imposes the use of fiber optic couplers with specific
coupling ratios. Conversely, the former approach requires
only standard fiber arms (e.g., a standard Corning SMF-28)
with 50% fiber optic couplers. The time-delay approach is
thus more simple and cost-effective solution for experimen-
tal investigation, albeit it shows comparative results with the
other method.

4. Conclusion

New all-optical UWB pulses generation methods have been
demonstrated and approved by simulations. While the first
one is based on time-delay approach to generate monocycle
pulse, the second approach has a spatial perspective where
the chromatic dispersion is exploited to generate doublet
pulse. Both methods use an interferometric architecture
incorporating a π-device shift. Interesting bandwidths have

been obtained meeting the FCC requirements. With these
methods, not only can UWB pulses be generated optically
but also their propagation over optical networks is simply
assured. Experimental assessment would be a key point as a
future work.
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A complete impulse-based ultrawideband localization demonstrator for indoor applications is presented. The positioning method,
along with the method of positioning error predicting, based on scenario geometry, is described. The hardware setup, including
UWB transceiver and time measurement module, as well as the working principles is explained. The system simulation, used
as a benchmark for the quality assessment of the performed measurements, is presented. Finally, the measurement results are
discussed. The precise analysis of potential error sources in the system is conducted, based on both simulations and measurement.
Furthermore, the methods, how to improve the average accuracy of 9 cm by including the influences of antennas and signal-
detection threshold level, are made. The localization accuracy, resulting from those corrections, is 2.5 cm.

1. Introduction

In the recent decade, a growing interest in precise indoor
locating systems could be observed. At the moment, several
methods, based on different technologies, targeted for var-
ious environments are being investigated worldwide. They
can be divided into acoustic [1, 2], optical [3], and radio
frequency methods. The last type of methods can be divided
into continuous wave (CW), for example, WLAN or RFID
[4], and impulse signals. CW systems suffer however either
from low accuracy, lack of immunity against multipath
effects, or from requirement for large number of sensors.
The short ultrawideband (UWB) pulses are ideal candidates
for indoor localization applications. Their short duration
assures the resistance against multipath effects and gives a
supreme time resolution. Because of the fact that the UWB
has a very strict power emission limits [5, 6], the short-range
(e.g., indoor) applications are aimed for.

In this work, a complete process of designing a UWB
positioning system is presented, starting from the choice
of positioning method, through placement of access points,
analysis of error sources in the UWB transceiver, and
ending with simulation and measurement verification. The

transmitter and receiver architecture, as well as the hard-
ware used during the localization experiments, are briefly
described, and for more details, respective references are
placed in the paper.

This paper is structured as follows: first, the positioning
method is described in Section 2, and the best algorithm, in
terms of accuracy and computational effort, for solving the
TDoA equations is determined. In Section 3, the considera-
tion of optimal placement of receivers is given. Based on this,
the positioning accuracy limit is derived. Section 4 is dedi-
cated to the description of the constructed UWB transceiver
and used for measurement validation, as well as to the
TDoA measurement setup. In access to this, the influence of
the used antenna type on localization precision and signal
digitizing units will be described in Section 5; the correction
algorithms for compensation of those two effects will be
proposed here as well. In Section 6, a model of the laboratory
room is presented, which was used for determination of the
system capabilities. In the same section, also the simulation-
based result quality prediction method, along with the local-
ization results, is presented. The last Section 7 summarizes
the presented work, followed by the conclusions and finally
improvement proposals for future implementations.



2 Journal of Electrical and Computer Engineering

2. Positioning Method

In order to choose the best suited positioning method for a
specific application, first the boundary conditions have to be
known. The aimed application scenario for the UWB system
is the localization of mobile users (MUs) in indoor scenarios
like, for example, office rooms or industrial halls. In such
scenarios, the only prerequisite would be the access points
(APs) which are aware of their own position.

Depending on the kind of positioning method, a syn-
chronization between APs and MUs may be required or not.
In the given scope of applications, where no information
about the MU is given, only the relative time methods such as
the time difference of arrival (TDoA) or the angle of arrival
(AoA) method are suitable.

The TDoA method requires information about the signal
propagation time from the MU (transmitter) to all the APs
(receivers). For a 3D positioning, there are at least four
APs needed. The resulting set of nonlinear equations can be
solved either by iterative or direct methods (more on this in
Section 2.2). In the AoA approach, an antenna array is used
in each AP. Behind each array element, a UWB receiver is
placed, and the difference in receive times is measured. Based
on this, the angle of arrival for a signal can be determined by
a linear equation. In this method in every AP, an antenna
array consisting of at least three elements, aligned not in line,
is required for 3D localization, and a minimum of two APs
need to be used.

In the experiment presented in this paper, the TDoA
method was utilized. It future application, it is advisable to
combine the TDoA and AoA to achieve synergy effects [7].

There are two ways of performing the TDoA measure-
ment in a system consisting of multiple APs and MUs:

(1) either the MU sends its user-specific information
sequence, coded by UWB pulses, and it will be local-
ized by a central processing unit (CPU), where the
CPU synchronizes all the APs and collects the time
measurement data,

(2) or the APs will be used only as repeaters. In this
case, the MU receives back the transmitted signal, in
addition containing the information from which AP
(coordinates) it came. In this concept the MU has to
calculate its own location, based on relative distance
information to the reference nodes (APs) [8, 9]. This
is based on the two-way-ranging measurement prin-
ciple.

In this work, the first of the two presented alternatives
was chosen. The second method would be more practical
for the end application, especially in larger scenarios, due
to the highly reduced wiring effort. In the general case, the
positioning accuracy is only dependent on the time meas-
urement precision, what will be shown in Section 3.

In the TDoA system, the time difference must be calcu-
lated in relation to a certain base receiver (BR), assigned
index “1” in this work for convenience. The positions of the
APs�rRj = [xRj , yRj , zRj] are given, and the position of the MU
�rT = [xT , yT , zT] is unknown. The range difference equation

between BR (R1) and transmitter (T) and any other receiver
(Rj) has the following form:

c · Δt1 j = Δd1 j =
∥∥�rT −�rR1

∥∥− ∥∥∥�rT −�rRj∥∥∥, (1)

where the j = 2, . . . ,N and N is the total number of APs.
As a consequence of this, N − 1 linearly independent TDoA
equations can be written and combined in a vector matrix

�ρ = [ρ12 . . . ρ1N
]T = [Δd12 . . . Δd1N ]T . (2)

Like this, the �ρ is the square root function of the distance
differences. The solution can be found by linearizing this
function around a starting point �rT ,0. The method of choos-
ing the starting point will be described in Section 2.2. After
moving the constant terms of the linearized equation to the
left side, the following is achieved:

Δ�ρ = HΔ�r. (3)

The Δ�ρ is the vector of residues, Δ�r is the solution vector,
and H is the mapping matrix, relating the measured time
differences to the differences between starting and calculated
position. The least squares solution is in this case

Δ�r =
(
HTH

)−1
HTΔ�ρ. (4)

This iterative method can be continued by using the calcu-
lated position as another starting point

�rT = �rT ,0 + Δ�r (5)

and reperforming this until a breakup criterion is met. This
algorithm can only work properly if the equations are not
correlated with each other. For a real measurement however,
this criterion is not satisfied.

2.1. Problem of the Correlation between Measurements. The
reason for the correlation of the TDoA equations is the noise
(e.g., thermal noise, receiver noise, and digitization noise).
As a result of noise influence, (1) changes to

Δρ̃1,i = Δd̃1,i =
(∥∥�rT −�rR1

∥∥ + w1
)− (∥∥∥�rT −�rRj∥∥∥ + wj

)
, (6)

where wj denotes noise therm on the jth AP. From this, it
is obvious that the measurement noise from the BR is pre-
sent in all other measurements. This is independent of which
receiver is chosen as a reference. Due to this, before cal-
culating the positioning solution, the decorrelation has to be
performed first. The measure of the correlation between all
the elements of vector ρ̃ is its covariance matrix. In a system
where all receivers have the same architecture and consist of
identical components and the time measurements are per-
formed by the same hardware, the equal noise standard
deviation σt for all APs can be safely assumed. Under this
condition, the covariance matrix is fully occupied

RΔt =

⎛⎜⎜⎜⎜⎜⎜⎜⎝

2σ2
t σ2

t . . . σ2
t

σ2
t 2σ2

t . . . σ2
t

...
...

. . .
...

σ2
t σ2

t . . . 2σ2
t

⎞⎟⎟⎟⎟⎟⎟⎟⎠. (7)
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Should this fact be ignored, then for the same measure-
ment a different positioning solution will be obtained every
time the BR is changed. The decorrelation, also used in [10],
can be done with the Cholesky decomposition of the covari-
ance matrix

RΔt = LDLT. (8)

The decorrelated matrix D results from the linear combina-
tion with L−1,

D = L−1RΔtL
−1,T , (9)

and the measurement vector �̃ρ has to be transformed with
the matrix L−1 as well,

�̃ρ
′
= L−1�̃ρ. (10)

At this point, the decorrelated equation set can be line-
arized around a starting point, and the new measurement
and mapping matrix have the form

�ρ′ = L−1 · �ρ, (11)

H′ = L−1 ·H. (12)

The solution of (12) with the weighted least squares has
the following form:

Δ�r =
(
H′TD−1H′

)−1
H′TD−1 · Δ�ρ (13)

and can be iteratively improved by applying (5). In this sec-
tion, the method of decorrelating the TDoA measurements
was presented with the subsequent solution with the Gauss-
Newton algorithm. In the following one, the most efficient
algorithm will be chosen.

2.2. Choice of the Best Suited Algorithm. To calculate the
MU position from the measurement data, the error function
(3) needs to be minimized. It is however not possible to
investigate the value of this function for every input argu-
ment. Because of this, a number of dedicated algorithms for
solving such a nonlinear problems were created. They all
follow the same idea: first, a rough estimation of the solution
is done, which then can be interpreted as a start point in the
error landscape. From this point, a descent direction in the
error landscape is calculated. The descent direction is calcu-
lated in a way that the reduction of the error function
value is highly probable. Subsequently, a first step with a
certain step width, from the starting point in the descent
direction, is done. A new point is reached and serves as a new
starting point to apply the same procedure again, until a stop
criterion is met. This can be either the change in the error
function or the change in the calculated position. If this value
is small enough to assume the stationary condition, a global
or local minimum is reached.

In this work, the following algorithms were implement-
ed: Gauss-Newton (GN) with the quadcubic-line-search-pro-
cedure (qLSP), Levenberg-Marquardt (LM), trust-region-
reflective algorithm (TRR), and the interior point (IP). The
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Figure 1: Scenario used for evaluation of localization algorithms.

modified Bancroft algorithm (BA) was used as described in
[11]. Those algorithms shall now be compared against each
other, to state which is the best for the final system. The cri-
teria are the following:

(i) the mean computation time, calculated as the average
of computation times for a set of positions,

(ii) the accuracy of the solution, where the quality fac-
tor is the average 3D positioning error, calculated
according to

mean 3D error = 1
M

M∑
k=1

∥∥∥∥�rTk − �̂rTk

∥∥∥∥. (14)

Because of the fact that some of the evaluated algorithms
do not have any additional constrains (e.g., volume in which
the feasible solution should remain), large positioning errors
can occur. This would largely afflict the average value. For
this reason, in addition, the median value will be given.

For the evaluation, an imaginary room with dimensions
10 m/10 m/2.5 m with five APs was used. Four of the receivers
were placed in 1 m height in the corners; the fifth one was
placed in the middle point of the ceiling. This constellation
is depicted in Figure 1. The reason for this AP distribution is
explained in Section 3.

The TDoA data for the evaluation was obtained from
(6). The measurement noise was modeled as normally dis-
tributed, with standard deviation σt = 333 ps (corresponding
to σd = 10 cm). The assumption about homoscedasticity of
the time error on every AP is made only for the sake of algo-
rithm testing and does not apply during measurements. The
MU positions were picked within the scenario boundaries,
by a random function with equal distribution. The starting
point for the iterative algorithms was chosen by the Bancroft
algorithm, to see to which extent the positioning solution
improvements are possible. The M = 1000 positions cal-
culations were performed. The results are presented in
Table 1. As a constraint for the interior-point and Bancroft
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Table 1: Average 3D error and comutation times of various algo-
rithms.

Algorithm
Average

computation time
[ms]

3D positioning
error mean/
median [m]

Bancroft 0.580 0.406/0.312

Gauss-Newton 31.85 0.386/0.276

Levenberg-Marquardt 15.41 0.386/0.276

Trust region reflective 40.96 0.386/0.276

Interior point 98.10 0.311/0.251

algorithms, it was implied that the solution has to be within
the room.

The first impression is that the GN delivers good results;
however, if the starting point would be picked in random
manner and not by BA, the convergence problems occur.
From the other algorithms that are left, the BA has the short-
est computation time, and its accuracy is smaller than in case
of iterative algorithms. The LM and TRR are both in the
similar accuracy range; however, the LM requires less com-
putation time. The IP delivers the most precise results; how-
ever, this advantage is achieved on cost of the longest com-
putation time from all of the evaluated algorithms.

Based on this result, the best combination seems to be the
starting point determination based on the BA and adjacent
final calculation with LM. A similar conclusion was drawn in
[12]. In case where the additional conditions regarding the
geometry should be accounted for, the IP is a good choice.

3. Optimal Access Point Distribution and
Accuracy Prediction

If a real system should be deployed, at some point the ques-
tion about optimal AP placement has to be answered. In
order to solve this issue, the question shall be rephrased:
“How does an error in a time difference measurement maps to
the positioning solution?” The covariance matrix of the meas-
urement vector �ρ is defined by

Rρ = H · Rr ·HT (15)

and is related to the covariance matrix Rr of the positioning
solution �rT . H is the linearized mapping matrix from (3).
When this is solved for Rr ,

Rr =
(
HTH

)−1
HT · Rρ ·H

(
HTH

)−1
, (16)

the general expression for mapping of the measurement
uncertainty on the localization uncertainty is obtained [13].
In case the signal propagation time measurements have the
same variance σ2

d , the covariance matrix of the measurement
has the form of Rρ = σ2

d · I and (16) reduces to

Rr =
(
HTH

)−1 · σ2
d , . (17)

This is however only valid for uncorrelated measure-
ments. This can be corrected by employing the decorrelated

matrix H′ from (12) [14]. The valid form for calculating the
localization solution covariance matrix in the TDoA case has
the following form:

Rr =
(
H′TD−1H′

)−1 · σ2
d , (18)

where the (H′TD−1H′)
−1 = Q and Q is due to the performed

decorrelation a diagonal matrix. The entries of the diagonal
give the DOP values in x-, y-, and z-direction. Those are
called XDOP, YDOP, and VDOP (vertical dop). It is also
possible to calculate the DOP values for 2D and 3D positions:

HDOP =
√
σ2
x + σ2

y =
√
Q11 + Q22,

VDOP =
√
σ2
z =

√
Q33.

(19)

The mutual dependence of those values is given by PDOP:

PDOP =
√

HDOP2 + VDOP2. (20)

Additional information on PDOP can be found [15].
Like this, PDOP, being a function only of T-R coordi-

nates, can be used as a quality measure of a conceptualized
T-R constellation. In general, high DOP values indicate
poor and small DOPs good T-R configuration. A following
example is prepared to gain a better impression of the mean-
ing of this fact. In Figure 2, the distribution of HDOP and
VDOP values in a 20 m/20 m/6 m-sized area, for three differ-
ent constellations of access points, are presented.

Configuration 1 shows 5 receivers placed in 4 m height.
HDOP inside of the constellation is in the range of
[1.1, . . . , 3] and increases up to 9 outside of it. Concurrently,
the VDOP stays in the range of [2.2, . . . , 6].

The VDOPs can be improved by shifting the middle sta-
tion out of the plane of all other receivers, for example, 1 m
upwards. This situation is depicted in configuration 2. The
VDOP became better [2.2, . . . , 3.5], whereby HDOP did not
undergo any significant change.

Another measure for improving the resolution in vertical
direction is to involve additional station placed underneath
all present receivers. This causes larger measured time differ-
ences between two neighbored transmitter positions. This
is represented by configuration 3. Henceforth, the VDOP is
in the range [1.5, . . . , 2.3]. It is worth noticing that in all
cases the system horizontal accuracy decreases rapidly as
soon as the transmitter is outside the receiver constellation.
In theory, almost infinite number of different configurations
could be tested; however, when considering the practical
aspects of base station placement in an average indoor scen-
ario, additional constrains apply. As so, the lineups like in
configuration 3 from Figure 2 should be avoided. Although
here the distribution of DOP values is most homogeneous,
any station placed on the ground, or slightly above it, will be
most likely not visible for MU due to shading effects caus-
ed by inside facilities. Because of the mentioned reasons,
a similar distribution to this presented in configuration 2
will be considered further. For practical reasons, during the
measurements, a minor modification was undertaken, where
the center top AP was shifted slightly to the side.



Journal of Electrical and Computer Engineering 5

0 10 20
0

10

20

0 10 20
0

10

20

0 10 20
0

10

20

0 10 20
0

10

20

0 10 20
0

10

20

1

5

10

1

5

10

1

5

10

1

5

10

1

5

10

10
20

01020
0

2

4

6

10
20

01020
0

2

4

6

10
20

01020
0

2

4

6

0 10 20
0

10

20

1

5

10

Configuration 3Configuration 2Configuration 1

Z
(m

)

Z
(m

)

Z
(m

)

Y (m) Y (m)
Y (m)X (m)

X (m)
X (m

)

HDOP HDOP HDOP

VDOP VDOP VDOP

Y
(m

)

Y
(m

)

Y
(m

)
Y

(m
)

Y
(m

)

Y
(m

)

X (m) X (m)

X (m)X (m)X (m)

X (m)

Figure 2: Spatial distribution of HDOP and VDOP values for three different access point configurations. The AP positions are marked with
green dots.

It has to be mentioned that larger number of base stations
would give a rise to more uniform distribution of DOPs and
better performance in terms of shadowing; however, the cost
of practical implementation would increase.

The very useful information that can be obtained from
(20) is the influence of the TDoA measurement error on the
localization solution. By knowing the standard deviation of
time measurement (σtime) and a PDOP value, the positioning
accuracy can be predicted

σpos3D = σd · PDOP, (21)

where σd = σtime ·c, and c stands for speed of light in air. This
method can be used for localization quality assessment if the
system parameters are known (receiver noise, jitter, and time
measurement resolution). More details on the calculation
procedure can be found in [16].

4. UWB Hardware and TDoA Setup

4.1. UWB Demonstrator. The UWB demonstrator, built for
and used in this experiment, consists of an impulse radio

Amp.Pulse
gen.AWG

Figure 3: Block diagram of the IR-UWB transmitter module.

UWB (IR-UWB) transmitter (Tx) and an autocorrelation-
based receiver (ACR). The generic transmitter module, pre-
sented in Figure 3, consists mainly of a custom pulse gen-
eration- (PG-) integrated circuit (IC) and an of-the-shelf
amplifier. The PG can be directly fed with digital data, and
each time a falling signal slope is present at its input, a UWB
pulse is generated. For this architecture, the achievable data
rates span from several kbps up to the lower Gbps region.

The hardware realization of the described transmitter is
presented in Figure 4. In the picture, the following elements
are visible (starting from the left side): UWB pulse generator
[17], amplifier together with a bias tee, variable attenua-
tor, and an omnidirectional antenna (planar monopole).
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Figure 4: UWB transmit module realized in hardware.

PS

DC

Figure 5: Block diagram of the energy detection receiver.

The variable attenuator module (not present in Figure 3) is
used to flexibly adjust the amplitude of the transmitted sig-
nal, depending on the pulse repetition frequency, to match
the FCC spectral emission mask [5].

The UWB receiver (Rx) is presented in Figure 5. After
the receive antenna, the signal is band-pass filtered and
amplified. Although the arrangement of the filter and the
LNA influences the receiver noise figure in a bad manner,
out-of-band interference has to be filtered out first to avoid
the saturation of the following amplifier. Afterwards, the sig-
nal is equally divided and squared. The low-pass-filtered
multiplier output is compared with DC threshold, generating
a digital signal. The last block is responsible for the signal
conditioning.

In Figure 6, the hardware realization of the ACR is illu-
strated. Starting from the left, the following components are
depicted: the directive receive antenna (Vivaldi type), 7th-
order microstrip FCC band-pass filter, wideband LNA [18],
3 dB power splitter, UWB correlator module (with an integ-
rated base band amplifier) [19], variable threshold compara-
tor, and the pulse stretcher.

The last module ensures that the receiver output signal
(rectangular pulse) has always the same width and ampli-
tude. This is essential for proper operation of the time-to-
digital converter (see next section). More information about
the performance of the transceiver single building blocks can
be found in [20, 21].

4.2. TDC and TDoA Measurement Setup. For the precise
time measurements, a time-to-digital converter (TDC) has
been used. This device is used to measure the time elapsed
between appearance of two (or more) signals at its input
ports. First incoming signal generates a start and the follow-
ing ones, the stop events. The device of choice for this
experiment is the TDC produced by Acam, model ATMD-
GPX. This model, depending on the operating mode, is cap-
able of detecting two incoming digital signals with up to 27 ps
resolution. A maximum of up to eight input ports can be
used.

In Figure 7, a typical system setup for TDoA measure-
ment is shown. The APs are interconnected to ensure

Figure 6: Hardware realization of a UWB autocorrelation receiver.

AP2

AP1

AP3

Channel1 Channel2

Channel3Channel N

Stop1 Stop2

Stop3

Stop N
TDC
CPU

MU

AP N

Figure 7: Typical TDoA localization system architecture. Synchro-
nized APs receive UWB signals from an autonomous MU, which
then are used to calculate its position.

synchronization and an autonomic MU equipped with an
UWB tag transmits the impulses. The signals propagate
through the scenario on physically different paths (channels)
and reach the AP. The received signals from all APs are
forwarded to the time measurement unit (TDC) through the
synchronization network. The received signals undergo cer-
tain delays (TstopN ) before they trigger the time measurement
at TDC. This can be described with

Tmeas N = TchannelN + TRx + TstopN + Toffset, (22)

where the TRx stands for the AP-specific delay. Toffset

originates from the fact that the MU is not synchronized
with the APs, and the transmission time point is unknown.
The first received impulse triggers the TDC measurement,
and the differences to the following impulses are calculated.
Such a system requires an initial calibration to determine the
TRx and TstopN . After substituting the Tmeas N into the TDoA
equations, the Toffset is eliminated.

Due to the limited number of the UWB receivers avail-
able for this experiment, the measurements were conducted
with one Tx and one Rx unit in a sequential manner. The
time measurement procedure for the single MU-AP pair is
demonstrated in Figure 8.

In this setup, the (22) is modified and the resulting meas-
ured time can be described by following relation:

Tmeas N = Ttrig + TTx + TchannelN + TRx + Tstop − Tstart, (23)

where the variables have the following meaning: Ttrig is
the delay caused by the triggering cable, TTx is the time
between the trigger enters the Tx and the moment when
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Figure 8: Setup for measuring the signal propagation time between
MU and AP with the TDC module.

the UWB pulse reaches the transmit antenna, TchannelN is
the propagation time through the Nth channel, TRx is the
time required by the Rx to process the signal and convert it
to digital domain, Tstop is the propagation time through a
cable to the TDC unit, and finally, the Tstart is the time after
the signal reaches the TDC. In case where the same system
components were used for measurements at each AP (N = 1
to 5), all the terms in (23), with exception of TchannelN , are
constant. After building the time differences with Tmeas N

according to (1), a true TDoA data set is obtained.

5. Sources of Timing Errors

In this section, the sources of inaccurate signal time of arrival
measurements will be discussed. They can either originate
from passive RF devices in the system or from active digital
electronics. The two most critical time error contributions
are discussed below.

5.1. Antenna Influence. In the recent years, a significant
number of antennas were proposed for different UWB appli-
cations. The antenna is one of the most crucial devices in any
wireless system. It is responsible for matching the 50 Ohm
system impedance (most common) to the free-space imped-
ance. In the ideal case, this would happen without any losses
and distortion of the transmitted signal. In practice however,
this is never the case. As reported in [22], the influence of
the antennas in the UWB transmission cannot be neglected.
The different types of broadband radiating devices introduce
signal distortions, which in most cases are additionally angle
dependent [23]. The parameter that describes the time
domain characteristic is the antenna impulse response (AIR).
The shape of the AIR and the delay of its maximum can
cause an additional offset during the TDoA measurements.
According to this, the localization accuracy of the MU will be
additionally dependent on the relative angle under which the
AP antenna is oriented with respect to the MU.

In the application scenario, described in Section 6, there
is no initial information about the MU position. This implies
that the signals should be sent/received to/from all directions
with equal probability. To reach all APs, the MU antenna
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Figure 9: Simulation of the angle-dependent impulse response of
the applied AP antenna.

should exhibit an omnidirectional radiation pattern. On the
other hand, the AP antennas will preferably have a certain
directive pattern, to illuminate only a certain part of the scen-
ario.

In the conducted experiment, the mobile user is equipped
with an omnidirectional antenna (planar monopole), having
a uniform characteristic in the horizontal plane (equal pulse
distortion). Due to the time difference approach, the influ-
ence of the MU antenna can be neglected, because the dis-
tortions are the same in each direction. For the AP, antennas
with a directive radiation characteristic (Vivaldi type) were
used. In Figure 9, the distortion of the AP AIR in depend-
ency on angle is visualized. It can be observed that the time
shift of the AIRs maximum, during the change of angle
(horizontal plane) from the main radiation direction to the
perpendicular position, equals 260 ps.

After analyzing the scenario depicted Figures 13 and 14,
AP antennas can be oriented in a way that the 90◦ reception
angle would not be needed. However, an additional time
delay of up to 200 ps could be introduced, when operated
in an angular range of ±60◦. This value corresponds to the
distance of 6 cm in the free space. From this, it is obvious that
this offset can greatly influence the accuracy of the overall
system, aiming for lower subdecimeter accuracy. The method
to eliminate the influence of the used antenna is based on an
iterative approach and should be presented in the following.
The only requirement for this algorithm is the knowledge
about spatial orientation of the AP antennas. This can easily
be assured during the system deployment phase. The flow
chart of this algorithm is depicted in Figure 10.

After obtaining a valid TDoA measurement, the first step
is the standard calculation of the positioning solution. This
will lead to a first solution, which will serve as a starting point
for the iteration. Knowing the approximate MU location, the
relative angles between APs reference direction and estimated
MU position can be calculated. For those angles, the time
correction factors for each AP can be obtained from the
lookup table (LUT). The LUT contains the information
about the delay of the AIRs peak, relative to the reference
direction (e.g., main lobe direction), for all angles.
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Figure 10: Schematic representation of the AIR influence correc-
tion algorithm.

After subtracting the correction factors from the original
time differences, the new position can be calculated. This
operation can be reperformed until a break criterion is met,
for example, if the change in the relative angle between
two iterations is smaller than a certain value. Other type of
criterion would be the change in the calculated positioning
solution. The resulting position can now be further used for
applications like, for example, tracking.

5.2. Threshold Detection. In every system, there is an inter-
face between analog and digital domain. At this place,
both amplitude and time errors can appear. Depending on
the digitizing device (comparator or ADC with more than
one-bit resolution), the amplitude error will have different
values. Obviously, the ADCs with 8 bits, or even more,
are capable of transforming the signal into digital domain
with only marginal amplitude distortion. The problem with
high-resolution ADCs nowadays is their limited bandwidth.
Therefore, and because of their cost and power consumption
(e.g., pipe-line ADCs consume over 1 W), they will rather not
find application in UWB systems for the mass market. Com-
parators are less accurate, but by far cheaper and seem to be
a much better alternative for this application. These devices
can achieve bandwidths close to 10 GHz and equivalent input
signal rise times of 80 ps [24]. The problem that has to be
addressed is the choice of the threshold level. In a scenario
with large dynamic range, the trigger time dependency on
signal level will play an important role. This is depicted in
Figure 11. The use of an adaptive threshold would be the
optimal solution; however, this is hardly realizable in practice
[25].

The influence of the threshold level in a certain scenario
can be mitigated in a similar way as in the case of the AIR.
After calculating the initial positioning solution for the MU,
the time corrections have to be made. Knowing the exact
AP coordinates and the estimated coordinates of the MU,
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Figure 12: Measurement scenario in a laboratory room. An MU
antenna placed on the tripod and the AP antenna in the background
(top right).

the differences in distances between all AP-MU pairs can be
extracted. Distances correspond to signal attenuation (e.g.,
based on free space path loss), and this is connected with the
received signal amplitude. In the LUT, the estimated relative
time trigger errors are saved, which are distance difference
dependent. The rest of the correction procedure is the same
as in Section 5.1.

The trigger time uncertainty of the comparator, caused
by electronic jitter, can be modeled as a stochastic process
with normal distribution. The influence of this can be min-
imized by performing averaging [24]. For similar distances,
for example, if the MU is placed near to the center of the AP
constellation, this effect is negligible. The reason for this is
the TDoA procedure, which cancels all common time offsets.

6. Measurement Scenario and Result Analysis

For the measurement verification of the TDoA-based UWB
localization system, the laboratory room at the IHE instit-
ute was chosen. The size of the room (W/D/H) is 6.3 m/
5.9 m/3 m, and all objects, like furniture and lab equipment,
were inside during the measurement, representing an average
indoor scenario. The photograph of the scenario is shown in
Figure 12.

In this environment, two experiments were conducted.
The goal of the experiment 1 (E1) was to determine
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Table 2: Positions of the T-R units in the scenario in E1.

Unit x [m] y [m] z [m]

AP1 5.955 3.030 2.185

AP2 5.955 0.245 2.202

AP3 0.345 0.265 2.165

AP4 0.345 3.152 2.160

AP5 3.145 0.370 2.860

MU 2.985 1.700 1.400

Table 3: Predicted and calculated accuracy for scenarios in E1.

Scenario Prediction Accuracy

RT simulation 5.1 ps·3⇒ 0.45 cm 0.35 cm

Meas—no avg. 127 ps·3⇒ 11.4 cm 11.8 cm

Meas—avg. 50 32 ps·3⇒ 2.9 cm 3.6 cm

the achievable positioning accuracy in this environment,
comparing the results with the simulation and to validate the
method of accuracy prediction. The experiment 2 (E2) was
set up to investigate the influence of the proposed correction
algorithms on the positioning accuracy.

6.1. Experiment 1. For validation of the accuracy prediction
method, presented earlier in the paper, the system consisting
of one MU and five APs was deployed. The positions of the
units are listed in Table 2. The same positions were used for
the measurement and for simulation.

Based on the positions of the APs, the distribution of the
DOP values in the room was calculated. This is presented in
Figure 13.

Knowing the method of accuracy prediction (21), a
simulation is conducted, to serve as a benchmark for the
later measurements. For this purpose, a 3D digital model of
the scenario was created, including all the information about
objects and their material parameters. In the scenario, the
five APs and one MU were placed, at the positions listed in

AP1AP2

AP3

AP4

AP5

MU

Y

X

Z

Figure 14: Wave propagation (ray tracer) model of the laboratory
room, where the measurements were performed. The green points
represent the APs, and the yellow one shows the position of the MU
during E1.

Table 2. Both the scenario model and the deployed devices
are shown in Figure 14. The UWB transmission between all
Tx-Rx pairs was investigated by means of a three-dimen-
sional wave propagation simulation based on geometric op-
tics (a high-frequency approximation), which uses material
parameters (permeability, permittivity, and surface rough-
ness) (RT: ray tracing) [26]. The simulations provide channel
impulse responses (CIRs) and are used to obtain the TDoA
data.

The time discretization used during the RT simulation
results in the CIR peak time determination inaccuracy σtime

of 5.1 ps. Multiplying this value with the calculated PDOP,
an inaccuracy of 15 ps (corresponding to 4.5 mm distance)
is predicted. The calculated solution exhibits an error of
3.5 mm, which lies close to the predicted limit.

In the performed measurement, the receive antennas
were all pointing towards the MU. In the horizontal direc-
tion, a small alignment variation of ±5◦ was possible. This
fact can lead to an additional positioning error, due to
the described AIR angle dependency. The true position of
the MU has been determined based on the relative dis-
tance measurements to all surrounding walls. This was per-
formed with a laser-based distance measurement device with
accuracy of 1 mm.

In the described setup, two data sets have been acquired:

(i) 1023 unaveraged time measurements at each of the
five APs. The measurement exhibited a standard devi-
ation (σ1) of 127 ps. This originates partially from
the TDC performance and from the receivers’ com-
parator;

(ii) 1023 time measurements with 50 times averaging at
each of the five APs. The standard deviation σ2 of
32 ps is much closer to the specified performance of
the TDC.

In Table 3, the summary of all simulations and measure-
ments, performed up to this moment, is shown. The posi-
tioning error prediction is based on (21). The third column
shows the mean calculated accuracy.
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Table 4: Positions of the mobile units in E2.

Unit x [m] y [m] z [m]

MU1 2.945 2.335 1.2

MU2 3.71 2.435 1.2

MU3 3.885 1.82 1.2

Table 5: Accuracy for no correction and AIR correction.

Unit
Direct TDoA

data [m]
100 avg.

[m]
100 avg. no
outliers [m]

AIR correction
[m]

MU1 0.0988 0.0642 0.0327 0.0284

MU2 0.0966 0.0700 0.066 0.0334

MU3 0.0735 0.0343 0.025 0.0135

Average 0.0896 0.0561 0.0412 0.0251

The significant improvement between scenarios 2 and 3
can be explained by the highly reduced comparator trigger
error thanks to averaging of the acquired measurements. The
reason why during the measurements the errors are slight-
ly larger than predicted is the use of 1σ- and not 3σ-limit.
In Figure 15, the calculated MU positions, for the case with
averaged time acquisition, are shown. The inaccuracy, result-
ing from the mean of those solutions, is 3.6 cm.

Overall, this test shows the usefulness of the proposed
method of predicting the positioning accuracy, based on
PDOP and time acquisition quality.

6.2. Experiment 2. In the second experiment, the effective-
ness of the AIR correction method shall be investigated.
For this, the same positions of the APs as in the E1 were
used. The MU was placed at three different positions in the
room to observe the combined influence of antennas and the
DOP distribution. The coordinates are listed in Table 4 and
depicted in Figure 13. In the same figure, the spatial orien-
tation of the AP antennas can be observed.

In Table 5, the positioning results for all three MUs
are shown. In the second column, the solution for direct
TDoA data evaluation is shown. In the third column, the
positioning result is shown, where the 100-time averaged
TDoA measurements were used for localization. In the
fourth column, the outliers were removed: from the set of
estimated positions the standard dev. was calculated and all
values larger than 1σ were not considered. The last column
shows the results with performed correction of the antenna
influence.

Those results show the effectiveness of the proposed
method. The average positioning accuracy improvement,
without and with use of the antenna delay compensation
method, is 36%. Obviously, the MU1-MU3 were localized
with different accuracy; however, this originates solely from
the distribution of the DOP values.

7. Summary and Conclusion

In this work, a complete UWB indoor localization demon-
strator, dedicated for operation with a predeployed access

3

2

1

0
0 1 2 3 4

Y (m)

X
(m

)

Z
(m

)

AP1AP2

AP3

AP4

AP5

50 cm

3
2

Figure 15: The localization solutions (cloud of blue points in the
middle) are plotted into the scenario. The TDoA data comes from
the measurements.

point infrastructure, has been presented. Different TDoA
solution algorithms were implemented and evaluated. The
combination consisting of modified Bancroft and Levenberg-
Marquardt algorithms was identified as the most efficient one
in terms of average computation time and accuracy. Follow-
ing this, a method of the access point distribution and con-
stellation quality assessment was proposed. Furthermore,
a method for positioning accuracy prediction based on
time measurement information was derived. The later was
then verified based on simulation and experimental meas-
urements in realistic indoor scenario. Additionally, the
unwanted influence of the antenna and other system com-
ponents was described, and algorithms for their mitigation
were proposed. This has also been verified by measurement.
By applying the methods presented in this paper, the original
average accuracy of 9 cm was improved to a value of 2.5 cm.
The proposed methods can be universally applied, and
their implementation method assures an optimal localization
performance, with low-to-moderate computational effort,
what is of major importance for future real-time locating
systems.
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messungen zur integrierten hochgenauen Positionierung, Disser-
tation, Universität Karlsruhe, Institut für theoretische Elek-
trotechnik (ITE), 2008.

[11] L. Zwirello, M. Janson, and T. Zwick, “Ultra-wideband based
positioning system for applications in industrial environ-
ments,” in 3rd European Wireless Technology Conference
(EuWiT ’10), pp. 165–168, Paris, France, September 2010.

[12] C. Mensing and S. Plass, “Positioning algorithms for cellular
networks using TDoA,” in IEEE International Conference on
Acoustics, Speech and Signal Processing (ICASSP ’06), pp. 513–
516, Toulouse, France, May 2006.

[13] I. Sharp, K. Yu, and Y. J. Guo, “GDOP analysis for positioning
system design,” IEEE Transactions on Vehicular Technology, vol.
58, no. 7, pp. 3371–3382, 2009.

[14] J. D. Bard and F. M. Ham, “Time difference of arrival dilution
of precision and applications,” IEEE Transactions on Signal
Processing, vol. 47, no. 2, pp. 521–523, 1999.

[15] R. B. Langley, “Dilution of Precision,” GPS World, May 1999,
http://gauss.gge.unb.ca/papers.pdf/gpsworld.may99.pdf.

[16] H. Sairo, D. Akopian, and J. Takala, “Weighted dilution of pre-
cision as quality measure in satellite positioning,” IEE Proceed-
ings: Radar, Sonar and Navigation, vol. 150, no. 6, pp. 430–436,
2003.

[17] B. Schleicher, J. Dederer, M. Leib et al., “Highly compact
impulse UWB transmitter for high-resolution movement
detection,” in IEEE International Conference on Ultra-Wide-
band (ICUWB ’08), pp. 89–92, September 2008.

[18] J. Dederer, S. Chartier, T. Feger, U. Spitzberg, A. Trasser, and
H. Schumacher, “Highly compact 3.1–10.6 GHz UWB LNA
in SiGe HBT technology,” in 10th European Conference on
Wireless Technology (ECWT ’07), pp. 327–330, October 2007.

[19] J. Dederer, B. Schleicher, A. Trasser, T. Feger, and H. Schu-
macher, “A fully monolithic 3.1–10.6 GHz UWB Si/SiGe HBT
Impulse-UWB correlation receiver,” in IEEE International
Conference on Ultra-Wideband (ICUWB ’08), pp. 33–36,
September 2008.

[20] L. Zwirello, Ch. Heine, X. Li, and T. Zwick, “An UWB cor-
relation receiver for performance assessment of synchroniza-
tion algorithms,” in IEEE International Conference on Ultra-
Wideband (ICUWB ’11), Bologna, Italy, September 2011.

[21] L. Zwirello, P. Pahl, Ch. Heine, and T. Zwick, “Status Report
on the FCC-Compliant UWB Transceiver Implementation,”
in 6th UWB Forum on Sensing and Communication, Graz,
Austria, May 2011.

[22] W. Wiesbeck, G. Adamiuk, and C. Sturm, “Basic properties
and design principles of UWB antennas,” Proceedings of the
IEEE, vol. 97, no. 2, pp. 372–385, 2009.

[23] E. Pancera, T. Zwick, and W. Wiesbeck, “Spherical fidelity pat-
terns of UWB antennas,” IEEE Transactions on Antennas and
Propagation, vol. 59, no. 6, pp. 2111–2119, 2011.

[24] J. Kolakowski, “Application of ultra-fast comparator for UWB
pulse time of arrival measurement,” in IEEE International
Conference on Ultra-Wideband (ICUWB ’11), September 2011.

[25] R. J. Fontana, “Ultra wideband receiver with high speed noise
and interference tracking threshold,” US Patent 005901172,
1999.

[26] T. Fugen, J. Maurer, T. Kayser, and W. Wiesbeck, “Capability
of 3-D ray tracing for defining parameter sets for the speci-
fication of future mobile communications systems,” IEEE
Transactions on Antennas and Propagation, vol. 54, no. 11, pp.
3125–3137, 2006.



Hindawi Publishing Corporation
Journal of Electrical and Computer Engineering
Volume 2012, Article ID 710752, 9 pages
doi:10.1155/2012/710752

Research Article

Performance Analysis of Ultra-Wideband Channel for
Short-Range Monopulse Radar at Ka-Band

Naohiko Iwakiri,1 Natsuki Hashimoto,2 and Takehiko Kobayashi2

1 Nano-Satellite Center, The University of Tokyo, Tokyo 113-8656, Japan
2 Wireless Systems Laboratory, Tokyo Denki University, Tokyo 101-8457, Japan

Correspondence should be addressed to Naohiko Iwakiri, iwaikiri@nsat.t.u-tokyo.ac.jp

Received 28 October 2011; Accepted 2 February 2012

Academic Editor: Hsiao-Chin Chen

Copyright © 2012 Naohiko Iwakiri et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

High-range resolution is inherently provided with Ka-band ultra-wideband (UWB) vehicular radars. The authors have developed
a prototype UWB monopulse radar equipped with a two-element receiving antenna array and reported its measurement results.
In this paper, a more detailed verification using these measurements is presented. The measurements were analyzed employing
matched filtering and eigendecomposition, and then multipath components were extracted to examine the behavior of received
UWB monopulse signals. Next, conventional direction finding algorithms based on narrowband assumption were evaluated using
the extracted multipath components, resulting in acceptable angle-of-arrival (AOA) from the UWB monopulse signal regardless
of wideband signals. Performance degradation due to a number of averaging the received monopulses was also examined to design
suitable radar’s waveforms.

1. Introduction

Ultra-wideband (UWB) vehicular radars, recently approved
by governments of many counties, are expected to be instru-
mental in reducing traffic accidents [1]. In comparison with
conventional vehicular sensing systems using ultrasound,
visible and infra-red light, and millimeter waves, Ka-band
UWB radar systems hold several advantages, such as no blind
angle [2], high-resolution in ranging, weatherproof, and
lower price than millimeter-wave radars. Since transmission
power of UWB systems is restricted at a level low enough
to avoid interference with conventional narrowband systems,
UWB vehicular radars are used at short range for collision
warning, blind spot detection, parking aid, and precrash
control.

During the last decade, there has been much progress
on UWB technologies. To understand the behavior of UWB
signals, the UWB propagation channel is measured and
characterized as described in [3]. Different channel models
for practical UWB systems have been proposed in multipath
environments [4–6]. Since UWB signals potentially have
high resolution in ranging, the different UWB ranging

systems, in multipath environments, have been investigated
in [7, 8].

The UWB signals for the vehicular radar have also been
measured and modeled in some ways: a generic stochastic
uniformly tapped delay line model of multipath UWB chan-
nel [9], outdoor channel modeling based on measurements
by means of a vector network analyzer [10, 11], and a
pulse-based UWB sensor [12]. However, it is insufficient to
characterize the behavior of UWB channel signals for short-
range monopulse radar at Ka-band, since these works focus
on generic modeling below Ka-band. Ranging and direction
finding are a key feature of UWB radar systems. Thus, we
need to understand these characteristics for Ka-band using a
practical analysis method based on measurements.

The authors have developed a prototype UWB mono-
pulse radar equipped with a receive two-element antenna
array. The performances of ranging and direction finding
by delta-over-sigma (DOS) scheme were evaluated using
measurements obtained in a radio anechoic chamber and
outdoor environments [13]. However, several problems arise
when analyzing the performance of this radar setup. First,
the DOS scheme uses sum and differential signals impinging



2 Journal of Electrical and Computer Engineering

PRI = 133 ns

τ = 1 ns

Figure 1: Train of transmitted monopulses.

on the two-element array. A predetermined broadside is
required for the DOS scheme to estimate angle-of-arrival
(AOA) even if the radar moves toward different directions.
Moreover, the DOS scheme specialized to a two-element
array makes it impractical as an implementation for general
multielement antenna array.

Since the measurements were conducted with indepen-
dent reception for DOA scheme at each of the two-element
array, the prototype UWB monopulse radar could not be col-
lected enough of received signals. We, therefore, developed
an analysis technique to model UWB monopulse signals by
focusing on two ways to understand characteristics of rang-
ing and direction finding, regardless of some constraints.
First, the measurements were analyzed to characterize the
behavior of multipath components from a target contained
in the received signals. Next, instead of applying the DOS
scheme, conventional techniques of pulse compression for
ranging and multiple signal classification (MUSIC) or min-
imum variance distortionless response (MVDR) algorithms
for direction finding were adopted to evaluate the applica-
bility in UWB vehicular radars. The obtained results provide
insight into UWB monopulse radar design.

The rest of this paper is organized as follows: modeling
multipath components is discussed in Section 2. Experimen-
tal verification of the prototype radar from measurements
in a radio anechoic chamber is described in Section 3.
Performance analysis of the UWB monopulse signals in
outdoor environments is presented in Section 4. Finally, the
conclusions are drawn in Section 5.

2. Modeling Multipath Components

The UWB monopulse radar can resolve more multipath
components than conventional narrowband radar systems
because of its high resolution in ranging. Moreover, the AOA
of each of the components is obtained if multiple-element
antennas are adopted and conventional direction finding
algorithms are available. However, an optimum analysis
scheme for the received signal is required to design reliable
UWB radar systems with acceptable performance. We then
derive the detection scheme for resolvable or nonresolvable
multipath components within received UWB monopulse
signals.

2.1. Resolvable Multipath Components. A train of transmitted
monopulses demonstrated in this work is shown in Figure 1.
There is a single monopulse in each pulse repetition interval
(PRI). The signal impinging on the target and the reflected
signal observed by the receive array are assumed to be

plane waves in a static channel. If M signals impinge on
the L-element array from distinct AOAs, the received signal
commonly used in array processing is given by [14]

x(t) = A(θ)s(t) + n(t), (1)

where a steering matrix A(θ) and a vector of signal wave-
forms s(t) are defined by

A(θ) = [a(θ1), . . . , a(θM)],

s(t) = [s(t), . . . , sM(t)]T .
(2)

Assuming a uniform linear array (ULA) having interelement
spacing of d, a steering vector a(θm) can be written by

a(θm) = [a1(θm), . . . , aL(θm)]T , m = 1, . . . ,M. (3)

For the plane wave case, l-th elements at the AOA θm are
given by

al(θm) = e− j(l−1)(2π/λ)d sin θm , l = 1, . . . ,L, (4)

where λ is wavelength.

The received signals are assumed as discrete signals, and
then the received signal matrix per PRI can be written as

X =
[

x(1), . . . , x
(
Npri

)]
, (5)

where Npri is a number of signal samples per PRI. A pulse
compression can be carried out for each element output
to detect multipath components passed through a matched
filter. This output of l-th element is simply the inner product
between received signals of l-th element and replica signals,
namely, pulse compression [15], as given by

rl(n) = Xl(tn) · h, (6)

where tn = n+ 1, n+ 2, . . . ,n+Npri−Nseq, n = 0, 1, . . . ,Npri−
Nseq, and h is a complex conjugate column vector of the
replica signal with length ofNrep. Thus, all of theNpri−Nseq+1
outputs are obtained for each PRI, and then the outputs of
the l-th element are averaged over Nave PRIs:

rl(n) = 1
Nave

Nave∑
a=1

rl,a(n). (7)

Finally, kth multipath components can be extracted to
choose the signal strength higher than the optimum thresh-
old γ, as given by

|rl(nk)| > γ, k = 1, 2, . . . ,K , (8)

where nk is a delay sample from the PRI boundary of the k-th
multipath components. Therefore, for a static environment,
the total of K peaks can be related to the resolvable multipath
components.
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Figure 2: The block diagram of the prototype radar transmitter-
receiver.

2.2. Nonresolvable Multipath Components. We next consider
how to detect nonresolvable multipath components. The
sample covariance matrix is calculated using 2Nsmp + 1
samples around k-th resolvable multipath components:

Rk = 1
2Nsmp + 1

X(ni)XH(ni), (9)

where ni = nk −Nsmp,nk − Nsmp + 1, . . . ,nk, . . . ,nk + Nsmp.

Up to this point, an arbitrary number of array elements
have been discussed. In subsequent discussions, we focus on
an L = 2 case since a two-element array was implemented in
our prototype radar system. Two eigenvalues λ1 and λ2 can
be obtained from eigendecomposition of Rk, because Rk is
guaranteed positive definite due to Hermitian matrix. There
are three types of eigenvalue distribution: λ1 ≥ λ2 > σ2 when
two or more signals having different AOAs impinging on the
receive array, or a single AOA cannot correctly resolve owing
to inadequate accuracy of the elements in Rk, where σ2 is a
noise variance; λ1 > λ2 = σ2 when a single signal impinges
on the receive array; λ1 = λ2 = σ2 when none of signals is
received.

Nonresolvable multipath components within each mul-
tipath component will be estimated from this classification
because of the Nyquist rate. The basic idea is to find a
criterion of nonresolvable multipath components from mea-
surements collected in a single-path environment realized in
radio anechoic chamber. The criterion can be obtained to
apply the second type of eigenvalue distribution. Specifically,
the nonresolvable multipath component can be estimated if
λ2 is larger than the boundary, since a boundary between
resolvable and nonresolvable multipath components is deter-
mined from the distribution of λ2. Hence, the behavior
of a multipath component in outdoor environments is
characterized when using a passenger vehicle as a target. This
criterion can be easily extended to an array having elements
more than 2.

3. Anechoic Chamber Experiments

3.1. Experimental Setup. The block diagram of a prototype
Ka-band UWB pulse radar is depicted in Figure 2, which
is the same system as our previously published work [13],
except that the received signals were directly input to an
IQ demodulator without passing through a coupler. The
experiment was set for a single-path environment in a

Table 1: Specification of experiments.

Waveform Modulated Gaussian monopulse

Pulse duration 1 ns

Frequency
bandwidth

24.0–29.0 GHz

Sampling rate 10 or 20 Gsps

Antennas Slot antennas

Polarization Vertical-vertical

Element spacing 5.4 mm

Spectrum density
of average emission

< −44 dBm/MHz

radio anechoic chamber. The measurements were analyzed
to obtain parameters required to characterize resolvable or
nonresolvable UWB monopulse signals in outdoor environ-
ments. Gaussian monopulse has been widely adopted for
UWB systems to satisfy FCC spectrum mask regulations
[16]. Various practical monopulse design techniques have
been developed in [17–19]. The performance of these design
techniques has also been analyzed in different ways: principle
of space-time array processing [20], target recognition
reflected on different obstacles [21], and position estimation
[22]. We also adopted Gaussian monopulse due to its ease
of use with our analysis methods. An arbitrary waveform
generator with a sampling rate of 25 GHz was used as an
impulse generator.

In the first experiment, a trihedral corner reflector was
used as a target, comprising three right-angled isosceles
triangles with 210 mm long sides. Its radar cross section
was approximately 191 m2. The reflector was placed at a
distance of 2.8 m from the radar. The radar was rotated from
−30◦ to 30◦ in intervals of 1◦, and then received signals
were recorded. A direction of 0◦ was defined as broadside
of the two receive antennas. Transmit and receive antennas
were slot antennas with vertical polarization. The impulse
generator outputs baseband Gaussian monopulse trains with
monopulse duration of 1 ns occupying a bandwidth of
2 GHz, as shown in Figure 3. The trains are upconverted
through RF modules by a carrier frequency of 26.5 GHz
and emitted from the transmitting antenna. The spectrum
density of the average emission in this band was selected
less than −44 dBm/MHz to satisfy FCC regulations [1].
Each received signal impinging on the two-element array is
down-converted to baseband by the IQ demodulator, analog-
to-digital converted at a sampling rate of 10 or 20 Gsps,
and then recorded in a digital storage oscilloscope (DSO).
The transmitted and received UWB monopulse signals are
shown in Figures 3(a) and 3(b), respectively. The latter is
distorted due to mismatching in the RF components. Major
parameters of the experiment are listed in Table 1.

The above setup is capable of collecting data of the single
path impinging on a horizontally placed two-element array
with half-wavelength element spacing. The received signal
performance and the results for analyzing the measurements
are described in the next section.
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Figure 3: Baseband monopulse waveforms.

A received signal power typically attenuates as the
distance between the radar and the target increases. Hence,
resolution accuracy of ranging and direction finding will
depend on the received power. A technique that averages
received monopulses is useful to increase received signal gain
without increasing transmit power. We then estimated the
resolution accuracy by evaluating the different numbers of
averaging monopulses at the receiver. The result is discussed
in Section 4.5.

3.2. Performance Analysis. Received multipath components,
after averaging over 104 PRIs, were extracted by pulse
compression, as given by (7). The reference signals of the
matched filter used for both the I and Q channels were the
received monopulse signal shown in Figure 3(b). The pulse-
compressed output when the radar is directed to 0◦ is shown
in Figure 4, where a single sharp peak is observed. The plot
shows that the number of averaging 104 PRI is sufficient to
extract a single peak from the noisy received signals, and
the outputs directed to the other angles also have a single
peak. However, since the antenna pattern is not isotropic,
the peak strength decreases as the direction moves away from
broadside. The peak strength from −30◦ to 30◦ is shown in
Figure 5.

Next, the covariance matrix R and its eigenvalues
were calculated for each extracted peak, as described in
Section 2.2. To collect more samples around the peak,
Nsmp = 2 (total 5 samples) was selected for 20 Gsps sampling.
The obtained 61 pairs of eigenvalues λ1 and λ2 were then
normalized by λ1. The eigenvalue distribution shown in
Figure 6 revealed that all the λ2 are sufficiently smaller
than unity regardless of direction. It is thus concluded that
λ1 is a signal or resolvable component and λ2 is a noise
or nonresolvable component, and its boundary is 10−1.
This boundary will be used as the criterion of detection
of nonresolvable multipath components in the outdoor
experiments, as described in Section 4.2.

Finally, the AOA was estimated for each of the extracted
peaks using MUSIC algorithm [14] to verify its applicability
to the UWB monopulse signals. The obtained AOAs are
plotted in Figure 7. The two regression curves corresponding

M
ag

ni
tu

de

10

Delay from PRI border (ns)

15 20 25
0

1

Figure 4: Pulse-compressed output signals from broadside in
anechoic chamber experiments.
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sponding to different angles in anechoic chamber experiments.
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ments in anechoic chamber experiments.

to plus and minus angles are also plotted by solid lines.
The plot shows that the MUSIC algorithm can be utilized
for UWB signal with monopulse duration of 1 ns and
carrier frequency of 26 GHz. This result can prove that the
carrier-to-baseband frequency ratio of 26 is sufficient for the
conventional direction finding algorithm regardless of the
UWB signals.

4. Outdoor Experiments

4.1. Experimental Setup. The next experiment was con-
ducted in outdoor environments. A four-door sedan, 4.73 m
long, 1.80 m wide, and 1.44 m high, was used as a radar
target in the outdoor experiment. The vehicle, parked on
a broadside, is shown in Figure 8. The different locations

Figure 8: A radar target on a broadside in outdoor experiments.
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Figure 9: 57 locations of a target vehicle in outdoor experiments.

of the target vehicle are illustrated in Cartesian coordinates
(x, y) in Figure 9. Placing the radar at the origin of the center
lane, the vehicle was parked at 57 locations between the left,
center, and right lanes. The 57 locations were corresponded
to a target direction with an azimuth angle θi between −42◦

and +42◦ and a target distance di from 2.9 m to 10 m away
from the origin, where i = 1, . . . , 57. The center of the rear
bumper was used to define the target direction and distance,
since the transmitted signals mainly impinged on the back
of the target vehicle. The height of the radar antennas was
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Figure 11: Normalized eigenvalue distribution derived from the
measurements in outdoor experiments.

0.6 m, which was the same as that of the rear bumper. Effects
of surrounding trees and buildings were negligible because
the signals reflected from the vehicle were dominant in this
setup.

Since there were no obstructions between the radar and
the target vehicle, the channel model associated with this
setup is line-of-sight (LOS) channel. Assuming a narrow-
band signal, the LOS path is given by a single propagation
path because of low time resolution that is less than the
inverse of the signal bandwidth. Whereas for the UWB
signal, multipath components reflected from the target can
be resolvable, so that every resolvable delay bin does not
contain multipath components [3]. Moreover, the multipath
components impinging on the antenna array are confined to

small angle and delay corresponding to the target vehicle.
This implies that the collected measurements are no longer
treated as the specific channel models. We then characterize
the UWB channel as the delay bin having either resolvable
or nonresolvable multipath components, as described in the
next section.

4.2. Resolvable/Nonresolvable Multipath Components. Multi-
path components were extracted for received signals by pulse
compression given by (7). The obtained pulse-compressed
output from the broadside and at a distance of 3.6 m, namely,
power delay profile, is shown in Figure 10. The resolvable
multipath components were extracted to select the K largest
peaks as in (8) and then classified as three regions with
respect to the lane of the parked vehicle: the left with minus
angle, the center with the broadside, and the right with plus
angle. The extracted number of multipath components was
averaged over each region. The mean value on the broadside
was the largest value at 5.1, while those in the left and right
regions were, respectively, 3.0 and 4.1. This is because when
the multipath components arriving from different directions
have the same delay, the signal strength on the broadside is
higher than that in the other regions, as shown in Figure 5.
Therefore, the number of extracted peaks, depending on
signal strength, decreases as the target direction moves away
from the broadside.

Next, the nonresolvable multipath components within
the extracted resolvable multipath components were evalu-
ated. Setting Nsmp = 2 and calculating the covariance matrix
R as described in Section 2.2, two eigenvalues λ1 and λ2

were obtained by eigendecomposition of R. The eigenvalue
distribution normalized with λ1 is illustrated in Figure 11.
It is observed that some of eigenvalues λ2 are larger than
10−1; the detection boundary was described in Section 3.2.
Thus, the resolvable multipath component having λ2 larger
than 10−1 can be defined as a nonresolvable multipath
component, as described in Section 2.2.

The number of nonresolvable components was also
averaged in each region, and then the ratio of the number of
nonresolvable components to that of resolvable components
was calculated. The obtained ratios in the left region, on
the broadside, and in the right region were 7.6%, 8.7%, and
6.9%, respectively. The nonresolvable multipath components
are observed to concentrate on the broadside. This is because
the multipath components, having a smaller delay than the
monopulse duration of 1 ns, tend to impinge on the receive
array when the array is placed parallel to the four sides of the
vehicle. In this experiment, a vehicle located on the broadside
is parallel to the receive array, as shown in Figure 8.

4.3. AOA Estimation. The AOA was also estimated for each
extracted peak using the MUSIC and the MVDR algorithms
[8] used in the second experiment. The AOAs for the MUSIC
versus the target direction are illustrated in Figure 12. A
similar plot is obtained by MVDR algorithm. The two
regression curves calculated from the anechoic chamber
experiments are also plotted by solid lines. Note that the
AOAs from the right region have an offset from the regression
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Figure 12: Estimated AOA by MUSIC derived from the measure-
ments in outdoor experiments.

curve; this may be attributed to antenna misalignment. It
can be seen that the AOAs from the target direction between
−20◦ and +20◦ are close to the regression curves. Because
of the resolution limitation caused by the two-element array
and the anisotropic antenna radiation pattern, the number
of outliers increases as the target angle moves away from the
broadside.

4.4. Ranging and Multipath Spread. A UWB signal enables
precision ranging capabilities because of a time resolution
on the order of 1 ns [23]. The ranging of each location is
obtained by finding the largest peak in the measured power
delay profile. This approach is similar to a threshold-based
energy detector-based time-of-arrival estimator [7] because
a preamble structure resembles the transmitted pulse trains
as shown in Figure 1. Since the delay from the PRI boundary
to the largest peak is round-trip time between the origin and
the target vehicle, the ranging is obtained from half of the
delay time, as given by

d̂i = cTi

2
, i = 1, 2, . . . , 57, (10)

where c is the light velocity and Ti is the delay bin of the ith
location. Each reference distance between the origin and the
ith location was measured from the receive array to the center
of the vehicle on the rear bumper. The standard deviation of
the ranging errors at each location versus the target distance
is shown in Figure 13. The ranging resolution of 0.15 m
corresponding to the monopulse duration of 1 ns is also
plotted in a solid line. A single outlier more than the ranging
resolution of 0.15 m is observed regardless of the shortest
target distance. This phenomenon is also explained by the
magnitude of extracted multipath component, as shown
in Figure 5. Since the magnitude decreased as the target
direction moved away from the broadside, the multipath
component corresponding to the rear bumper center could
not be precisely extracted at the location with the largest
target direction. In other words, the largest peak of measured
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Figure 13: Standard deviation of ranging errors in outdoor
experiments.

power delay profile did not always arrive from the rear
bumper center when the target vehicle moved away from the
broadside.

Thus, it seems intuitive that the obtained power delay
profile from the target vehicle contains mostly reflected
path components around the rear bumper center. We next
estimate the propagation paths arriving from the target
vehicle, and then define a multipath spread of the profile
as a difference between the shortest and the largest arrival
distances of multipath components to estimate the reflection
point corresponding to each multipath component. The
multipath spread of each target location is a plotted 3D
graph, as shown in Figure 14. The resulting spread on the
broadside ranges from 0.29 to 0.5 [m], so the distance is
too long to generate the power delay profile from only
directly reflected path components from the rear bumper.
Therefore, from the rear surface of the vehicle shown in
Figure 8, the reflection points of multipath components may
include the pillar and roof as well as the bumper and the
ground reflection path as well as the direct path. On the
other hand, the multipath spread in the left and right regions
tend to decrease as the target distance increases and target
angle moves away from the broadside. This is mainly due
to two reasons. First, since the side of the vehicle enables
to contribute the reflection, the width of probable reflection
surface increases as target angle moves away from the
broadside. Second, the width of probable reflection surface
on the vehicle decreases in proportion to distance and then
more than one multipath component with almost the same
delay tends to fall in a single peak.

4.5. Effect of Number of Averaging PRIs. The analyses so far
has used the measurements with the averaging of 104 PRIs
and a sampling rate of 20 Gsps. The number of PRIs is an
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Figure 14: Multipath spread from a target vehicle in outdoor experiments.
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PRIs in outdoor experiments.

important parameter to improve accuracy of practical radar
systems. The signals of each PRI were also recorded on the
DSO with a sampling rate of 10 Gsps at the locations, as
shown in Figure 9. The recorded signals were averaged over
Nave PRIs, where Nave = 16, 32, 64, 128, and 149, since the
maximum number of PRIs was 149 owing to the limitation
of memory size on the DSO with 10 Gsps sampling. Note that
when calculating R, Nsmp = 1 (total 3 samples) was selected
for 10 Gsps sampling.

For the measurements of 20 Gsps sampling, the ranging
accuracy was verified as described in Section 4.4. We then
define a ratio of correctly estimated ranging at each location
as a pulse-detection probability. For example, the pulse-
detection probability for averaging of 104 PRIs was unity,
since the estimated ranging error was zero. The resulting

pulse-detection probability versus the averaging Nave is
plotted in Figure 15. The regression curve is also plotted. The
probability increases with Nave because of improvement of
signal-to-noise ratio by averaging. The AOAs were next eval-
uated using only the multipath components corresponding
to the correctly estimated ranging. However, almost all AOAs
are not accurately estimated for Nave less than or equal to 128.
These results show that the level of the extracted peak after
the pulse compression is generally below that of noise and
thus; time average cannot converge to the true mean value.

5. Conclusions

This paper has presented the multipath resolution and
direction findings of a UWB monopulse radar equipped
with a two-element array. We cannot perform more detailed
analyses owing to experimental limitations, such as the
number of array elements, the number of monopulses per
PRI, the received monopulse distortion, and measuring in
static environment only. However, since the obtained results
are useful parameters for performance analysis by computer
simulation, a more practical UWB monopulse radar with
multiple-element array will be designed. Moreover, the
proposed estimation methods for resolvable/nonresolvable
multipath components will be a valuable tool for any
other UWB monopulse radars. The number of averaging
monopulses is an important parameter for accuracy of
ranging and direction finding. However, the observations
must be corrected in static or quasistatic environments.
Therefore, for practical use, a number of monopulses per
PRI, sampling rate, and multiple-element array must be
considered to increase the number of observations as quickly
and accurately as possible.
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The utilization of wireless technology in traditional medical services provides patients with enhanced mobility. This has a positive
effect on the recovery speed of a person after major surgical procedures or prolonged illness. Ultrawideband (UWB) radio signals
have inherent characteristics that make them highly suitable for less invasive medical applications. This paper surveys our own
and related recent research on UWB technology for medical sensing and communications. Some research perspectives in the
aforementioned topics are suggested too.

1. Introduction

In recent years there has been an increasing interest in using
ultra wideband (UWB) technology for short-range wireless
communication interfaces [1]. The IEEE 802.15.4a standard
has adopted UWB as one of the interfaces for robust
low-data-rate transmission in wireless personal networks
(WPANs) with precision ranging capabilities [2]. UWB sig-
nals have an inherent noise-like behavior due to their ex-
tremely low maximum effective isotropically radiated power
(EIRP) spectral density of −41.3 dBm/MHz. This makes
them difficult to detect and robust against jamming, poten-
tially rescinding the need for complex encryption algorithms
in tiny transceivers. Owing to these characteristics, UWB
has emerged as a solution for the radio communication in-
terface in medical wireless body area networks (WBANs) [3].
Additionally, UWB signals do not cause significant inter-
ference to other systems operating in the vicinity and do
not represent a threat to patients’ safety [4]. Impulse radio
(IR) transceivers have simple structure and very low power
consumption, which facilitates their miniaturization [5–7].

Another promising application of UWB as wireless com-
munication interface is in capsule endoscopy. A capsule endo-
scope is a camera with the size and shape of a pill that is swal-
lowed in order to visualize the gastrointestinal tract. They

originally were devised to transmit still images of the
digestive tract for subsequent diagnosis and detection of gas-
trointestinal diseases. Nevertheless, real-time video imaging
of the digestive tract is feasible using an UWB radio interface
[8, 9]. Although capsule endoscopy is an invasive technique,
its use is significantly more comfortable to the patient than
traditional endoscopy and colonoscopy. Capsule endoscopes
have demonstrated the ability to detect diseases in the small
intestine in cases in which other techniques cannot [10–12].

Besides being used as wireless communication interface,
UWB technology has many other possible applications in
healthcare systems [13]. For instance, the IR-UWB radar has
the potential to detect, noninvasively, tiny movements inside
the human body [14]. Thereby, it is entirely possible to moni-
tor cardiovascular physiological parameters using movement
detection of the aorta [15–18] or other parts of the arterial
system. Such parameters include heart rate (HR), respiration
motion, blood pressure (BP), and so forth. Due to the archi-
tecture of the UWB radar, it is feasible to use the same
electronics for both radar sensing and IR-UWB communica-
tions [7].

Imaging of surface and more deeply located structures
such as breast tissue for cancer diagnosis is another promis-
ing application of UWB technology [19–25]. This has the
potential of taking over the role of X-ray mammography. The
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great advantage of UWB is the absence of harmful effects
due to long exposure to ionizing radiation. However, this
application is not reviewed in here.

The rest of the paper is organized as follows. Section 2
describes the use of UWB as the communication interface for
medical sensors in a WBAN. Section 3 is devoted to the use of
UWB for capsule endoscopy. Section 4 surveys the research
on UWB radar for medical sensing, particularly BP sensing.
Finally, our conclusions are summarized in Section 5.

2. Wireless Body Area Networks

The integration of on-body medical sensors, in-body sen-
sors, and UWB radars into a single network requires a
carefully planned architecture in order to guarantee proper
operation without mutual interference between the different
devices. The Federal Communication Commission (FCC)
has allocated the 3.1–10.6 GHz frequency band for UWB
communications in the United States [26]. It is important to
notice, however, that a large part of this spectrum is strictly
regulated in Europe and might not be available for new
UWB radio systems. According to the European regulations
[27, 28], only the 6–8.5 GHz part of the spectrum is readily
available for UWB transmissions without the use of inter-
ference mitigation techniques. Transmissions in 3.4–4.2 GHz
and 8.5–9 GHz are allowed for devices implementing the
detect-and-avoid (DAA) interference mitigation technique.
Beyond December 31, 2010, the 4.2–4.8 GHz portion of the
spectrum can be used if both DAA and low-duty-cycle (LDC)
transmissions are implemented. Below is a description of
a viable communication configuration of WBAN using
different portions of the UWB spectrum.

2.1. Communication Interface for Implanted Sensors. Our re-
search on UWB radio propagation inside the human body
[29] revealed higher signal attenuation at higher frequencies.
Since miniaturization and power consumption are the most
important design constraints for in-body sensors, the signal
attenuation through living tissues must be the minimal
possible. Therefore, the 3.4–4.8 GHz frequency band is
the most appropriate for these devices [30]. Although the
regulations request the implementation of DAA and LDC in
this portion of the spectrum, it is very unlikely that radio
signals radiated from inside the human body at extremely
low power can cause interference to other NB systems. In the
case of full-duplex links, DAA and LDC can be implemented
in the on-body transceiver where more complex circuitry
can be afforded. We have developed UWB propagation
models for the communication of implanted sensors. One of
these models provides the mathematical expression for the
attenuation of a UWB channel between 1 and 6 GHz in the
chest [31], as shown below

L[dB](d) = 10[dB] + 0.987(d)0.85 + N (0, σ), (1)

where d is the depth from the skin in millimeters (1 < d <
120) and N is a Gaussian-distributed random variable with
zero mean μ = 0 and standard deviation σ = 7.84 that
models the scattering around L[dB](d). In the same vein, an

expression for the attenuation in the abdomen is given in
[32] as

L[dB](d) = 3.55[dB] + 2.46(d) + N
(
μ(d), σ(d)

)
, (2)

where 1 < d < 150 mm. The values of μ(d) and σ(d) are
found in [32] for different depths.

The mathematical expressions of the statistical character-
ization for the channel impulse response (CIR) in both cases
are provided in [31, 32], respectively. These models facilitate
the reproduction of distorted UWB pulses after propagating
through human tissues, which is essential for the design and
evaluation of implanted transceivers.

2.2. Communication Interface for On-Body Sensors. On-
body medical sensors (motes) operate on or in very close
proximity to the patient’s skin (typically less than 2 centi-
meters). Typical data rate requirements for common on-
body medical sensing devices are given in [3]; electromyo-
graphy (EMG) sensing is the most throughput-demanding
application (up to 1500 kbps). However, it is important to
note that continuous EMG monitoring is not necessary as
is the case of electrocardiogram (ECG) and electroenceph-
alogram (EEG) that require 10–100 kbps and 10–200 kbps,
respectively. The IEEE 802.15.6 task group (http://www
.ieee802.org/15/pub/TG6.html) has produced the first stan-
dard draft that details the characteristics of the UWB wireless
interface for on-body sensors. IR-UWB on-body transceivers
in the lower part of the UWB spectrum, that is, 3.4–4.8 GHz,
are expected to be used. Experimental prototypes of these
devices have already been developed [28, 33, 34]. On-body
channels are more prone to experience fading and larger
RMS delay spread than in-body channels [35]; thus, IR-UWB
on-body transceivers are expected to support low data rate
only [36].

Because of the complex geometry of the human body, it
is likely that some on-body nodes require the relaying of
their data when a single-hop link cannot be established be-
cause of extremely high signal attenuation. A relay node (RN)
fulfils this task [28], although it is possible to include re-
laying capabilities in each mote’s transceiver to ensure the
establishment of multihop links whenever is required. More-
over, an implanted sensor needs a RN to transmit their data
to a network controller for processing and displaying. This
special RN is referred to as gateway node (GN).

2.3. Network Controller and Patient Monitor. The informa-
tion collected by the low data rate sensors is gathered by a
device known as body area network controller (BNC). The
on-body sensors are connected to the BNC in a simple star
network topology [37] using the IR-UWB 3.4–4.8 GHz on-
body interface (Figure 1). The BNC can be devised as a per-
sonal digital assistant (PDA) that executes a MAC protocol,
for example, [38], in order to ensure that all the sensors
transmit their information in an organized and fair way.

For in-home healthcare, the BNC can display several
basic vital signals such as temperature, heart rate (HR), blood
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Figure 1: Network Topology of an UWB-WBAN.

pressure (BP), and oxygen saturation (SpO2). However, for
in-hospital healthcare and during surgery in an operating
room (OR), a more powerful computer is necessary to
display more complex signals such as ECG. This computer
is referred to as patient monitor (PM) and is connected to the
BNC through a high-data-rate UWB interface, namely, the
ECMA-368 radio interface [39]. This interface, based on
multiband orthogonal frequency division multiplexing (MB-
OFDM), can support 480 Mbps within distances of up to
3 m and 110 Mbps up to 10 m. The link between the BNC
and the PM can operate in the 6–7.25 GHz and 8.5–9 GHz,
which roughly translates into subbands 7, 8, and 11, of the 14
subbands in which the UWB spectrum is divided according
to the ECMA-368 standard. Other high-data-rate devices
such as imaging medical radars can be connected to the PM
using the same interface.

As seen, the BNC must support both IR-UWB in 3.4–
4.8 GHz and ECMA-368 in 6–7.25 GHz and 8.5–9 GHz.
Since DAA is required in 8.5–9 GHz, this part of the spectrum
must be occupied mainly for temporary transmissions. The
inherent capability for frequency agility of the ECMA-368
interface can be exploited to ensure the electromagnetic
compatibility (EMC) of the WBAN with other electronic
devices in the OR. The core of an OFDM transceiver is an
inverse/direct fast Fourier transform (IFFT/FFT) engine. It
has been demonstrated that the FFT engine can be effectively
used as a spectrum analyzer with a frequency resolution of
4.125 MHz thereby facilitating the implementation of DAA
algorithms [40, 41]. The architecture of a BNC with cognitive
radio [42] capabilities for the BNC of a medical WBAN has
been presented in [43].

3. Capsule Endoscopy

Traditional medical practice for the diagnosis of patients
with disorders such as anal bleeding, Crohn’s disease, Celiac
disease, and intestinal tumors relies on the insertion of
flexible tubes containing cameras to examine hard-to-reach
parts of the digestive tract. This technique, however, can
examine the upper portion of the digestive tract only, while
colonoscopes help to visualize the lower part (colon). There
is a large portion (approx. 6 m) of the small intestine that
cannot be inspected with these techniques. Capsule endo-
scopes help to fill this gap with significantly less discomfort
for the patient.

State-of-the-art capsule endoscopes are swallowed with
water, after which the patient puts a recorder belt on the
waist. Some hours later (typically eight), medical staff look
for abnormalities by reviewing a video created from the still
images transmitted wirelessly from the capsule endoscope
to the recorder belt. Adding the capability to transmit and
analyze high-definition (HD) video in real time can provide
further advantages to the medical staff for an accurate diag-
nosis. This additional capability, however, might increase the
complexity of the circuitry and hence the power consump-
tion of the capsule endoscope. The power consumption of a
capsule endoscope must be as low as possible (in the order of
1 mW) with a mandatory small physical size (around 300
cubic millimeters). Transmitting real-time video requires a
high-transmission-rate communication link, for example,
73.8 Mbps for uncompressed VGA data [37]. All these re-
quirements are difficult to meet using narrowband (NB) sys-
tems that operate in the medical implant communication
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Figure 2: (a) In-body transmitter and (b) on-body receiver block diagrams for a capsule endoscope UWB communication system.

systems (MICS) frequency band of 401–406 MHz. In con-
trast, UWB technology has the potential to fulfill them all.
In [9] we proposed the IR-UWB communication system for
a capsule endoscope with high-data-rate capabilities. The
UWB channel was characterized for the frequency range of
1–5 GHz using computer simulations. Nevertheless, we have
recently developed a statistical UWB propagation model for
capsule endoscope communications in 1–6 GHz [44].

3.1. In-Body Communication System Architecture. Due to the
limitations at the in-body transmitter that include power
consumption, size, system cost, and complexity, its com-
munication architecture must be as simple as possible
(Figure 2(a)). A pulse generator provides the UWB pulse
that is subsequently modulated, amplified, and transmitted.
The shape of the transmitted pulse determines the signal
bandwidth. We used the fifth derivative of a Gaussian pulse
to cover a bandwidth of approximately 1–5 GHz. The power
spectral density (PSD) of the transmitted pulse is shown in
Figure 3.

The generated data from the electrooptical circuitry of
the capsule endoscope is directly modulated without further
processing thereby simplifying the transmitter architecture.
We considered the biphase pulse amplitude modulation
(BPAM) scheme, in which the data bits are expressed by the
polarity of the transmitted pulses. The resulting signal is
then amplified and transmitted. The transmitter antenna
must cover the entire frequency range with little pulse distor-
tion. The design of a compact UWB antenna for the in-
body transmitter is a challenging task, but some designs are
available in the literature [45, 46].

3.2. On-Body Communication System Architecture. For the
on-body receiver we proposed a novel architecture, which
uses a single branch correlator (including a multiplier and an
integrator) for recovering the transmitted signal. The block
diagram of the receiver is depicted in Figure 2(b).

The UWB antenna at the receiver can be placed on the
skin or at some distance away. By placing the receiving
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Figure 3: PSD of the transmitted Gaussian pulse (fifth derivative),
the averaged PSD of the in-body channel, and the second derivative
Gaussian pulse signal fitted to the average PSD.

antenna on the body surface, the nonradiative near-field
components can be collected by the antenna thus improving
the link quality significantly. We have found an improvement
of 6 dB due to near-field coupling in UWB in-body links
[47]. The practical implementation of the receiver antenna
requires a special structure since it must cover a relatively
wide body area (abdominal torso) [48]. Commonly, a
spatial-diversity antenna array around the torso is embedded
in a recorder belt, which is worn by the patient while the
capsule endoscope operates.

The low-noise amplifier (LNA) increases the power of
the received pulses to a suitable level for signal processing
and to overcome noise in subsequent electronic stages.
The data are subsequently recovered by the correlator. The
correlation operation can be implemented in either analog
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or digital circuits. Using an all-digital receiver requires highly
sophisticated receiver processors with an analog-to-digital
converter (ADC) with sampling rate of 2 or 4 times that
of the pulse bandwidth and resolution of 4–6 bits. A hybrid
analog and digital receiver can reduce the system complexity
and cost by decreasing the sampling rate and resolution of
the ADC [49]. The correlator output is then sampled, and
the ADC converts the analog-demodulated signal into digital
form. The digital baseband circuitry provides control for the
clock generation, synchronization, and data processing.

One might think that the receiver can take advantage of
multipath signals by creating a bank of correlators (rake re-
ceiver structure). This idea has been applied to IR-UWB links
in dispersive channels with large number of correlators and a
more complicate system. However, the imperfect correlations
resulting from distorted received pulses reduce the system
performance. An optimal way to correct this problem is
using a template-match detection technique that performs a
matched filter operation with a series of template waveforms.
However, the system complexity increases significantly, and
channel estimation is required. Hence, we propose using a
single branch correlator with an optimized predefined tem-
plate that guarantees maximum energy recovery. The asso-
ciated delay of the template is adjusted so that maximum
correlator output at one branch is generated. The short root-
mean-square (RMS) delay spread of in-body channels (in the
order of 1 ns) [29] enables this simple architecture.

The design of the pre-defined template depends on the
propagation channel characteristics. By multiple electro-
magnetic (EM) simulations of UWB signals propagating
through the abdomen, the normalized average PSD of the
“digestive” radio channel was obtained (see Figure 3). The
second derivative of a Gaussian pulse can approximate fairly
well the PSD of the channel and therefore was chosen as the
pre-defined template. It is important to mention, however,
that this template pulse choice is optimal for the ideal case
that we considered, that is, when the antenna effects are

disregarded. Taking this into account, the antenna effects
would have a considerable impact on the optimal template.
In such case, the EM simulations must include the particular
antenna specifications in order to select the most appropriate
template for any other specific design.

3.3. Performance Evaluation. The average bit-error-rate
(BER) performance (averaged over 90 arbitrary channel re-
alizations) for different templates in an additive white Gaus-
sian noise environment is compared in Figure 4. The worst
performance is observed using the fifth derivative of the
Gaussian pulse as template. The reduced BER performance
reveals significant distortion of the transmitted pulse while
propagating through the body tissues. The best BER perfor-
mance is obtained for the second derivative, which collects
more signal energy from the distorted pulses. For a typical
BER of 10−3, a mismatch loss of 5 dB is observed with respect
to the ideal case. Using the first and the third derivatives
provides almost similar BER performance.

3.4. Ongoing Research. We recently carried out an experi-
ment that demonstrated the feasibility of transmitting high-
data-rate video (H.264/1280 × 720 pixels at 30 frames/s)
through the living tissues of a porcine surgical model. The
in-body to on-body communication was done using an
ECMA-368 link in 4.2–4.8 GHz. Proper video transmission
at 80 Mbps was achieved at depths from the skin of up to
35 mm. Further improvement is expected using lower fre-
quencies and an implantable antenna [46]. Moreover, if the
data from the electrooptical circuitry of the capsule endo-
scope is properly encoded [50], significant reduction of the
required transmission rate can be obtained thereby improv-
ing the communication conditions. These speculations will
be verified in future experiments.

One of our goals is the development of a full-duplex com-
munication link for capsule endoscopy. This means integrat-
ing not only a transmitter but also a receiver (transceiver ar-
chitecture) in the capsule endoscope. This will allow trans-
mitting external commands (movement, optical focus on
specific areas, etc.) to the capsule endoscope thereby adding
more control and flexibility to the device. The same tran-
sceiver can be used to remotely control microrobotic multi-
functional endoscopic devices, capable of performing several
diagnostic and therapeutic operations such as biopsy, elec-
trocautery, laser microsurgery, and so forth, with a retract-
able arm [51].

Accurate tracking of the capsule is required for all the
aforementioned applications. However, the tracking problem
is rather complicate due to the highly nonhomogeneous
structure of the human body. Nevertheless, our research has
demonstrated that the use of multimodel (MM) target track-
ing methods can provide accuracy in-body tracking in the
millimeter scale [52, 53].

4. Medical Radar

Heart rate, respiration rate (RR), and heart movements
recording have already been proved feasible using IR-UWB
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radar [54, 55]. Several other possible medical applications of
UWB radar include ambulatory cardiac output monitoring,
blood vessel movement recording, blood pressure celerity
measurement, and shock diagnosis in emergency patients.
Similar technology can obviously be applied to pneumology
and polysomnography for apnoea monitoring in infants,
obstructive sleep apnoea monitoring, allergy and asthma
crisis monitoring, and so forth. The application of UWB
radar in obstetrics as a replacement for ultrasound has
also been proposed [14], but this idea has been looked
upon cautiously because of the great concern regarding
radiofrequency (RF) safety for the newborn. Nevertheless,
UWB radar can offer the medical staff and patients several
advantages over ultrasound, such as noncontact operation,
no need for cleaning after use, remote and continuous
operation, lower cost, and easier operation.

4.1. Blood Pressure Measurement. Noninvasive measure-
ments of BP exist such as sphygmomanometer, photople-
thysmograph [56], tonography [57], and pulse transit time
[58]; however, they all rely on peripheral measurement
points. This may constitute a problem in certain situations
such as when flow redistribution to central parts of the body
(heavy injury, temperature) degrades these measurements;
another situation where central measurements may prove ad-
vantageous is in the presence of strong movement of the pe-
ripheral locations, which affects pressure measurements [59].

The use of radar techniques to measure BP may draw
upon ideas from these fields, as well as from ground-pen-
etrating radar (GPR), yet is different enough to merit a spe-
cific approach. In particular, the complexity of geometry and
stronger attenuation are more significant in BP measurement
compared with detection of breast cancer and HR and RR,
which are essentially based on shallow reflections.

Estimating BP using radar techniques is necessarily in-
direct; pressure only affects propagation through the geom-
etry and not material dielectric properties, contrarily to
medical imaging using UWB radar for early breast cancer
detection. The latter involves transmitting an extremely short
pulse through the breast tissues and then recording the
backscattered signal from different locations. The basis for

detecting and locating a cancerous tumor is the different
dielectric properties of healthy and malignant breast tissue.
Healthy tissue is largely transparent to microwaves, whereas
tumors, which contain more water and blood, scatter them
back to the probing antenna array [22]. However, in the
case of the aortic BP, two effects may relate aorta diameter
(geometry) to its pressure:

(i) using the linear relationship between percentage
changes in instantaneous BP and diameter, shown for
carotid artery pressure in [60];

(ii) estimating the elasticity of the aorta (local compli-
ance or incremental elastic modulus) and relating this
to BP [58, 59, 61] without being explicit with respect
to the functional relationship.

In both approaches, the radar-based method aims at detect-
ing the aorta walls and estimates the diameter as a function
of time.

From a medical point of view, central measurements are
better than peripheral ones. Therefore, we pursued the mea-
surement of BP through movement detection of the aorta.
In order to understand the principles of using UWB radar
to measure aorta diameter variations, a simple model was
constructed for EM simulations [15]. Our model combines
a voxel representation of the human body with the material
dielectric properties proposed in [62]. It is based on a 2D
simplified geometry: a cylinder of diameter d (representing
the aorta) immersed in a lossy medium (Figure 5). The
lossy medium approximates average living tissue dielectric
properties, except for the skin and aorta, the properties of
which were taken from [62]. Further details of the model and
the EM simulations can be found in [15].

With diameter variations in the order of 2 mm, a set
of simulations with aorta diameter ranging from 20 mm to
26 mm in steps of 0.4 mm were conducted in a simulation
space with a resolution of 0.1 mm. The current source signal
in the simulations was the seventh derivative of a Gaussian
pulse with energy centered around 4.5 GHz. This relatively
high-order derivative was used for compensating, to a cer-
tain extent, the frequency-dependant attenuation in the sim-
ulations.

The analysis of the resulting transfer function and the
time-domain echoes led to the conclusion that the backscat-
tered signal from the aorta contains necessary information
for distinguishing front and rear walls of the aorta thereby
making the estimation of its diameter feasible. However, due
to strong attenuation in living tissues, feasibility is essentially
hinged on a viable power budget. In the simulations, an
upper bound on received power in the 0.8–5 GHz range
shows a 40 dB loss at the lower end increasing to about
120 dB at the upper end where material loss is dominant.

There are several tradeoffs involved in achieving BP
measurements with UWB radar: high-frequency content
versus SNR at the receiver as tissues generally severely
attenuate the signals; high-frequency versus resolution (and
signal-to-clutter reduction) for the same reason. A criterion
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for the best selection of bandwidth and center frequency was
presented in [16, 17]. Even with a more realistic simulation
scenario than that in Figure 5, the feasibility of estimating
the aorta radius with the use of UWB radar has been
demonstrated [18].

Another key issue that needs to be addressed is whether
the use of an antenna array improve measurements, and if
so, how much and in which way should this best be imple-
mented. Potentially, the use of an array introduces spatial
selectivity and may improve the signal-to-clutter ratio.

Our ongoing research toward the demonstration of BP
measurements using UWB radar is focused on measure-
ments with a phantom model that mimics a complex geom-
etry for the estimation of the aorta diameter with sets of
static measurements. This will allow for direct comparison
between theoretic and practical results.

5. Conclusions

Ultra wideband technology has many potential applications
in medicine for less invasive medical diagnosis and moni-
toring. The UWB radar can potentially be used in novel non-
invasive sensing and imaging techniques owing to its high
temporal resolution for detecting backscattered signals. We
have described our current research on the application of this
technology to noninvasive measurement of blood pressure.

The other application of UWB is as low-power wireless
communication interface. Particularly, impulse radio seems
to perfectly fit the communication requirements of tiny
medical sensors, including in-body ones. Our research in this
area was presented through the case study of a capsule endo-
scope system. Additionally, medical sensors and radars can
be interconnected using UWB interfaces thereby enhancing
the mobility of patients during surgery or intensive therapy.
We described the integration architecture of all these systems
into a single wireless body area network. One major issue
to consider while interconnecting several medical devices
using UWB radio interfaces is the possibility of mutual
interference with other systems that already operate in the
3.1–10.6 GHz frequency band. Therefore, new interference
avoidance techniques and frequency agility such as cognitive
radio have to be investigated.

These two aspects of UWB (radar and wireless com-
muni-cation interface) for medical applications are being
investigated in Norway by the MELODY Project (http://www
.melody-project.info/); MELODY stands for “medical sens-
ing, localization, and communications using ultra wideband
technology.” The ultimate objective of this project is the im-
provement of current wireless health systems and the possi-
ble development of novel medical applications based on
UWB technology.
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The IEEE 802.15.4a standard for wireless sensor networks is designed for high-accuracy ranging using ultra-wideband (UWB)
signals. It supports coherent and noncoherent (energy detector) receivers, thus the performance-complexity-tradeoff can be
decided by the implementer. In this paper, the maximum operating range and the maximum allowed pathloss are analyzed for
ranging and both receiver types, under FCC/CEPT regulations. The analysis is based on the receiver working points and a link
budget calculation assuming a frees-pace pathloss model. It takes into consideration the parameters of the preamble, which
influence the transmit power allowed by the regulators. The best performance is achieved with the code sequences having the
longest pulse spacing. Coherent receivers can achieve a maximum operating range up to several thousand meters and energy
detectors up to several hundred meters.

1. Introduction

Real-time locating systems (RTLSs) and sensor networks
are challenging topics for research and development. Novel
applications, such as the tracking of fire fighters in emer-
gencies [1, 2] and the tagging of cars in the manufactur-
ing process, need very precise and reliable localization in
multipath intensive environments. Common approaches as,
for example, the global positioning system (GPS) or WLAN
fail in such situations, because the signals are unable to
penetrate the roof and the walls and/or they get disturbed
by multipath propagation. Thus, researchers have focused on
new radio frequency (RF) technologies in recent years, in
particular ultra-wideband (UWB). UWB shows robustness
against multipath interference and allows for highly accurate
positioning [3–9].

IEEE 802.15.4a [10] is a standard for wireless sen-
sor networks with submeter ranging accuracy in indoor
environments. The physical layer is designed for bidirec-
tional communications using amplitude and position mod-
ulated, bandpass-type UWB signals. It thus supports high-
complexity coherent receivers and low-complexity energy
detectors. A two-way time of arrival ranging scheme is

proposed. The first part of each transmission is a pulse
sequence with known codes, called the preamble, which is
used for signal detection, synchronization, and the estima-
tion of the channel impulse response (CIR) that is needed
to obtain the time-of-arrival. The preamble sequences show
perfect autocorrelation properties for both receiver types
[11]. Energy detectors promise low cost and low power
consumption, but a performance loss occurs [12] and
more vulnerability is unavoidable with respect to interfering
signals [13]. Sub-Nyquist-rate sampling can further reduce
the complexity, but also the ranging performance [7, 14].

The IEEE 802.15.4a standard has a large number of
system parameters that influence the achievable ranging per-
formance [15–17]. Based on the results in [18], the maximal
allowed transmit power is analyzed in this paper taking
into account the regulations of the Federal Communication
Commission (FCC) [19] and the Conférence Européenne
des Postes et Télécommunications (CEPT) [20]. The system
performance is evaluated with respect to the achievable
operating range and the maximum allowed pathloss for a
coherent receiver and an energy detector. Our analysis shows
the parameter settings and frequency channel selection for
maximizing the performance.



2 Journal of Electrical and Computer Engineering

Table 1: Preamble characteristic.

Ns L Npr Tchip (ns) Tpr (μs) PRF (MHz) MRF (MHz) ERF (MHz) N1 ms

31 16 16 ≈2 15.9 31.2 16.1 0.256 16

31 16 64 ≈2 63.6 31.2 16.1 1.024 64

31 16 256 ≈2 254.4 31.2 16.1 4.096 256

31 16 1024 ≈2 1017.4 31.2 16.1 16.1 1006

31 16 4096 ≈2 4069.7 31.2 16.1 16.1 1006

31 64 16 ≈2 63.6 7.8 4.03 0.256 16

31 64 64 ≈2 254.4 7.8 4.03 1.024 64

31 64 256 ≈2 1017.4 7.8 4.03 4.03 251

31 64 1024 ≈2 4069.7 7.8 4.03 4.03 251

31 64 4096 ≈2 16279.0 7.8 4.03 4.03 251

127 4 16 ≈2 16.3 124.8 62.89 1.024 16

127 4 64 ≈2 65.1 124.8 62.89 4.096 64

127 4 256 ≈2 260.5 124.8 62.89 16.384 256

127 4 1024 ≈2 1042.1 124.8 62.89 62.89 982

127 4 4096 ≈2 4168.2 124.8 62.89 62.89 982

The paper is organized as follows. Section 2 presents the
signal models according to the 802.15.4a standard, a signal-
to-noise ratio (SNR) analysis, and the performance metric
definition. The FCC and CEPT regulations are discussed in
Section 3, and the link budget is introduced in Section 4.
This is followed by performance results and conclusions in
Sections 5 and 6.

2. Problem Statement

An (indoor) ranging system needs to find the line-of-sight
(LOS) component in the channel response, because the
detection of a reflection or a noise component may lead
to very large errors. Thus, the ranging performance can be
characterized by the quality of the channel estimation at the
receiver output. An appropriate performance metric is the
receiver output SNR of the LOS component (LSNR), as it
correlates strongly with the ranging performance [21]. It is
defined as

LSNR =
∣∣ys[nLOS]

∣∣2

var
{
ĥ[n]

} , (1)

where ys[nLOS] is the LOS sample nLOS of the receiver output

and var{ĥ[n]} is the noise variance of the estimated channel
response ĥ[n].

To study the operating range, it is necessary to relate the
output SNR to the input SNR of the receiver. The input SNR
is given by the transmit power regulations, the link budget,
and the channel. The output SNR furthermore depends
on the receiver structure, the hardware components, and—
in case of a noncoherent receiver—also on the preamble
parameters, as analyzed below. The input SNR is defined by
the energy of the despread LOS component over the noise

spectral density ELOS/N0 with ELOS = M1E
(1)
LOS, where E(1)

LOS is
the received energy for the LOS component of a single pulse
and M1 is the number of transmitted pulses.

2.1. Signal Models. This section introduces the signal models
for the IEEE 802.15.4a physical layer and the receivers.

2.1.1. IEEE 802.15.4a. The most important signal part for
ranging is the preamble. It employs a code sequence cs of
length Ns = 31 or 127 [10] that consists of ternary elements
{−1, 0, 1}. The preamble code vector csp is created as

csp = 1Npr ⊗ cs ⊗ δL = c⊗ δL, (2)

where ⊗ denotes the Kronecker product, δL is a unit vector
with a one at the first position and length L to extend the
spacing between the preamble chips, and 1Npr denotes a
vector of ones to repeat the preamble sequence Npr times.
The vector c is the periodically repeated preamble code. The
transmitted signal s(t) is defined as

s(t) = �
⎧⎨⎩√Ep

M−1∑
m=0

cmw
(
t −mLTchip

)
e jωct

⎫⎬⎭
=
√
Ep

M−1∑
m=0

cmw̃
(
t −mLTchip

)
,

(3)

where Ep is the energy per pulse, cm is the m-th element of c,
w(t) is the energy-normalized pulse shape, M is the number
of code elements in the preamble, ωc is the carrier frequency,
Tchip is the chip duration, and w̃(t) is the upconverted pulse
assuming the carrier and the pulse are phase synchronous.

Table 1 shows the timing characteristics of the preamble,
where Tpr is the total duration of the preamble, PRF is the
peak pulse repetition frequency, MRF is the mean pulse
repetition frequency, and N1 ms is the number of preamble
sequences within 1 ms. ERF is the effective pulse repetition
frequency according to the regulations (see Section 3).

The transmitted signal (3) is sent over a multipath
channel with channel impulse response hc(t), where also
the effects of the antenna are contained for simplicity.
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Furthermore, hc(t) is assumed to be constant during Tpr.
Thus, the analog received signal is obtained from

ra(t) = s(t)∗ hc(t) + ν(t), (4)

where ν(t) is modeled as additive white Gaussian noise and
∗ is the convolution. Next, the receiver architectures are
described.

2.1.2. Coherent Receiver. Figure 1 shows the system model
of the coherent receiver. The signal is received by a UWB
antenna and filtered by the transmit pulse shape w̃(t). Thus,
a matched filtering to the pulse shape is applied. The signal is
converted to complex baseband using the Hilbert transform
hhilb(t) and carrier demodulation by the estimated frequency
ω̂c. The complex baseband signal is given by

rb(t) = [ra(t)∗ w̃(t)∗ hhilb(t)]e− jŵct+ϕ, (5)

where ϕ is the unknown carrier phase. Assuming synchro-
nization and known carrier frequency, an estimated sampled
channel response is obtained after despreading,

ĥ[n] =M1h[n] +
Npr−1∑
q=0

Ns−1∑
m=0

cmνb
[
n +

(
m + qNs

)
LNchip

]
, (6)

because the preamble codes have perfect circular auto-
correlation properties, thus interpulse interference (IPI) is
canceled. (For this assumption it is necessary that the
maximal excess delay τmax ≤ LNsTchip = Ts, where Ts is the
period of the spread preamble sequence. The IEEE 802.15.4a
standard has a Ts ≥ 1μs, which is usually sufficient for IPI
free processing in indoor environments.) The despreading
is first performed sequencewise (

∑
m) and then over the

sequence repetitions (
∑

q). Since c2
m = 1 for the nonzero code

elements, it follows that
∑

q and
∑

m simply the number of
nonzero code elements in the preambleM1 = ((Ns+1)/2)Npr,
that is, the number of transmitted pulses. The number of
samples within a chip is defined byNchip = Tchip/T . The noise
νb[n] is the band-limited input noise νb[n] = ν[n]∗w[n] in
complex baseband. A detailed derivation of the equations can
be found in [15].

This receiver architecture needs high sampling rates
according to the Nyquist theorem. Another disadvantage of
this concept is the required synchronization of the carrier
frequency and phase, which is critical for its performance.
The energy detector is based on a different method for the
downconversion that prevents these two problems. Thus, a
low-complexity solution is obtained.

2.1.3. Energy Detector. The energy detector works as shown
in Figure 2. The signal is again received by a UWB antenna
and filtered by a bandpass filter, which ideally is matched to
the pulse shape. Next, the signal is squared and integrated
for short-time windows TI . The length of TI also defines the
sampling period. It causes a mean absolute error (MAE) of
ranging greater or equal TI/4 [7], which limits TI to a few ns

w̃(t) Hilbert ×

e− j ct

1/T

Despreading
c[n]

|·| Ranging

Figure 1: Coherent receiver.

Despreading Ranging(·)2w̃(t)
∫
TI

1/TI

c̃[n]

Figure 2: Energy detector.

for highly accurate ranging. The signal model after sampling
is given by

x[n] =
∫ (n+1)TI

nTI

(ra(t)∗ w̃(t))2
dt

=
∫ (n+1)TI

nTI

⎛⎝M−1∑
m=0

cmg
(
t −mLTchip

)
+ ν f (t)

⎞⎠2

dt,

(7)

where ν f (t) is the passband filtered noise and the channel

response g(t) =
√
Epφw̃(t) ∗ hc(t + mLTchip) and φw̃(t) is

the autocorrelation function of w̃(t). The estimated channel
response y[n] is obtained by despreading x[n],

y[n] =
Npr−1∑
q=0

Ns−1∑
i=0

c̃ix
[
n + iLÑchip + qNsLÑchip

]
= yss[n] + ysν[n] + yνν[n],

(8)

where Ñchip = Tchip/TI . The code despreading is performed
sequencewise with

∑
q and

∑
i with the despreading code c̃i.

In contrast to the coherent receiver, the noncoherent receiver
uses a different despreading code c̃ than the spreading code to
obtain perfect circular correlation properties for the squared
sequences. This code is created by squaring c and setting all
zeros to−1 [11]. The output of the energy detector comprises
a signal-by-signal term yss[n], a linear signal-by-noise term
ysν[n], and a quadratic noise-by-noise term yνν[n]. The code
correlation can completely cancel the IPI in the signal term
yss[n] but not for the cross-term ysν[n]. A longer pulse
spacing leads to less IPI such that it becomes negligible in
indoor environments with a spacing of L ≥ 16 [15, 16]. The
full derivation of the equations can also be found in these
references.

2.2. Input-to-Output SNR Relation. The input-to-output
SNR relation for the coherent receiver is given by [15]

LSNRCR =ELOS

N0
. (9)

For the energy detector, the relation is given by [15, 16]

LSNRED = 2(ELOS/N0)2

4(ELOS/N0) + NsNprTIWRRC
, (10)
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where WRRC is an equivalent bandwidth defined as WRRC =∫
φ2
w̃(μ)dμ. The first and second terms of the denominator

correspond to the variance of the linear and the quadratic
noise terms, respectively. The quadratic noise term depends
on the receiver parameters that can be combined to the
noise dimensionality ND = NsNprTIWRRC [13]. For practical
values of ND, the output SNR is proportional to (ELOS/N0)2,
while it shows a linear relation to ELOS/N0 for the coherent
receiver.

Figure 3 shows the relation of the detector input SNR
ELOS/N0 and the output LSNR based on (9) and (10). The
specific curves for the energy detector (ED) are obtained
by increasing ND by factors of four. The depicted curves
correspond to Npr = [16, 64, 256, 1024, 4096], Ns = 31,
TI = 2 ns, and WRRC = 1 GHz. Note that Npr = 256 is
not included in the standard. The curves are separated if the
quadratic noise term dominates and they merge if the linear
noise term is dominant. Increasing ELOS/N0 by 6 dB leads to
LSNR +12 dB in the quadratic part and to +6 dB in the linear
one. The horizontal line illustrates the LSNR at the working
point LSNRWP = 12 dB for the energy detector (cf. [16]).
At this working point, 80% of the range estimates are within
1 m. The coherent receiver shows a working point LSNRWP =
9 dB (cf. [21]). Both working points have been determined
by extensive simulations (see [15]). It can be seen for the
energy detector that 3 dB more ELOS/N0 are required when
Npr, the number of sequence repetitions, is increased by a
factor of four. Note that the quadratic noise term dominates
at this working point. As observable from (9), the LSNR for
the coherent receiver is independent of the number of the
pulses. It depends only on the transmitted energy. In other
words, it does not matter if this energy is transmitted in one

Table 2: Link budget.

Parameter Values

Pulse energy (incl. GTX) Ep −116.38 dBWs

Preamble energy Epr −74.31 dBWs

Free space loss at 1 meter Lfs −45.5 dB

Receiver antenna gain GRX 0 dBi

Received LOS component energy ẼLOS −119.81 dBWs

Noise spectral density N0 −198.93 dBW/Hz

Implementation loss Limp 4 dB

Fading margin MF 3 dB

Receiver input SNR ELOS/N0(1 m) 72.12 dB

pulse or in a sequence of pulses. The coherent receiver shows
an advantage ≥11 dB in the working point in comparison to
the noncoherent receiver.

2.3. Maximal Operating Distance. As N0 is constant in the
scenario, ELOS/N0 for the maximal operating distance dmax is
obtained from the well-known pathloss model

ELOS

N0
(dmax)dB = ELOS

N0
(d0)dB − 10η log

(
dmax

d0

)
, (11)

where η is the pathloss exponent and d0 is a reference
distance. The maximal operating distance for the coherent
receiver is obtained from (9) and (11):

dmax =
(

(ELOS/N0)(1 m)
(ELOS/N0)(dmax)

)1/η

=
(

(ELOS/N0)(1 m)
LSNRWP

)1/η

,

(12)

where the reference distance d0 is assumed to be 1 m. It
follows for the energy detector

dmax =
(

(ELOS/N0)(1 m)

LSNRWP +
√

LSNRWP (LSNRWP + ND/2)

)1/η

(13)

using (10) in (11).

2.4. Maximal Allowed Pathloss PLmax. A more general look
at the achievable range is given by the maximal allowed
pathloss, which is independent of the channel model, fading
margins, or implementation losses. The pathloss model can
be rewritten with (9) to obtain PLmax for the coherent
receiver

PLmax,dB = ẼLOS

N0
(1 m)dB − LSNRWP,dB, (14)

where ẼLOS is the energy of the received LOS component at
1 m, which does not take fading margins or implementation
losses into account (see Table 2).
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For the energy detector follows, using (10) and (11),

PLmax,dB

= ẼLOS

N0
(1 m)dB

− 10 log

⎛⎝LSNRWP +

√
LSNRWP

(
LSNRWP +

ND
2

)⎞⎠.
(15)

ELOS/N0(1 m) and ẼLOS/N0(1 m) are defined by the transmit-
ted preamble energy Epr (see Section 3) and the link budget
(see Section 4).

3. FCC Regulations

In this section, the maximal allowed transmit power is
calculated with respect to the FCC regulations [19]. In
principle, the same regulations have been adopted by the
CEPT in Europe for the band between 6 and 8.5 GHz [20].
In the band between 3.1 and 4.8 GHz, the CEPT requires
detect and avoid (DAA) or low duty cycle (LDC) mitigation
additionally, which does not influence this analysis. This
analysis is done in accordance to [18].

The FCC constraints essentially consist of an average and
a peak power limit. In any band of bandwidth Bav = 1 MHz,
the average transmit power is limited to PFCC

av = −41.3 dBm
for an averaging window of Tav = 1 ms. The peak power
within the bandwidth Bpk = 50 MHz is restricted to PFCC

pk = 0
dBm. Both peak and average transmit power are defined by
the equivalent isotropically radiated power (EIRP).

The 802.15.4a preamble is a sequence of nonuniformly
spaced pulses whose polarities are chosen pseudorandomly
by the codes. According to [18], its average and peak power
are determined by ERF and PRF, respectively. The pulse
energy spectral density (ESD) Ep,av|W( fc)|2 for the average
power limit is given by

Ep,av
∣∣W(

fc
)∣∣2 =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
TavPFCC

av

2Bav
, ERF ≤ 1

Tav
,

PFCC
av

2BavERF
, ERF ≥ 1

Tav
,

(16)

where Ep,av is the pulse energy limited by the average power
limit and W( fc) is the spectrum of the normalized pulse w(t)
at the center frequency fc. ERF is defined as

ERF =
⎧⎪⎨⎪⎩MRF

Tpr

Tav
= M1

Tav
Tpr < Tav

MRF Tpr ≥ Tav

(17)

where M1 = (Ns + 1)/2 is the number of code elements not
equal to zero. ERF is the compressed MRF due to stretching
the preamble over the averaging time Tav = 1 ms (FCC).
If Tpr is greater than Tav, then it is MRF. The mean power
is limited by the number of pulses within 1 ms (N1 ms) (see
Table 1).

The peak power limit is defined by the PRF, where
the sequenced pulses within an observation window
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Figure 4: Pulse energy spectral density.

1/Bpk = 20 ns are added. The ESD Ep,p|W( fc)|2 for the peak
power limit is obtained by

Ep,p
∣∣W(

fc
)∣∣2 =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
PFCC

pk

9B2
pk

, PRF ≤
(

3
2

)
Bpk,

PFCC
pk

4PRF2 , PRF ≥
(

3
2

)
Bpk,

(18)

where Ep,p is the pulse energy limited by the peak power limit.
The maximal FCC compliant pulse ESD with respect to

peak and average power is shown in Figure 4. To find the
active ESD for a specific preamble, the smaller value between
ESDpk at PRF and ESDav at ERF is considered. The peak
power limit for the short preamble symbols with L = 16 and
L = 64 is the same, while, for the long preamble sequences it
is lower due to higher PRF. It can be observed that only the
preamble sequences with Npr = 16 are peak power limited.
However, it is reported in [22] that the supply voltage limits
the transmit power in low-data-rate systems and the peak
power limit cannot be exploited for low supply voltages.

Assuming a pulse with rectangular spectrum, the energy
per pulse Ep = 2BEp|W( fc)|2, where B is the pulse
bandwidth. Thus, the achievable preamble SNR can be
calculated as shown in Figure 5. At Npr = 16, all preamble
codes are limited by the peak power limit. The long preamble
symbols contain approximately. 2 dB more energy in four
times more pulses. Increasing the number of pulses does
not necessarily lead to a preamble energy improvement, if
Tpr ≤ 1 ms, because the long preamble symbols and the short
codes with spreading L = 16 are mean power limited between
Npr = 64 and 1024. Npr = 4096 leads to an improvement,
because Tpr > 4 ms, which means the preamble is more than
four times longer than Tav. The short preamble codes with
spreading 64 imply a four times longer preamble in contrast
to the others, thus a gain of up to 6 dB can be achieved.
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Figure 5: Achievable preamble energies.

4. Link Budget

As mentioned before, ELOS/N0(1 m) is the input SNR of the
receiver at 1 m which depends on the link budget. Table 2
shows an example link budget calculation for 802.15.4a
channel (ch) 3, using Npr = 1024, Ns = 31, L = 16,
fc = 4.4928 GHz, and a bandwidth of 499.2 MHz. In that
case, the average power limit of the FCC regulations applies
and Ep is calculated from (16), where also the antenna gain
is included. Ep is limited for 1006 sequences due to averaging
over 1 ms (see Table 1). The preamble energy Epr = EpM1,
the free space loss Lfs at 1 m is given by 45.5 dB using Friis’
equation [23], and the receiver antenna gain GRX is defined
by 0 dBi. These values yield the received preamble energy
without multipath components, meaning the energy of the

line of sight component ẼLOS at 1 m. Assuming the input
structure of the receiver is linear, the noise spectral density
is given by N0 = kT0F [23], where the Boltzmann constant
k = 1.38 × 10−23 Joule/Kelvin [J/K], the temperature of the
environment T0 = 293 K, and the noise figure of the receiver
input structure F = 5 dB (cf. [24]). Implementation losses
of 4 dB and a LOS fading margin of 3 dB are assumed. Thus,
ELOS/N0(1 m) is obtained and can be used to calculate the
maximal operating range according to (11) and (13).

5. Results

The maximal operating distance and the maximal acceptable
pathloss are analyzed in this section. The maximal operating
distance is based on the free-space link budget, because
the LOS component is needed for accurate ranging. The
maximal acceptable pathloss is shown as a more general
value, which allows the implementer to analyze the effect
of specific channel models, for example, NLOS scenarios, or
specific system parameters, for example, lower noise figures.
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Figure 6: Code sequence analysis on the maximal operating
distance and the maximal allowed pathloss, where the solid lines
correspond to the energy detector, the dashed-dotted lines belong to
the coherent receiver, and the dashed lines indicate constant noise
dimensionality for the energy detector. The values are given for
Npr = [16, 64, 256, 1024, 4096] (from left to right).

5.1. Effect of Codes. Figure 6 shows the maximal operating
distance dmax and the maximal allowed pathloss PLmax with
respect to the length Npr of the preamble sequences. The
coherent receiver is directly proportional to Ep/N0, which
means that the operating distance is related to the preamble
energy discussed in Figure 5. By contrast, the ED suffers from
noncoherent combining losses, thus the noise dimensionality
including the number of transmitted pulses is important for
the final performance (see (13)). A change of Ep/N0 without
changing the noise dimensionality, for example, using a
different noise figure or pulse energy, leads to a shift of the
curves along the dashed lines, but the shape of the curves
does not change. Thus, the general conclusions are still valid,
while dmax and PLmax need to be recalculated according to the
new link budget.

In the overall performance there is a big gap between
the CR and the ED. The CR achieves a maximal operating
distance up to several thousand meters and the ED achieves
only several hundred meters. However, an operating distance
of several hundred meters is usually sufficient for (low-
complexity) indoor localization systems and sensor net-
works.

As expected from Section 3, the best performance is
achieved by the short preamble with long spreading (L =
64) which has the highest transmitted energy. A maximal
operating distance of approximately 6000 m (PLmax ≈ 82 dB)
is achieved by the CR, and ≈430 m (PLmax ≈ 60 dB) is
achieved by the ED. The CR reaches approximately half of
that distance (≈3000 m; PLmax ≈ 76 dB) for the other two
codes. As mentioned before, the energy detector shows a
more specific behavior, which is discussed in detail in the rest
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of this paragraph. As observable, the increasing of Npr does
not necessarily lead to a better performance. A performance
degradation is seen at around ẼLOS/N0(d0) ≈ 79 dB for
increasing numbers of transmitted pulses due to constant
transmitted energy (cf. Figure 5). This effect also harms
the performance of the long preamble codes (Ns = 127)
significantly and leads to the lowest performance achieved.
The performance of the short preamble sequences (Ns = 31)
with spreading L = 16 and the long preamble sequences
(Ns = 127) is best at Npr = 64, where a distance of ≈ 300 m
(PLmax ≈ 56 dB) and ≈200 m (PLmax ≈ 53 dB) is reached,
respectively. The preamble sequences with L = 64 show a
local optimum for Npr = 64 with the same performance as
the L = 16 sequence. This performance is also obtained for
a much longer preamble with Npr = 1024 repetitions and
slightly improved with Npr = 4096 at the cost of increased
preamble energy (cf. Figure 5), much longer signals (see
Table 1), and much higher processing effort. From these
results, it seems inefficient for EDs to choose extremely long
preambles with Npr ≥ 1024.

The IEEE 802.15.4a standard also defines different chan-
nels with specific bandwidths and carrier frequencies. An
analysis of the various channels is given in the next section.

5.2. Effect of Frequency Channels. The IEEE 802.15.4a stan-
dard defines 16 channels in three frequency bands, the
subgigahertz band (<1 GHz), the low band (3.2–4.8 GHz),
and the high band (5.9−10.3 GHz). The channel bandwidths
B range from 499.2 to 1354.97 MHz. As mentioned in
Section 3, keep in mind that the CEPT allows only the usage
of the frequency bands 3.1–4.8 and 6–8.5 GHz for UWB,
where, for LDC, the signals have to be shorter than 5 ms.
Thus, the short preamble symbol with spreading L = 64
and Npr = 4096 is not allowed for LDC transmission. It is
well known that a higher carrier frequency fc causes higher
losses and thus less received signal strength according to
Friis’ equation. A larger bandwidth leads to a higher allowed
transmit power (see Section 3). To evaluate this tradeoff, six
channels are analyzed in this paper, using the short preamble
codes with L = 64.

Figure 7 shows the relation between input and output
SNR for the specific channels. As seen from (9), the CR
is again independent of the channel bandwidths. For the
ED, variations occur due to the different pulse and receiver
bandwidths. It can be observed that the channels with the
large bandwidths need up to 1.5 dB more Ep/N0 in the
working point to achieve the same LSNR.

Figure 8 shows the allowed preamble energies for the
specific channels. The larger bandwidths of the preambles
allow a gain of up to 4 dB, which is sufficient to compensate
the SNR loss of the ED shown in Figure 7. This is also seen
from (10), where the equivalent bandwidth WRRC influences
LSNR linearly and the additional energy improves the SNR
quadratically in the working point. Thus, a gain of up to
2.5 dB can be achieved. For the CR, the additional energy will
directly improve the performance.

Figure 9 shows the maximal operating distance and the
maximal allowed pathloss for the specific channels. It can
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be observed that the low-band channels (Ch 3 and Ch 4)
perform better than the high-band channels due to lower
free-space losses. Only half the operating range is obtained
when fc is increased from 4 to 8 GHz. A shift in the carrier
frequency leads to a change of ELOS/N0, but it does not change
the relation of input and output SNR (compare Ch 3 and Ch
9). A shift of the bandwidth changes this relation due to a
change of ND, which is observable for Ch 9 and Ch 11. The
operating range is doubled with the CR when the bandwidth
is increased from 500 MHz to 1.33 GHz, while only the 1.3
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fold distance is achieved with the ED. The best performance
is obtained at Ch 4, which has a low carrier frequency fc ≈
4 GHz and a large bandwidth of B ≈ 1.33 GHz. It reaches
a dmax ≈ 10620 m (PLmax ≈ 88 dB) for the CR and dmax ≈
620 m for the ED (PLmax ≈ 63 dB). The mandatory Ch 3
of the low band shows a significantly better performance in
comparison to the mandatory channel in the high band Ch 9
due to the lower fc.

6. Conclusions

A coherent receiver and an energy detector have been studied
for ranging in IEEE 802.15.4a, in the sense of maximal
allowed transmit energy, maximal operating distance, and
maximum allowed pathloss.

The maximal allowed transmit energy according to the
FCC/CEPT regulations depends strongly on the parameters
of the preamble. For most of the preamble code sequences,
the average power limit applies. A longer spreading of the
preamble symbols leads to a performance gain, because a
larger preamble energy is obtained. As the FCC/CEPT limits
the power spectral density, a higher bandwidth leads to an
increased energy too.

The maximal operating distance is calculated from the
link budget. The coherent receiver directly depends on
the receiver input SNR, while the energy detector is also
influenced strongly by the parameters of the preamble
codes due to the noncoherent combining loss. A 64-symbol
repetitions preamble is most efficient for the energy detector
due to lower noncoherent combining losses and the short

preamble symbols are preferable due to less despreading
effort. The channels from the low-frequency band achieve
longer ranges due to the lower pathloss. The mandatory low-
frequency channel ( fc = 4.5 GHz) achieves almost twice
the range in comparison to the mandatory high-frequency
channel ( fc = 8 GHz). A gain is obtained for the high-
bandwidth channels. The range is almost doubled with the
coherent receiver, while the energy detector reaches only a
gain of 30 percent.

The low-complexity energy detector achieves maximal
operating distances of several hundred meters, while the
coherent receiver reaches distances up to several thousand
meters in free-space. Thus, both receiver architecture are
appropriate for real-time locating systems and sensor net-
works in typical indoor scenarios.
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The impact of narrowband interference signals on impulse radio ultrawideband (UWB) communication systems has been
investigated. A closed form expression for the bit error rate performance of UWB communication system in a Log-normal flat
fading channel under such impact is evaluated. The actual UWB channel model is known as a multipath fading channel; however
flat fading channel model can be considered with some of the UWB wireless applications such as UWB wireless sensor networks
which are characterized by size and energy constraints. Thus, a simple and low-cost one-finger Rake receiver can be used with such
wireless systems. It was proven that UWB systems unavoidably suffer from the interference caused by the coexisting systems due
to the restraint on their transmission power levels. To this end, we propose an interference canceller scheme which is capable of
suppressing the impact of such interference and enhancing the performance of UWB communication systems. The interference
canceller scheme performance is also investigated in various scenarios of operation such as the presence of multiple narrowband
interference signals, symbol timing error, and a comparison with a notch filter-based case.

1. Introduction

In comparison with some traditional communication tech-
nologies, UWB communication technologies have some
advantages, such as higher multipath resolution, higher data
throughput, low probability of detection, and low probability
of intercept. So, it is very natural that the appeal of UWB
signaling for communications has been more recent and has
attracted a lot of attention globally [1].

In order to reduce the interference to existing narrow-
band systems, the Federal Communications Commission
(FCC) also imposed a power restriction on UWB commu-
nication systems, where the power spectral density levels are
limited to −41.3 dBm/MHz. However, its performance can
suffer considerably in the presence of strong narrowband
interferences [2, 3].

Previous work on performance analysis of UWB com-
munication systems in the presence of NBI has been
largely focused on different types of channel models. In [4]
such performance has been investigated in additive white

Gaussian noise (AWGN) channel model under the impact
of IEEE802.11a narrowband interference, whereas in [5],
such performance has been investigated in Nakagami flat
and frequency-selective UWB fading channel models. The
impact of NBI on the performance of UWB communication
systems in Log-normal multipath fading channel has been
investigated in [6].

In 2003, the IEEE802.15.3a model was developed by a
standardization group for UWB communication systems in
order to compare standardization proposals for high-data
rate wireless personal area networks [7]. Although it is clear
that the actual UWB channel model is a multipath fading
channel, some wireless systems such as the wireless sensor
networks are characterized by size and energy constraints.
These constraints are imposed on each node that necessitate
the use of simple devices. Thus, a one-finger Rake receiver
can be considered as a suboptimal solution for simple and
low-cost communication systems.

To this end, the goal of this paper is to investigate
the performance of IR-UWB communication systems in
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the presence of NBI in a Log-normal flat fading channel.
A closed form expression for the bit error rate (BER)
performance of such systems in the presence of NBI by
using a Gaussian Hermite quadrature expansion is derived.
In addition, to propose the use of a NBI cancellation scheme
that had been used previously with CDMA systems. It will
be shown that such canceller scheme is capable of mitigating
the impact of NBI signals on UWB communication systems.
Its performance is also investigated in different scenarios
of operation such as symbol timing error and the presence
of multiple NBI signals. Finally, its performance will be
compared with the performance obtained by using a notch
filter.

The paper is organized as follows. The system model
is described in Section 2. In Section 3 the UWB BER
performance is analyzed. The idea of such canceller scheme
is presented in Section 4. Section 5 presents the used simu-
lation procedures for the proposed canceller scheme. Repre-
sentative numerical and simulation results are presented in
Section 6. Finally, Section 7 draws the conclusions.

2. System and Channel Models

A binary communication system in a single-user case is con-
sidered. For a matched filter (MF) reception, the transmitted
UWB signal can be written in the form of a time hopping
pulse position modulation (TH-PPM) as

SPPM(t) =
√
Eb

∞∑
j=−∞

p
(
t − jT f − cjTc − δd� j/Ns�

)
, (1)

where p(t) is the shape of the transmitted pulse with pulse
width Tm, dj is the transmitted jth binary data bit and
composed of equally likely bits, and Eb is the bit energy.
Ns is the number of pulses transmitted per bit, Tc is the
hop width, and cj is the TH code, cj ∈ {0, 1, . . . ,Nh − 1},
such that an additional time shift of “cjTc” is introduced
when the jth pulse is transmitted. Tf is the frame duration,
satisfying Tf = NhTc; the bit duration can be represented
as Tb = Tf = NcTc and δ is the modulation index (the time
shift added to a pulse with an optimal value of 20% of a pulse
width [8]).

The NBI signal, I(t), is modeled as the standard
IEEE802.11a, which can be approximated as the sum of “N”
tone interferers and it can be written as

I(t) =
Ni∑
n=1

√
2In cos

(
2π fnt + φn

)
, (2)

where “ fn” is the nth interference frequency and “φn” is
the phase which can be considered as a random variable
uniformly distributed over the interval [0, 2π), “In” is the
transmitted power of the nth tone signal.

Recent measurements indicate that the probability den-
sity function (pdf) of the received power in UWB channels is
well approximated by Log-normal distribution [9]. Thus, the
impulse response of the UWB system in a flat fading channel
can be written as [10]

hs(t) = asδ(t − τs), (3)

where “as” is the channel gain coefficient, and “τs” is the
associate channel time delay.

We will assume that the NBI signal is affected by Rayleigh
fading, thus the NBI channel impulse response can be written
as

hi(t) = αInδ(t − τn), (4)

where “αIn” is the Rayleigh distributed channel gain, and “τn”
is the corresponding time delay, n = 1, . . . ,Ni.

The overall received signal, r(t), can be written as

r(t) = sd(t) + in(t) + n(t), (5)

where, n(t) is the AWGN with two-sided power spectral
density “No/2”. The UWB received signal, sd(t) = SPPM(t) ∗
hs(t), can be written as

sd(t) =
∞∑

j=−∞
as
√
Ebp

(
t − jT f − cjTc − δd� j/Ns� − τs

)
, (6)

while the NBI received signal, in(t) = I(t) ∗ hi(t), can be
written as

in(t) =
Ni∑
n=1

αIn

√
2In cos

(
2π fn(t − τn) + φn

)
. (7)

Without loss of generality, we will assume that the desired
signal channel impulse response, hs(t), and the interferer
channel gains, αIn , are normalized such that E[a2

s ] = 1, and
E[α2

In] = 1, where E[·] denotes the expectation operator.

3. Performance Analysis

In this section, we evaluate the performance of a TH-
PPM-UWB system in the presence of NBI in a Log-normal
flat fading channel. It will be assumed that the channel is
perfectly known at the MF receiver.

The correlation mask can be written as

m′(t) = as ·m(t),

m(t) = [p(t)− p(t − δ)
]
.

(8)

The transfer function of the MF receiver can be written as
|M( f )| = F.T.{m(t)}, where F.T.{·} represents the Fourier
Transform process; we can note that “M( f )” depends on the
used pulse waveforms.

For a TH-PPM UWB system M( f ) can be written as

∣∣M( f )∣∣ = 2
∣∣P( f )∣∣∣∣sin

(
π f δ

)∣∣
×

Ns−1∑
k=0

exp
(
j2π f

(
kT f + ckTc

))
,

(9)
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where P( f ) is the Fourier Transform of the UWB pulse, p(t),
which can be modeled as the six derivative Gaussian pulse as
suggested in [11]

p(t) =
√

640
231Nsτp

×
⎡⎣1− 12π

(
t

τp

)2

+ 16π2

(
t

τp

)4

− 64
15

π3

(
t

τp

)6
⎤⎦

× exp

⎡⎣−2π

(
t

τp

)2
⎤⎦,

(10)

where τp is the pulse shaping factor, and the energy of p(t) is
Ep = 1/Ns.

P
(
f
) = 8π3

3
√

1155Ns
τ13/2
p f 6e(−π/2) f 2τ2

p . (11)

With the consideration of perfect synchronization with the
desired signal, the decision statistic can be written as

Z =
∞∑

j=−∞

∫ j(Tf +1)

jT f

r(t) ·m′(t)dt

Z = Sppm + IN + n,

(12)

where Sppm, IN , and n are the desired signal, interference, and
noise components, respectively.

Sppm =
√
Eb
(

1− ρ
)
a2
s , (13)

where ρ is the correlation coefficient between the two pulses
p(t) and p(t − δ), for bits 0 and 1, respectively, ρ can be
written as

ρ =
∫∞
−∞

p(t)p(t − δ)dt, ρ ∈ [−1, 1]. (14)

The interference term, IN can be written as

IN =
Ni∑
n=1

αIn

√
2In
∣∣M( fn)∣∣ cos

(
φn
)
. (15)

Following the same approach as [11], the phase term
{arg[M( fn)] + 2π fn(t − τn)} is included within the random
phase φn, conditioned on the r.v. |M( fn)|. Also, each term
αIn cos(φn) is a zero mean Gaussian r.v. with variance “1/2”.
Thus, the NBI term, “IN” can be considered conditionally
Gaussian with variance [σ2

i =
∑Ni

n=1 In · |M( fn)|2].

The variance of the noise can be written as

σ2
N = No

(
1− ρ

)
a2
s . (16)

The total disturbance due to the NBI plus noise can be
considered conditionally Gaussian with variance [

∑Ni

n=1 In ·
|M( fn)|2 + σ2

N ].

The conditional bit error probability (BEP), conditioned
on (as) can be written as

Pe|as = Q
(√

a2
s γ
)

, (17)

where

γ

= 1(
No/Eb

(
1− ρ

))
+
(∑Ni

n=1

∣∣M( fn)∣∣2
/SIR · Tb ·

(
1− ρ

)2
) ,

(18)

where SIR is the signal to interference ratio.

Since “as” is Log-normally distributed, then “a2
s ” is Log-

normally distributed as well. The BEP expression is obtained
by averaging (17) over “a2

s ” as

Pe �
∫∞

0
Q
(√

a2
s γ
)
· f (as)das, (19)

where f (as) is the pdf of (as), which is normally distributed
with mean (μr) and variance (σ2

r ), and is given by

f (as) = 1
asσr

√
2π

exp

(−[ln(as)− μr
]2

2σ2
r

)
. (20)

Parameters (μk, σk) are usually introduced to characterize a
Log-normal distribution in wireless communications, where
as presented in [12] μk = λμr , σk = λσr , and λ = 10/ ln(10).
The parameter “σk” is known as the dB spread, and its
value ranges between 6 and 12 dB for most of the wireless
communication systems [12], and between 2 and 5 dB for the
UWB systems [13].

In order to calculate (19), the Q-function can be prese-
nted by the Craig’s formula [14]

Q(x) = 1
π

∫ π/2

0
exp

(
− x2

2sin2(φ)
)
dφ. (21)

Then, by substituting in (19)

Pe = 1
π

∫ π/2

0

[∫∞
0

exp

(
− a2

s γ

2sin2(φ)
)

1
asσr

√
2π

· exp

([
ln(as)− μr

]2

2σ2
r

)
das

]
dφ,

(22)

By letting x = ((ln(as)− μr)/(
√

2σr)), Pe will become

Pe = 1
π

∫ π/2

0

[
1√
π

∫∞
−∞

e−x
2

·exp

(
− γ

2sin2(φ) · exp
[

2
√

2xσr + 2μr
])
dx

]
dφ.

(23)

The inner integral in (23) can be approximated by a Gauss-
Hermite series expansion to become

= 1√
π

N∑
i=1

wi exp

(
− γ

2sin2(φ) exp
[

2
√

2biσr + 2μr
])

dφ, (24)

where “wi” and “bi” are the weights and the associated roots
of the Hermite polynomial, respectively. The values of “wi”
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and “bi” can be found in [15]. “N” is the number of samples
points used in this approximation.

By substituting (24) in (23) we will get

Pe = 1√
π

N∑
i=1

wi

×
[

1
π

∫ π/2

0
·exp

(
− γ

2sin2(φ) ·exp
(
2
√

2biσr + 2μr
))]

dφ.

(25)

This equation can be rearranged, where a closed form
expression of the BER performance of a UWB system in the
presence of NBI signal can be finally evaluated as

Pe = 1√
π

N∑
i=1

wi

[
Q

(√
γ · exp

(
2
√

2biσr + 2μr
))]

. (26)

4. ICS Performance Analysis

Assuming that the NBI signal is modeled as the stan-
dard orthogonal frequency division multiplexing (OFDM)
IEEE802.11a signal and the UWB receiver is subjected to a
single high power IEEE802.11a NBI signal; the idea of the
ICS operates by (1) the incoming received signal will be split
into two paths. In the first path an attempt to demodulate
the NBI signal from the incoming received signal is done. (2)
The output from the demodulation process will be used to
regenerate the NBI signal. (3) The regenerated NBI signal
will be multiplied by the NBI channel estimate prior to its
subtraction from the incoming received signal at the input of
the UWB receiver.

If the demodulation process is successful and the NBI
channel model is perfectly known, the NBI signal can be
perfectly suppressed from the incoming received signal and
the reception of the UWB signal can be achieved as if there
was no interference.

Figure 1 depicts a simplified schematic model of such
canceller scheme. Note that, it has been shown in [5]
that the assumption of sum of tone interferers is a good
approximation for an OFDM signal. Thus, the OFDM-
based IEEE802.11a NBI signal is approximated as “N” tone
interferers (equal to the OFDM data subcarriers).

In order to analyze the performance of the ICS, the
performance of the NBI receiver has to be initially investi-
gated. The NBI receiver probability of symbol error can be
summarized into one of the following cases.

Case 1: No Symbol Errors. If the NBI demodulator produces
no errors, then the NBI receiver will be able to perfectly
regenerate the NBI signal and the canceller scheme will
efficiently suppress the NBI signal. In such case, the BER
performance of the ICS is equivalent to the performance of a
UWB system in the absence of interference.

Case 2: Multiple Symbol Errors. When the NBI demodulator
produces multiple symbol errors, the BER of the ICS in this
case can be written as

(Pe)
ics
uwb = Pno int .

e−uwb ×
(

1− Pe=1
ofdm − · · · − Pe=e′

ofdm

)
+ P1

e−uwb × Pe=1
ofdm + · · · + Pe′

e−uwb × Pe=e′
ofdm,

(27)

where Pno int .
e−uwb is the BER performance of a UWB system in

the absence of interference, (Pe′
e−uwb) is the probability of a

UWB system in the presence of (e′) tone interferers, while
(Pe=e′

ofdm) is the probability of e′ symbol errors occurring in a
block of length “N” symbols.

Note that, the probability that the NBI receiver produces
“e” symbol errors over a block of “N” symbols is given by
[16]

Pe
ofdm =

N !
(N − e)!× e!

Pe(1− P)N−e, (28)

where “N” can be interpreted for an OFDM NBI signal as
the number of the OFDM data subcarriers, and “P” is the
probability of symbol error.

It is worth mentioning that, the NBI receiver average
probability of OFDM symbol error (av. Pse) can be consid-
ered as one of the main factors that control the performance
of such canceller scheme. By manipulating this parameter we
can evaluate the ICS performance.

5. Simulation of the ICS

Figure 2 depicts the simulation blocks of the ICS. The
sampling rates of the UWB and IEEE802.11a NBI signals are
“50 GHz” and “20 MHz,” respectively. In simulation points
“C and D”, the IEEE802.11a NBI signal and the UWB signals
are generated after adding the impact of their respective
channel models.

Detection and noise level adjustment stages are used in
order to generate the AWGN with the desired SNR ratio. It
is worth mentioning that pilot symbols are inserted at the
IEEE802.11a transmitter in all frequency domains at fixed
time intervals (as in each subcarrier channel, the level of
fluctuation is independent), where at the receiver the NBI
channel is estimated with the aid of these pilot symbols.

6. Numerical Results

In this section, numerical examples are presented to investi-
gate the performance of both a TH-PPM system and the ICS
in Log-normal flat fading channels and validated with the aid
of simulation. A six derivative Gaussian received pulse will be
used with values: τp = 0.192 ns, δ = 0.068 ns, Tf = 10 ns,
Ns = 1 pulse/bit, and ρ = −0.824. The standard IEEE802.11a
NBI signal will operate at the upper U-NII band with center
frequency = 5.745 GHz, and the frequency spacing between
the carriers Δ f = 0.3125 MHz.

Figure 3 numerically evaluates the BER performance of
TH-PPM UWB system in the presence of IEEE802.11a NBI at
different SIRs. It can be seen that the performance of a UWB
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Figure 1: A simplified schematic model for the proposed canceller scheme.

Figure 2: Simulation block diagram of the proposed canceller scheme.

system is deteriorated due to the presence of NBI. A SNR
degradation is expected to be less than 2 dB and 12 dB for
SIR = −5 and − 10 dB, respectively, at BER = 1 × 10−2.

Figure 4 depicts a comparison between the simulation
and analytical performance of a TH-PPM UWB system with
the aid of the ICS at SIR = −10 dB and dB-spread = 3 dB.

It can be seen that the impact of NBI can be completely
suppressed at an av. Pse = 1× 10−3, whereas for an av. Pse =
0.05, the SNR degradation is less than 2 dB at BER = 1×10−3.

Also it can be seen that the simulation and the analytical
results are in a good agreement, in which we can conclude
the validation of the obtained analytical results.
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Figure 3: TH-PPM UWB performance in the presence of NBI.

Now the performance of the ICS is investigated in various
scenarios of operation as follows.

6.1. Symbol Timing Error. The first considered scenario is
the presence of symbol timing errors (timing misalignment
errors) between the regenerated NBI signal and the incoming
received signal at the input of the subtraction process.

Figure 5 depicts the ICS performance in a Log-normal
flat fading channel, the av. Pse = 0.1, dB-spread value =
2 dB and SIR = −15 dB. It can be seen that for a timing
misalignment error equal to 0.5%, there is an additional SNR
degradation equal to 2 dB at BER = 3 × 10−3, whereas,
for a timing misalignment error equals to 1% there is an
additional SNR degradation equals to 4 dB at BER = 5×10−2.

6.2. Multiple NBI Signals. The second considered scenario
is the presence of two IEEE802.11a NBI signals. The ICS
attempts to mitigate the impact of each NBI signal indi-
vidually, where it regenerates and subtracts each NBI signal
from the incoming received signal at the input of the UWB
receiver. It is worth noting that the two used NBI signals have
center frequencies 5.22 GHz and 5.745 GHz, respectively.

Figure 6 depicts a comparison between the BER perfor-
mances of the canceller scheme in the presence of one and
two NBI WLANs, the dB-spread value is 3 dB and the SIR =
−10 dB.

It can be seen that an additional SNR degradation in the
ICS performance is expected to be less than 2 dB at BER =
1× 10−2.

6.3. Notch Filter-Based Case. The performance effectiveness
of the ICS is analyzed by making a comparison with
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Figure 4: Simulation and analytical performance comparison of the
ICS, dB-spread = 3 dB and SIR = −10 dB.

the performance obtained by using a notch filter. The notch
filter was simulated as a resonator with quality factor (Q =
35). The 3 dB bandwidth of the notch filter with the previous
quality factors will be 165 MHz for a WLAN NBI signal with
center frequency = 5.745 GHz.

The comparison is done in two scenarios: (1) the notch
filter is assumed perfectly tuned to the center frequency of
the NBI signal. (2) The notch filter is detuned and there is a
shift between the center frequency of the NBI signal and the
notch frequency.

Figure 7 depicts the BER performance comparison
between a notch filter which is perfectly tuned to the center
frequency of the NBI signal and the proposed ICS at SIR =
−10 dB and dB-spread = 3 dB. It can be seen that the ICS
with av. Pse = 1e − 3 and 0.01 outperforms the perfectly
tuned notch filter. However, for an av. Pse = 0.05, the notch
filter outperforms the ICS specially for large SNR.

Figure 8 depicts this comparison with a detuned notch
filter with a notch frequency shift equal to 40 MHz. It can be
seen that the ICS always outperform the detuned notch filter
even with an av. Pse = 0.05, which means that the notch filter
has to be perfectly tuned and has a prior knowledge about the
center frequency of the NBI.

6.4. ICS Complexity. It can be seen from the previous
discussion that the proposed canceller scheme is more
complex than the use of a notch filter. Yet, the notch filter has
to have a prior knowledge of the NBI signal. Also, the ICS is
more agile than the notch filter based case in mitigating NBI
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Figure 6: BER performance of the ICS in the presence of two NBI
WLANs in a Log-normal flat fading channel, SIR = −10 dB.

signals as a detuned notch filter will not be able to mitigate
the NBI impact on the UWB receiver. Such agility feature can
compensate for the ICS’s complexity drawback.

7. Conclusion

In this paper, the impact of IEEE802.11a NBI on the
performance of a TH-PPM UWB system in a Log-normal
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Figure 7: BER performance comparison of the ICS with a perfectly
tuned Notch filter.
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Figure 8: BER performance comparison of the ICS with a De-tuned
Notch filter.

flat fading channel is investigated. Although, the considered
channel is not the actual UWB channel, but this investigation
is suitable for some wireless systems such as the wireless
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sensor networks. It has been shown that the impact of the
IEEE802.11a NBI signal can severely degrade the UWB BER
performance.

To this end, a canceller scheme that had been used with
the CDMA systems is proposed to mitigate the impact of
such interference on UWB communication systems. The
ICS performance is analytically evaluated in Log-normal flat
fading channels and validated with the aid of simulation.

The ICS performance is also investigated in various
scenarios of operation such as the presence of symbol timing
errors, the presence of two IEEE802.11a NBI signals, and
a comparison with the performance obtained by using the
conventional tuned and detuned notch filter. It was shown
that such canceller scheme is capable of mitigating the
impact of NBI signals on UWB communication systems and
outperforming the notch filter based case.
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