
 

Performance evaluation of IR-UWB in short-range fiber
communication using linear combination of monocycles
Citation for published version (APA):
Abraha, S. T., Okonkwo, C. M., Yang, H., Visani, D., Shi, Y., Jung, H. D., ... Koonen, A. M. J. (2011).
Performance evaluation of IR-UWB in short-range fiber communication using linear combination of monocycles.
Journal of Lightwave Technology, 29(8), 1143-1151. DOI: 10.1109/JLT.2011.2120595

DOI:
10.1109/JLT.2011.2120595

Document status and date:
Published: 01/01/2011

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:

www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl

providing details and we will investigate your claim.

Download date: 01. Jul. 2019

https://doi.org/10.1109/JLT.2011.2120595
https://research.tue.nl/en/publications/performance-evaluation-of-iruwb-in-shortrange-fiber-communication-using-linear-combination-of-monocycles(accd8801-97a5-410f-9ecd-b6b5852fb3b7).html


JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 29, NO. 8, APRIL 15, 2011 1143

Performance Evaluation of IR-UWB in
Short-Range Fiber Communication Using Linear

Combination of Monocycles
Solomon Tesfay Abraha, Student Member, IEEE, Chigo Okonkwo, Member, IEEE,

Hejie Yang, Student Member, IEEE, Davide Visani, Student Member, IEEE, Yan Shi, Student Member, IEEE,
Hyun-Do Jung, Member, IEEE, Eduward Tangdiongga, Member, IEEE, and Ton Koonen, Fellow, IEEE

Abstract—We present the performance evaluation of impulse
radio ultrawideband (IR-UWB) over fiber using a simple pulse
design technique with a high fractional bandwidth. The technique,
based on the linear combination of the first-order Gaussian deriva-
tives with different pulse-shaping factors, shows full compliance
with Federal Communications Commission mask requirements
even in the most severely power-restricted GPS band. We validated
our approach with experiments employing an intensity-modu-
lation direct-detection scheme. The experimental setup uses a
directly modulated DFB laser at 1302.56 nm and a multimode
fiber-coupled photodetector with 24 m diameter photosensitive
area. The transmission link consists of 25 km single-mode fiber
or 4.4 km multimode fiber. Error-free transmission at 2 Gb/s
is achieved over both fiber links. The result shows the proposed
pulse-generation technique to be simple and cost-effective com-
pared to higher order Gaussian derivative schemes. This can be
implemented successfully to distribute UWB signals over optical
links for access and in-building networks.

Index Terms—Impulse radio (IR), in-building network, signal
processing, ultrawideband (UWB) communications.

I. INTRODUCTION

I N recent years, ultrawideband (UWB) technology has been
considered as one of the most promising techniques for next

generation short-range broadband wireless communications and
sensor networks. The growing interest in this technique is due to
its many abilities: low cost, high data capacity, low power con-
sumption, coexistence with other wireless services, enhanced
robustness against multipath fading, low probability of intercep-
tion, and ability to pass through walls while maintaining com-
munication [1], [2]. However, the main limitation of a UWB
system is the limited propagation distance (typically m)
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over which the expected high data rate can be realized. This
is mainly due to low power spectral density (PSD) assigned to

dB m/MHz in the frequency range from 3.1–10.6 GHz
regulated by the FCC. To increase the coverage area, UWB sig-
nals can be distributed over wired lines such as coaxial cable or
optical fiber. Due to the low loss, large bandwidth and immunity
to electromagnetic interference, inherent to optical fiber, UWB
over fiber is considered a promising solution [3].

A carrier-free impulse radio ultrawideband (IR-UWB)
system is an approach to UWB systems based on the radiation
of waveforms formed by sequences of very short duration
pulses of the order of hundreds of picoseconds. The informa-
tion to be transferred is usually represented in digital form by a
binary sequence and each bit is transferred using one or more
pulses that are directly radiated for base-band air transmission
[4]. Therefore, by avoiding a complex tunable frequency mixer,
intermediate frequency carrier and filter circuits, the transmitter
is simplified and hence greatly reduce the cost. Moreover,
it has good pass-through performance due to the base-band
transmission and much more suitable for indoor wireless com-
munications and localization [5]. This feature makes IR-UWB
unique compared to multiband orthogonal frequency division
multiplexing UWB scheme; hence, it can also be combined
with radio array beam forming, leading to a power-efficient
short-range wireless communications.

One of the fundamental points that require detailed consid-
eration in IR-UWB circuits and systems design is the selection
of the impulse signal type as it determines the performance of
the IR-UWB system. The techniques for generating IR-UWB
pulses can be classified into two main categories: electrical- and
photonic-generation techniques. In both generation techniques,
Gaussian-based monocycle pulses and doublets are considered
as conventional pulses due to better bit error rates (BERs) and
robust multipath resilience as compared to different impulse
signals [6]. However, they do not fully satisfy the FCC-mask
requirements with good power efficiency, and hence, different
pulse design techniques in the electrical domain have been pro-
posed [7]–[12]. A review of different pulse design techniques is
provided in [13].

In the past few years, several photonic-generation schemes
that focused on the generation of conventional monocycle
and doublet employing different schemes have been reported
[14]–[23]. Recently, photonic-generation techniques that fo-
cused on generation of nonconventional pulses with aim at

0733-8724/$26.00 © 2011 IEEE
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enhancing the power efficiency have been reported [24]–[28].
However, previously proposed photonic-generation techniques
are complex and expensive, especially for short-range fiber
communications such as in in-building networks.

In this paper, we propose a simple and new electrical pulse-
generation concept that can reduce complexity and cost of
the system. Our concept is based on linear combination of
two monocycles with different pulse-shaping factors. By this
process, the proposed pulse has more zero crossings in the
temporal response, leading to a more power-efficient and
fully FCC-compliant pulse even in the most severely power-
restricted GPS band from 0.96 to 1.61 GHz. This proposed
approach has been simulated and experimentally demonstrated.

The paper is organized as follows. After the introduction
in Section I , the conventional pulse design approach and
limitations are discussed in Section II . The proposed pulse
design principle is discussed in Section III . Section IV sum-
marizes the key features of the proposed pulse compare to
conventional pulses. Section V presents experimental setup in
detail. In Section VI, detailed experimental results of 2 Gb/s
IR-UWB over 25 km single-mode fiber (SMF) and 4.4 km
multimode fiber (MMF) are presented. Finally, the paper is
concluded in Section VII.

II. CONVENTIONAL PULSE DESIGN APPROACH

AND LIMITATIONS

UWB systems are power-limited systems rather than spectral
limited. Therefore, waveform design for the IR-UWB commu-
nication is a major issue and the aim is to obtain a pulse wave-
form that complies with FCC mask as closely as possible and
maximize the bandwidth as well [8]. A typical signal that can
be considered as a basis function for IR-UWB transmission is
the Gaussian pulse expressed as

(1)

where A and denote the amplitude and spread or shaping factor
of the Gaussian pulses, respectively. As antennas are not effi-
cient at DC, it is preferable to use derivatives of Gaussian pulse
that have smaller DC components. Accordingly, in the UWB
systems, the most commonly used waveforms are monocycle
and doublet. These pulses are becoming conventional and most
widely used in photonic generation of UWB over fiber due to the
mathematical simplicity, multipath resilience, and good BER
performance [14]–[23].

On the other hand, these commonly used pulses do not sat-
isfy the requirement of the FCC mask with high power effi-
ciency. The PSD of nth derivative of Gaussian pulse can be
obtained recursively as provided in [7]–[9]. It is obvious that
everything can fit FCC mask if the power is low enough. How-
ever, as UWB is a power-limited system, the radiating power
must be as high as possible without violating the regulation.
Therefore, in Fig. 1, we use the first seven derivatives of the
Gaussian pulse with an optimal pulse-shaping factor for each
derivative to make the spectrum as wide as possible. Then, PSD
of each derivative is normalized and finally scaled to the max-
imum legally allowed PSD. Notice that the low-order derivatives

are not FCC compliant around the GPS band if they are

Fig. 1. PSD of higher order derivatives of Gaussian pulse.

Fig. 2. Peak frequency versus pulse-shaping factor � [ps].

forced to optimize the assigned power and the bandwidth. The
main reason for this limitation is that most of their energy or
peak frequency lies in the low-frequency range. Therefore, in
order to respect the FCC-mask regulations, higher order deriva-
tives are preferable because the peak frequency of the pulse is
increased with increasing derivation order as shown in Fig. 1.
Accordingly, a fifth-order derivative is recommended in [10].
However, it is more complex and not suited for short-range fiber
communications.

A general relationship between peak frequency , the
order of derivation and the shaping factor [ps] by observing
the Fourier transform of the th derivative is given by [4]

(2)

Variation of peak frequency with pulse-shaping factor for the
first seven derivatives of the Gaussian pulse is shown in Fig. 2.
According to the simulation result shown in Fig. 2, the smaller
pulse shaping factors the higher peak frequency. Furthermore,
the bandwidth of the signal increases as the pulse-shaping factor
becomes smaller due to the time and bandwidth inverse relation-
ship. In general, differentiation of the Gaussian pulse influences
the PSD; both peak frequency and the bandwidth of the pulse
vary with differentiation order and pulse-shaping factor. There-
fore, as the order of the derivatives increases, the energy of the
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pulse moves to higher frequency bands and thus the allocated
spectrum is used more efficiently.

In general, the main bottleneck of UWB remote communica-
tion is due to electromagnetic interference between UWB sys-
tems and the GPS band. The FCC-mask requirement for pro-
tecting the GPS band and the low peak frequency of the con-
ventional pulses lead them to be power-inefficient pulses. Fur-
thermore, it is very important to note that IR-UWB systems
for applications in consumer electronics or short-range fiber
communications required low complexity, low cost, low power
consumption, high power efficiency, and high data rate. There-
fore, an IR-UWB pulse design technique must consider both
the FCC-mask and the system requirements. All previously re-
ported [7 ]–[13] electrical IR-UWB pulse design techniques do
not satisfy all the requirements. Hence, a new pulse design ap-
proach is required to satisfy all the requirements and also ex-
ploits the simplicity, achievability, and good BER performance
of conventional pulses by using signal-processing techniques.

III. PROPOSED PULSE DESIGN TECHNIQUE

In general, shaping the spectrum by modifying the pulse
waveform is an interesting feature of IR-UWB. Basically, the
spectrum may be shaped in three different ways: pulsewidth
variation, pulse derivation, and combination of base functions.
In order to reduce the complexity of the systems, we consider
a linear combination of two first-order derivatives of Gaussian
pulses called monocycles using different pulse-shaping values
of and . The linear sum value is given by

(3)

where is the first-order derivatives of Gaussian
pulses, expressed by [7]

(4)

with ps and ps are the pulse-
shaping factors used for each monocycles. Furthermore,

and are the normalized optimal weighting pa-
rameters used for our experiment. In practice, the summation of
the pulses can be realized by a wideband RF power splitter and
combiner that have a flat frequency response in the desired band.
In the optimization of the IR-UWB pulse weighting parameters,
two searching criterions were used. First, the generated RF spec-
trum must be fully FCC compliant; the test pass parameter can
be defined as

(5)

where is the FCC spectral density mask and is
the PSD of the pulse, respectively. The value of the test param-
eter, , indicates the compliance of the PSD of the pulse
with FCC-mask requirements otherwise indicates viola-
tion of the FCC mask. The maximum frequency consid-
ered during the simulation is 12 GHz.

Second, as IR-UWB systems are power-limited systems,
the power efficiency of the pulse within the useful UWB band

Fig. 3. Two monocycles with different pulse-shaping factors.

should be as high as possible. Hence, the power efficiency
is defined as the ratio between the average power of the pulse
within the useful UWB band (3.1–10.6 GHz) and the total
admissible power under the FCC mask within the same band
which must be maximized. It is expressed as

% (6)

Maximizing the power efficiency yields that the bandwidth
of the pulse at dB as defined by FCC as large as possible.
This in turn helps to achieve high data rates and hence increase
spectral efficiency of the system. Therefore, the pulse-shaping
parameters and mainly determine the bandwidth of the
pulse and are selected based on the peak frequency and pulse-
shaping factor relationship provided in (2). Then, the weighting
factors are determined in such a way that the FCC-mask require-
ment as represented in (5) is satisfied as well as optimizing the
power efficiency [as provided in (6)].

The Fourier transform of is given by

(7)

where

(8)

The simulation result of each normalized monocycle pulse is
shown in Fig. 3 . The normalized pulse after linear combinations
of the pulses using their corresponding weighting coefficient is
depicted in Fig. 4 and its corresponding spectral density com-
pared with FCC mask is shown in Fig. 5. According to the simu-
lation result shown in Fig. 5, we observe that the newly designed
IR-UWB pulse fits the FCC mask better than the conventional
monocycle and doublet pulses even in the power-restricted GPS
band from 0.96 to 1.61 GHz. Furthermore, due to the side lobes
created in the basic shape of the monocycle, the designed pulse
has more zero crossings compared to the conventional mono-
cycle and doublet pulse, which moves the energy of the pulse
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Fig. 4. Designed pulse after linear combination.

Fig. 5. PSD of higher order derivatives of Gaussian pulse.

to higher frequency ranges with similar effect as higher deriva-
tives of Gaussian pulse. Accordingly, the resulted pulse has a
central frequency of 6 GHz and a 10 dB bandwidth of 7.5 GHz
with fractional bandwidth of 125% as shown in Fig. 5. Note
that antenna response is an important factor as reported in [25],
[26]. However, different antenna type and different antenna con-
figuration yields different characteristics. Hence, in this paper,
we present a generic approach to design a pulse that confirms
the FCC-mask requirement with high power efficiency by as-
suming an antenna with flat gain and a linear phase response in
the desired band. An antenna with reasonably quite flat response
in the desired UWB band is commercially available (Skycross
SMT-3TO10M-A) and it has been reported in [29]. Hence, the
novelty of this approach lies in employing a linear combination
of the lowest derivative of Gaussian pulses in order to provide
all the desired features needed for UWB communication sys-
tems especially for short-range fiber communications.

IV. FEATURES OF PROPOSED APPROACH

A. Simplicity and Cost

To fit the FCC mask with good power efficiency, a fifth-order
derivative in electrical domain was recommended in [10].
However, as the order of derivative of Gaussian pulse in-
creases, the system complexity and cost increase as well. This
is mainly caused by the proportionally increase in the number

of components such as filters that are needed to shape the
Gaussian pulse. Recently, photonic-generation schemes aiming
at increasing power efficiency of IR-UWB pulses have been
reported in [24]–[28]. However, these photonic schemes are
either complex or expensive especially for short-range fiber
communication applications. Our approach utilizes the linear
combination of lowest possible order derivative of Gaussian
pulse, which has the potential of being simple and cheap.
Hence, it is suited for short-range fiber communication net-
works in which complexity and cost are major issues.

B. Radiation Efficiency

As antennas are not efficient at low frequencies, the UWB
pulses with low frequency or DC components cannot be used
[7]–[9]. It is shown that the conventional pulses are good can-
didate waveforms in terms of radiation efficiency because they
do not have a DC component. However, most of their energy
lies in low frequencies. Similar to the conventional pulse, the
designed pulse does not have a DC component as can be easily
observed in Fig. 5. Furthermore, unlike the conventional pulse,
most of the energy of proposed pulse as shown in Fig. 5 occupies
higher frequency regions within the regulation mask. Hence,
our pulse design together with pulse design techniques reported
in [24]–[28] can achieve a relatively good radiation efficiency
compared to the conventional pulse reported in [14]–[23].

C. Compliance With FCC Mask

UWB signal spectrum is one of the major issues confronting
the industry and governments for commercial use. UWB sys-
tems cover a large spectrum and interfere with other existing
wireless services. In order to keep this interference to a min-
imum, the FCC and other regulatory groups specify spectral
masks for different applications, which allow power output for
specific frequencies [7]–[9]. In Fig. 1, an example is shown of
the FCC spectral mask for indoor UWB systems. A large con-
tiguous bandwidth of 7.5 GHz is available between 3.1 and
10.6 GHz at maximum power output of dB m/MHz.
The major reason for extremely low allowed power output in
the frequency bands 0.96–1.61 GHz is due to the pressure from
groups representing existing services such as mobile telephony,
GPS, and military usage [7]. This causes the primary concern in
UWB communication due to electromagnetic interference be-
tween UWB systems and GPS band. Hence, from this view-
point, the conventional monocycle and doublet pulses reported
in [14]–[23] are not suitable for UWB transmission with good
power efficiency. However, the pulse design techniques reported
[24]–[28] and our proposed pulse are fully FCC compliant even
in severely power-restricted area around GPS band as shown in
Fig. 5 with significant improvement in power efficiency.

D. Power Efficiency

The FCC spectral mask limits the maximum permissible radi-
ated power by the transmit antenna in UWB systems; that is, the
effective isotropic radiated power must remain below the spec-
ified spectral mask. Compared to more conventional (narrow-
band) systems, pulse-shaping techniques can be used to opti-
mize the greatest legally allowed transmission power to enhance
power-limited IR-UWB systems [25]. The conventional pulses
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Fig. 6. Experimental setup.

based on monocycle and doublet used in [14]–[23] are not power
efficient while forced to respect the FCC-mask requirements es-
pecially in the GPS band [25]. Based on the work done in [25],
monocycle and doublet have a low power efficiency of 0.12%
and 1.38%, respectively. To overcome the power inefficiency of
these conventional pulses, power-efficient pulses based on pho-
tonic generation were reported in [25]–[28]. A photonic gener-
ation of IR-UWB with power efficiency of 63.6% was achieved
in [26]. Very recently, a photonic generation with power effi-
ciency of 50.97% was reported in [28]. However, in our ap-
proach, we use electrical generation that employs the conven-
tional pulse together with some processing in order to increase
the power efficiency. Accordingly, we have achieved a power
efficiency of 48.52% which is a quite significant improvement
over the conventional pulses reported in [14]–[23]. Although the
power efficiency is less than the reported results in [25]–[28], we
believe that the power efficiency can be increased further em-
ploying photonic generation at the expense of increasing com-
plexity (and hence costs) in the system.

V. EXPERIMENTAL SETUP

In order to realize high-speed IR-UWB over fiber for access
and in-building networks application, the experimental setup
depicted in Fig. 6 is used. The proposed IR-UWB pulse modu-
lated by on–off keying (OOK) modulation using pseudorandom
binary sequence (PRBS) of data is constructed off-line
in MATLAB. The modulated pulse is sent to a Tektronix arbi-
trary waveform generator (AWG 7122B) with a bandwidth of
10 GHz, running at 24 GSamples/s. To achieve this sampling
speed, the two outputs ports of the AWG are interleaved. The
DFB laser, with a wavelength of 1302.56 nm, is specified for up
to 10 Gb/s OOK transmission and has an electrical small-signal
modulation bandwidth of approximately 12 GHz. The biasing
current is set at 60 mA in order to maintain the peak- to-peak cur-
rent swing caused by generated IR-UWB fully lies in the linear
portion of the P–I characteristics of the DFB. The resulting in-
tensity-modulated optical signal is either transmitted over 25 km

SMF or 4.4 km MMF during transmission case or directly cou-
pled to optical attenuator in the back-to-back measurement case.
After the optical attenuator, the received optical signal is de-
tected by a 25 GHz MMF-coupled photodetector (New Fcous
1414 PD) with a photosensitive area of 24 m and an integrated
coupling lens. The received electrical signal is then amplified
and captured using a 20 GHz real-time Tektronix DPO72004
digital storage oscilloscope running at a sampling rate of 50
GSamples/s for measuring the time-domain waveform and col-
lect data for off-line processing such as demodulation and BER
measurements. Finally, an RF spectrum analyzer is employed
to present the electrical spectrum of our pulse and compare it to
the FCC-mask requirement.

For the IR-UWB transmission, a computer is used for the
digital IR-UWB modulation and demodulation in MATLAB,
as shown in Fig. 6. This also includes off-line synchroniza-
tion, evaluation of transmission performance such as BER
measurement.

In general, in this paper, we consider the pulse design step
which is before the real electronic demonstration. As a proof
of concept, in the experimental demonstration, the UWB pulses
were generated electronically using an AWG, which acts a dig-
ital-to-analog converter. Therefore, the output of AWG is a real
electrical waveform of the combined pulse presented in (3).
However, for a practical realization, an electrical signal gener-
ator that is dedicated to produce the designed pulse can replace
the AWG. This electrical signal generator can be implemented
using different options such as monocycle pulse generator to-
gether with wideband RF splitter and combiner, directly using
a pulse synthesizer and digital CMOS circuitry.

VI. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. IR-UWB Over Optical Back-to-Back

Several modulation formats can be used for IR-UWB com-
munication [7]–[9]. Recently, a comprehensive study on the im-
plementation of multiple modulation schemes in IR-UWB over
fiber system has been reported in [29]. A general theoretical
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Fig. 7. IR-UWB pulse sequence in optical back-to-back.

Fig. 8. PSD of IR-UWB pulse during optical back-to-back.

model to analyze the PSD of IR-UWB signals was developed
to investigate the transmission performance of different mod-
ulation formats in [30]. However, OOK modulation of PRBS

pattern length is used for simplicity and low-cost imple-
mentation. Fig. 7 shows some part of the transmitted data taken
during the optical back-to-back measurement and clearly shows
the OOK modulation of a binary sequence of 6 bits “ 1 1 1 0 1
0.” Notice that we use ac-coupled amplifier in the detection part
of experimental setup as shown in Fig. 6, which removes the dc
part of the detected signal. Hence, both the negative and positive
parts of the designed pulse is observed in Fig. 7. The spectrum
of our generated IR-UWB is fully compatible with FCC mask,
which has a central frequency of 6 GHz and a 10 dB bandwidth
of 7.5 GHz is shown in Fig. 8. Notice that the spectrum shown
in Fig. 8 has both continuous and discrete spectral components.
The discrete spectral lines are called comb lines. These spectral
lines appear on the top of continuous spectrum when repetitive
pulses analyzed using an electrical spectrum analyzer (ESA).
When repetitive pulses further amplitude modulated using OOK
modulation type, the continuous part of the spectrum gets re-
duced and the spectral lines becomes more dominant. This is
due to the slow response (thus averaging) in the ESA since there
are more time slots in which no pulse generated. Furthermore,
similar results of PSD have been reported [7]–[9] and even in
very recent publications [27]–[30]. The comb lines appear at the
locations that are the multiples of the inverse of the pulse rep-
etition interval. Hence, in this case, they appear at multiples of

Fig. 9. PSD of IR-UWB after 25 km SMF fiber.

2 GHz which is exactly equal to the bit rate of the transmission
system. These spectral lines are not favorable regarding the FCC
mask and the interference that can be made to other operating
wireless systems. Hence, the comb lines are undesirable as they
limit the total transmit power. One method to reduce the spec-
tral lines of the UWB signal is to use randomly delayed pulse
position modulation [8]. In our case, the comb lines are forced
to remain below the FCC mask in order to avoid interference to
other operating wireless systems. Finally, the results depicted
both in a time and frequency domain as in Figs. 7 and 8 confirm
that the signal is not distorted during the optical back-to-back
case. This is mainly due to the system bandwidth that is ade-
quate enough for the signal bandwidth.

B. IR-UWB Over SMF for Access Networks

SMF offers a very wide bandwidth, very low attenuation and
high linearity [31 ]. IR-UWB over SMF fiber could be an at-
tractive solution for the distribution of high-definition audio and
video content in fiber-to-the-home networks [32]. However, the
relative high cost of UWB over SMF fiber is attributed to the
cost of optical transceivers. To lower the cost of IR-UWB over
SMF, the IR-UWB signal processing can be centralized in order
to simplify IR-UWB base stations [31]. In the cheapest case,
an intensity-modulated direct-detection (IM-DD) system is em-
ployed for the IR-UWB transceiver. Therefore, in the experi-
ment shown in Fig. 6, we employ the IM-DD technique using a
directly modulated high-speed DFB and a standard SMF used in
the experiment. After 25 km SMF transmission, the PSD of the
pulse is shown in the Fig. 9. The results clearly show the suc-
cessful transmission of 2 Gb/s without any significant distortion
in the frequency domain mainly due to near-zero dispersion at
1300 nm and high transmission capacity of the SMF fiber.

C. IR-UWB Over MMF for In-Buildings Networks

Silica MMF with core diameter of 50 to 62.5 m is attractive
for use a high-capacity and low-cost optical fiber-based links
in local area networks, such as enterprise in-building and dat-
acenter backbones, but also short-distance server/computer in-
terconnects. In contrary to long-haul transmission links, silica
MMF is used for the vast majority of optical local area network
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Fig. 10. IR-UWB pulse sequence after 4.4 km MMF fiber.

Fig. 11. PSD of IR-UWB over fiber after 4.4 km MMF fiber.

links. Unlike SMF, the large core diameter of the MMF allows
large alignment and dimensional tolerance in transceiver com-
ponents, thereby lowering installation, maintenance, and com-
ponent cost [33]. Therefore, IR-UWB over MMF is an attractive
solution for in-building networks applications. The MMF from
Draka Comteq fiber used in this experiment has a high numer-
ical aperture with bandwidth length product of 8925 MHz.km
and a loss of 0.45 dB/km at 1300 nm, which allows the transmis-
sion of 2 Gb/s IR-UWB over 4.4 km MMF without severe dis-
tortion. The time-domain waveform is shown in Fig. 10. There
is no significant degradation after 4.4 km MMF transmission;
Fig. 11 finally shows the spectrum of the received IR-UWB
signal after 4.4 km MMF transmission. The signal spectrum is
still very nicely fitting into FCC mask with very small periodical
notch observed in the spectrum, which signify the mode cou-
pling leading to interference between guided mode and other
modes, which are delayed with respect to its own signal.

D. BER Performance of IR-UWB Over SMF and MMF

Fig. 12 shows the BER results of 2 Gb/s IR-UWB signal
transmissions over 25 km SMF, 4.4 km MMF, and optical
back-to-back case. For each BER measurement points, 8191

Fig. 12. BER curves for optical back-to-back, 25 km SMF, and 4.4 km MMF.

bits following a PRBS pattern are transmitted and
recorded using a 50 GSamples/s digital oscilloscope. The BER
is subsequently computed using a DSP algorithm in a bit-for-bit
comparison between the transmitted and received data. The
DSP algorithm distinguished between binary “1” and “0” by
comparing the average power within the central window of
each bit slot to an adaptive decision threshold. This approach is
expected to provide more accurate results than BER estimates
from the eye diagram Q-factor as in [32]. According to the
result of the BER measurement, the 4.4 km MMF transmission
shows a penalty of almost 3 dB due to the combined effect of
intermodal dispersion, mode mixing, and modal noise at the
receiver side. However, for the 25 km SMF transmission no
penalty is observed. This is mainly due to the high-capacity
and low-signal dispersion around 1300 nm. In general, the
experimental result shows a successful transmission within the
forward error free (FEC) limit of IR-UWB over both 25 km
SMF and 4.4 km MMF for both access and in-building appli-
cations.

VII. CONCLUSION

We have theoretically investigated and experimentally
demonstrated a simple IR-UWB pulse-generation tech-
nique by linearly combining two monocycles using different
pulse-shaping factors. The generation technique has potentially
low complexity and hence low cost compared to higher order
Gaussian derivative generation techniques. The proposed pulse
has many features such as high power efficiency, high spec-
tral efficiency, and good radiation efficiency compared to the
conventional monocycle and doublet pulses. Furthermore, the
pulse has a fractional bandwidth of 125% and fully complies
with the FCC-indoor spectrum mask even in the most severely
power-restricted GPS band from 0.96 to 1.61 GHz. We also
experimentally investigated the performance of IR-UWB over
fiber using off-line BER evaluation. Accordingly, we achieved
an FEC-limit error-free transmission of 2 Gb/s IR-UWB over
25 km SMF and 4.4 km MMF. We believe that our newly
proposed IR-UWB over fiber has a potential application in
low-cost high-speed short-range communication networks.
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