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Abstract—In this paper we examine the transmission of two
types of ultra-wideband (UWB) signals, multiband orthogonal
frequency division multiplexing (MB-OFDM) and impulse radio
ultra-wideband (IR-UWB), over single mode fiber at 1550 nm. In
order to investigate the impact of optical components such as laser
diode, external modulator and single mode fiber on UWB signals,
we develop mathematical models for these components. These
models are experimentally verified and corresponding numerical
parameter values are obtained by experiment. Using these models
we discuss the transmission of two types of UWB signals over
single mode fiber. A new figure of merit namely distortion factor
is defined. Using this figure of merit the direct modulation of distributed feedback (DFB) laser diode and the external modulation
with Mach–Zehnder modulator (MZM) are compared in terms of
their impact on UWB signals. Using intensive simulation we also
compare MB-OFDM and IR-UWB in terms of their sensitivity
to the distortions of a UWB over fiber link using error vector
magnitude (EVM) as a figure of merit. An EVM measurement
is accomplished for a MB-OFDM over fiber link. The impact
of IR-UWB pulse shape on its resistance to the nonlinearity of
modulation transfer function is also investigated.
Index Terms—External modulator, fiber optic, IR-UWB, laser
diode, MB-OFDM, radio over fiber.

Fig. 1. Using external modulator and laser diode in a UWB over fiber system
where LD denotes laser diode and Ext. Mod. denotes external modulator.

I. INTRODUCTION

UWB signals are transmitted over fiber, the UWB over fiber systems. Fig. 1 shows the down link of an UWB over fiber system
[13]. In this figure, optical components such as laser diode (LD)
and external modulator (Ext. Mod.) are used to transmit UWB
signals over fiber.
At present, there exist two major techniques for UWB communication. One is based on orthogonal frequency division multiplexing (OFDM) [1] namely multi-band OFDM (MB-OFDM)
and the other is based on very short duration pulses, namely
impulse radio UWB (IR-UWB) pulses [5]. In this paper, we examine the transmission of both MB-OFDM and IR-UWB signals over single mode fiber (SMF).
We develop several mathematical models for key optical components employed in the above systems such as distributed feedback (DFB) laser diode and Mach–Zehnder external modulator
(MZM). Experimental measurements are used to determine the
numerical values of the model parameters. Then we discuss the
impact of these optical components on UWB signals [14]. As
we will observe and discuss in following sections, nonlinear
effects and bandwidth limitation of DFB laser and MZM can
distort UWB signals. Note that the nonlinear effects discussed
throughout this paper refer to the nonlinearity of the modulation
transfer function of DFB laser and MZM. We define the distortion factor as a new figure of merit, which measures the amount

LTRA-WIDEBAND (UWB) radio communications have
attracted growing attention due to its promising capabilities to provide high data rate with low cost and low power consumption. Low transmitted power of UWB signals limits the
wireless range of these systems, and one way to extend the range
is to use radio over fiber (RoF) systems as a distributed antenna
structure. In RoF systems, analog radio signals are modulated
on the intensity of the optical signals and transmitted through
a fiber optic link. Due to wide bandwidth and high data rate
of UWB signals, RoF technology is an excellent alternative for
UWB signal transmission. We will call these systems, in which
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of distortion for UWB signals. Using distortion factor we compare the direct modulation of DFB laser and the external modulation with MZM in terms of their impact on UWB signals.
We also compare MB-OFDM and IR-UWB in terms of their
resistance to the effects of a UWB over fiber link using error
vector magnitude (EVM) [10] as a figure of merit via intensive
simulation. An EVM measurement is also accomplished for a
MB-OFDM over fiber link which is based on the external modulation with MZM.
Transmission of UWB signals through optical fiber have been
a topic of interest for many researchers for the past few years,
however most of the studies have focused on the feasibility and
the experimental demonstration of such systems [2]–[4]. In most
of these papers the bit error rate (BER) of the whole UWB over
fiber link is measured to investigate the transmission of either
MB-OFDM or IR-UWB signals. In this paper, using our mathematical models the impact of each optical component on both
MB-OFDM and IR-UWB is investigated separately. Furthermore, a comparison between both modulation techniques, i.e.,
external modulation with MZM and the direct modulation of
DFB laser, and both UWB signal schemes, i.e., MB-OFDM and
IR-UWB is carried out.
The rest of this paper is organized as follows. In Section II,
MB-OFDM and IR-UWB are briefly introduced and the system
description is presented. In Section III, the mathematical models
of DFB laser, MZM and SMF are presented. In Section IV,
the distortion factor is defined and the impact of optical link
on UWB signals is discussed. In Section V, MB-OFDM and
IR-UWB are discussed and using EVM they are compared
in terms of their sensitivity to the optical link effects, and in
Section VI, we conclude the paper.
II. UWB SIGNALS AND SYSTEM DESCRIPTION
In IR-UWB systems data bits are modulated on short duration
Gaussian signals, namely monocycle or doublet. No carrier is
denote IR-UWB signal, then
used in IR-UWB systems. Let
we can write [5]
(1)
(2)
In order to cover the whole UWB spectrum, 3.1–10.6 GHz, the
above waveforms must have a duration around 200 ps. If the
duration is larger than 200 ps IR-UWB pulse will not cover the
whole UWB spectrum. Direct sequence code division multiple
access (DS-CDMA) technique may also be used to provide multiple access facility for UWB signals, but in this paper we do not
consider CDMA. We assume that data bits are directly modulated on IR-UWB pulses (Monocycle or Doublet) based on a
binary phase shift keying (BPSK) modulation scheme [5].
The MB-OFDM system may be viewed as a combination of
frequency hopping and OFDM technologies [1], [11], [12]. The
UWB spectrum, 3.1–10.6 GHz, is divided into 14 bands, each
with a bandwidth of 528 MHz. MB-OFDM signal is in fact an
OFDM signal with the bandwidth of 528 MHz which hops over
various carrier frequencies. In this way the whole UWB spectrum is covered. A time-frequency coding (TFC) determines
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which band is occupied by the 528 MHz OFDM signal at each
time interval. TFC can also provide the multiple access facility.
which
Assume that the UWB signal is represented by
can be either an IR-UWB signal (a stream of Doublets or
Monocycles) or a MB-OFDM signal (a 528 MHz OFDM
signal modulated over a carrier frequency larger than 3.4 GHz).
via an optical intensity modulation
In order to transmit
scheme, in which all signals are positive, a direct-current
(DC) component is added to the signal. At the transmitter,
electrical UWB signals can be modulated on the optical carrier using either laser diode or external modulator. These
components affect the shape of the UWB signal. Let the trans. We assume
formed UWB waveforms be represented by
that the electrical current which modulates the DFB laser is
, and the voltage which is applied to
where
is the normalized
MZM is
and
ideal UWB signal so that
denote the bias current and voltage, respectively.
and
denote the modulating current and voltage, respectively.
The corresponding emitted optical power can be also consid, where
is normalized so that
ered as
and
are the modulating
power and bias power, respectively.
III. MATHEMATICAL MODELLING OF THE OPTICAL
COMPONENTS
In this section, we model the optical components used in our
system which includes DFB laser, MZM and SMF.
A. DFB Laser Diode
Laser rate equations are used to model the DFB laser. We
have assumed a case of single mode DFB laser. Laser rate equations are based on nine parameters that indicate various aspects
of laser diode behavior [6]. In order to determine the numerical
values of these parameters, a curve fitting approach is used [6].
The small signal frequency response of a DFB laser is experimentally measured. The small signal frequency response can
also be theoretically expressed in terms of the laser rate equation parameters [6]. We employ those numerical values for rate
equation parameters that effectively make the theoretical frequency response to become the best fit when compared to experimental measurement results. In order to obtain those values we
use numerical optimization methods (simplex search method).
We set an upper and lower bound for each parameter, so that
the optimization leads to proper numerical values. Fig. 2 shows
the small-signal frequency response obtained both by experiment and modelling. We observe that there is a good agreement between our model and the experimental results. Note that
the impact of laser parasitic network on small signal frequency
response is also taken into account and modelled by a linear
transfer function containing zeros and poles in frequency domain. The total small signal frequency response is obtained by
multiplying this parasitic transfer function to the transfer function obtained from rate equations. Using the obtained numerical values we also compare the static L-I (light power–current)
curve of the laser with the experimental results, and we observe
that they are in an excellent agreement as shown in Fig. 3. From
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TABLE I
LASER RATE EQUATION PARAMETERS

Fig. 2. Small signal frequency response of DFB in I

= 50 mA.

B. External Modulator
In this paper, we are mostly concerned on the external behavior of MZM. Therefore, we generalize the typical model of
MZM [7] so that the impact of MZM frequency response [8]
and the asymmetry of MZM arms [16], which limits the extinction ratio of MZM, are also taken into account. Considering the
structure of MZM, the following equation is used to model the
external behavior of the device [7], [8], [16]:

(3)

Fig. 3. Light current (L-I) static characteristic of DFB laser.

this figure the DFB threshold current, numerically and experimentally, is
mA. Note that the saturation of the DFB
laser is not considered in our model. No saturation effect is observed for the bias currents lower than 90 mA, and the maximum
bias current which is used throughout this paper is 50 mA, so the
DFB laser is used in a region far from the saturation region. The
chirp (deviation of the optical frequency from the unmodulated
frequency) of laser can also be modelled by considering the impact of linewidth enhancement factor in laser rate equations [6].
We have chosen a typical value for the linewidth enhancement
factor, 2.5, and it is not measured. Since the transmitted data
bits are modulated over the intensity of the optical signal in a
radio over fiber system, the impact of laser chirp on the EVM
and the shape of UWB waveforms is almost negligible, but it
affects the amount of dispersion when the UWB signal is transmitted through fiber. The numerical values for DFB laser rate
equation parameters are presented in Table I.

where
and
are the input and output optical power.
represents the total attenuation of MZM, and is a coefficient
is the
which represents the asymmetry of the MZM arms.
applied voltage.
represents the initial phase difference beis the small signal impulse response of
tween the arms, and
the MZM and * represents the conventional convolution operation. In order to determine the numerical values of the parameters, we have measured the static characteristic (output optical
power versus the input voltage) of an MZM, and fitted it to equation (3).
Note that the impact of the frequency response, i.e.,
, is usually neglected in ordinary systems
that employ band limited signals. However, since UWB signals
have a large bandwidth then the impact of the frequency response must be taken into account. The frequency response of
MZM in impedance matching and velocity matching condition
can be written as [8]
(4)
is the Fourier transform of
, and is a constant
where
value. The frequency response of MZM is measured and fitted
to (4), as shown in Fig. 4, and is determined.
Our measurements show that the impact of the frequency response is still negligible because the 3 dB cut off frequency of
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Fig. 4. Frequency response of MZM.

TABLE II
NUMERICAL VALUES FORT: PARAMETERS OF MZM

MZM is 27 GHz which is larger than that of the UWB spectrum,
10.6 GHz. The numerical results obtained are listed in Table II.
C. Single Mode Fiber
Various phenomena such as dispersion, nonlinear effects, polarization mode dispersion (PMD), and attenuation affect the behavior of a single mode fiber. Among them dispersion and attenuation are of utmost importance for long distances. We have
considered only dispersion and attenuation in our model. We
have assumed typical values for the Dispersion parameter, difps/km/nm,
ferential dispersion, and attenuation that are
ps/km/nm , and
dB/km, respectively.
IV. IMPACT OF THE OPTICAL COMPONENTS ON UWB SIGNALS
AND DISTORTION FACTOR
In this section and the next, we assume that both the MZM
and DFB lasers are biased at their most linear region so that
they cause minimum distortion.
Fig. 5 shows an ideal doublet which directly modulates the
DFB laser. The duration of the doublet is approximately 200 ps.
mA,
mA.
We assumed that
As it can be observed from this figure, DFB laser distorts the
Doublet, and the fiber dispersion makes the transmitted signals
temporally wider as expected. This distortion is mostly caused
by the bandwidth limitation of the DFB laser. Our simulations
show that if a doublet with a larger duration, e.g., 1 ns, is used to
modulate the DFB laser, the amount of distortion will be much
less. The simulation result can also be verified experimentally.
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Fig. 5. The impact of DFB laser and single mode fiber on 200 ps UWB doublet
mA, I
=I
: (simulation).
for I

= 50

=05

In order to have a fair comparison, we define a figure of merit
which evaluates the correlation between the generated UWB
signal and the ideal UWB signal. We refer to this figure of merit
as the distortion factor (DF). Assuming that the ideal UWB is
and the generated UWB signal is denoted by
denoted by
. Then the distortion factor is expressed as

The DF is always between zero and one; the smaller values inand
. Using DF, we
dicate more similarity between
have compared the direct modulation of DFB laser and the external modulation with MZM in Fig. 6. This figure shows the
calculated distortion factor versus the ratio of optical modu. The impact
lating power to the optical bias power, i.e.,
of fiber optic is not considered in our calculation. DF is plotted
for two values of doublet duration, i.e., 1 ns and 200 ps.
In Fig. 6, DFB laser and MZM are biased at their most linear
region. The output power of both MZM and DFB laser is the
same, i.e., the same peak-to-peak amplitude of the IR-UWB
signal and the same bias power. The peak-to-peak value of 200
ps doublet is also the same as that of 1 ns doublet. Note that the
above conditions are assumed for comparison purposes between
MZM and DFB. In practice, higher modulated power can be obtained with MZM while using a directly modulated DFB laser
leads to lower cost. As expected, and as it can be realized from
increases the distortion. It can also
Fig. 6, an increase in
be realized that the external modulation with MZM leads to less
distortion than the direct modulation of DFB laser for 200 ps
doublet. The reason is the higher operating bandwidth of MZM.
In fact, as shown in Fig. 5 the bandwidth limitation of DFB laser
distorts the 200 ps doublet, but it is not the case for MZM, since
the cut off bandwidth of MZM, 27 GHz, is larger than that of
UWB signals, 10.6 GHz. It can also be observed that the distortion factor for the direct modulation of DFB laser does not
alter very much when the modulating power changes and DF is
relatively flat. The reason is that the distortion is mostly caused
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Fig. 6. Comparison between DFB laser and MZM in terms of distortion factor.

by the low bandwidth of DFB laser, while increasing
can only increase the nonlinear effects. For the 1 ns doublet, the
operating bandwidth of DFB laser is large enough not to result
in serious distortion. As it can be realized from Fig. 6, in this
case the external modulation with MZM results in more distortion than the direct modulation of DFB laser. In fact DFB laser
has a wider dynamic range and less nonlinear effects compared
to MZM. When the bandwidth is not a limiting factor the DFB
laser leads to less distortion because of its less nonlinear effects
compared to MZM. Note that higher modulated power can be
obtained with MZM in practice. This affects the dynamic range
of MZM, but in order to increase the modulated power the input
power of MZM must also be increased. In our comparison, we
assumed the same bias power and the same modulated power for
MZM and DFB laser. The dynamic range of the MZM is lower
than that of the DFB laser for the same bias power; The spurious-free dynamic range (SFDR) has been measured for both
for the DFB
DFB laser and MZM. The results are 95 dB Hz
laser and 80 dB Hz for the MZM. In both cases the bias power
was 5.5 mW, and the conditions for two-tones measurements
were: noise level 140 dBm; center frequency 2.4 GHz; 200
MHz spacing.
The above discussion was focused on IR-UWB signals. The
same discussion can be made for MB-OFDM signals and the
same results can be obtained, so we do not repeat the above discussion for MB-OFDM signals. We only explain how the optical
components can affect the performance of MB-OFDM signals.
Figs. 7 and 8 show the impact of DFB laser on the 3.4 GHz
band of MB-OFDM signal [12]. Fig. 7 shows the constellation
points [15] and Fig. 8 shows the normalized frequency representation of the 3.4 GHz MB-OFDM band after and before directly modulating the DFB laser. We have considered two values
for the bias current which are 20 mA and 50 mA. The modulating current is equal to 5 mA. In Fig. 7 we can observe that the
constellation points are dispersed because of the nonlinearity of
the DFB laser modulation transfer function. The constellation
mA are less dispersed than
points corresponding to
mA because 20 mA is closer to
those corresponding to
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Fig. 7. Constellation of QPSK MB-OFDM signals after and before modulating
the DFB laser.

Fig. 8. Spectrum of the first band of QPSK MB-OFDM after and before modulating the DFB laser.

the threshold current and the nonlinear region of DFB laser. The
most linear behavior of our DFB is observed for the bias currents
in the range of 40 mA to 80 mA. In Fig. 8 we can observe the
frequency components which are generated by the nonlinearity
of the DFB laser modulation transfer function. Again less nonmA. Note that these new
linear effects are observed for
frequency components can result in two types of cross talk; one
between MB-OFDM bands and the other between the internal
sub-bands of each 528 MHz MB-OFDM band. The TFC suppresses the first type of cross talk.
Note that MB-OFDM signals are composed of 528 MHz
bands modulated over various carrier frequencies. This
528 MHz bandwidth is much less than the bandwidth of
IR-UWB pulses, i.e., 3.1–10.6 GHz. Therefore, the bandwidth limitation of DFB laser causes less distortion on each
MB-OFDM band, but it also depends on the carrier frequency.
The bands with larger carrier frequencies are more distorted by
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Fig. 9. Orthogonal bases used to construct the constellation diagram for BPSK
IR-UWB signals where T denotes the bit duration.

DFB laser, but it is not the case for MZM since its frequency response is almost flat for the whole UWB spectrum. We compare
the MB-OFDM and IR-UWB in the next section and discuss
the impact of DFB laser on MB-OFDM carrier frequencies.
Fig. 10. The possible transmittable symbols corresponding to bases shown in
Fig. 9.

V. COMPARISON BETWEEN MB-OFDM AND IR-UWB
In this section, using error vector magnitude (EVM) [10],
which has been both measured and calculated here, we compare MB-OFDM and IR-UWB signals in terms of their sensitivity to the effects of optical components. Consider a two-dimensional quadrature phase-shift keying (QPSK) constellation
diagram [15] as Fig. 7. Assume that the ideal coordinates of
and the
points in constellation diagram are represented by
real coordinates of the dispersed points are represented by .
Then, the EVM is calculated as follows:
(6)
where is the number of the constellation points. Error vector
magnitude (EVM) is a well known figure of merit that shows
how much constellation points are dispersed in the constellation
diagram [10]. Larger EVM indicate more dispersion in the constellation diagram. Using (6) EVM can be easily calculated for
QPSK symbols of a MB-OFDM signal. The two dimensional
constellation diagram of QPSK OFDM symbols are quite well
known [15], but in order to compare QPSK MB-OFDM signals
and BPSK IR-UWB signals in terms of EVM we must define
the same two dimensional constellation diagram for IR-UWB
signal. In the ordinary QPSK constellation diagram sine and cosine waveforms are used as basis to make the I and Q axis (horizontal and vertical axis in constellation diagram) [15]. IR-UWB
signals have no carrier, so sine and cosine waveforms can not be
used. We consider the following two orthogonal waveforms as
the base functions which are used instead of sine and cosine to
make the I and Q axis for IR-UWB [15].
Considering the above two bases, the following symbols
(Fig. 10) lead to the same constellation as QPSK symbols. The
waveforms shown in Fig. 10 depict the IR-UWB doublets.
In fact a sequence of the symbols shown in Fig. 10 is exactly
the same as a sequence of BPSK symbols. Note that Fig. 10
shows the possible transmittable symbols and it does not show
the actual transmitted symbol stream. Using the base functions
plotted in Fig. 9 we have only defined a two dimensional
constellation diagram for BPSK IR-UWB signals instead of a
typical one dimensional constellation diagram [15]. Using this
constellation diagram we can compare QPSK MB-OFDM and
BPSK IR-UWB in terms of EVM.

Fig. 11. EVM measurement for MB-OFDM signals modulated by MZM over
fiber.

An EVM measurement is done for MB-OFDM signals. The
results are shown in Fig. 11. Agilent AWG (arbitrary waveform generator) and signal studio software are used to generate
MB-OFDM signals. These signals are transmitted over a single
mode fiber using MZM, and the corresponding EVM is measured for various amplitudes of the voltage applied to the MZM.
Agilent vector signal analyzer (VSA) is used to demodulate
MB-OFDM signals and measure the EVM. The measurement is
done for various values of the optical power at the input port of
MZM. Two values are shown in Fig. 11. We have used the first
MB-OFDM band, i.e., 3.4 GHz, in our measurement and the
carrier frequency of the measured MB-OFDM signal does not
hop. The length of the fiber is so small that we can only observe
the impact of MZM. Fig. 11 shows the measured and simulated
, where
and
are introduced in
EVM versus
Sections II and III. We have considered the laser intensity noise,
thermal noise, and shot noise [9] in our simulation.
First of all, we can observe that there is a good agreement
between our models and the experimental results. It can also be
increases the EVM decreases and
observed that when
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reaches its minimum value and then it increases. In fact, there
is an optimum point corresponding to the minimum EVM. This
optimum EVM is resulted by the trade off between the noise and
nonlinear effects; Large values of the applied voltage result in
large nonlinear effects and small values of the applied voltage
result in low signals to noise ratio. Both nonlinear effects and
noise increase the EVM, therefore there is an optimum applied
voltage for which EVM has its minimum. The rest of the curves
of this section are obtained by simulation, but the models which
are used in our simulations are verified by the experiment as
explained in Section III.
Fig. 12 shows the EVM of a MB-OFDM band and IR-UWB
of MZM. Using our mathematical
signals versus
models we have compared MB-OFDM and IR-UWB in this
figure. In order to have a fair comparison the same data bit
sequence, data rate, transmitted energy, and bandwidth are
assumed for IR-UWB and MB-OFDM (see the Appendix).
Note that the bandwidth of each MB-OFDM band is 528 MHz
which is much less than that of IR-UWB signal (7.5 GHz), but
the carrier frequency of MB-OFDM signals hops continuously
and various bands are used so that the whole UWB bandwidth
(7.5 GHz) is covered by MB-OFDM signal.
Considering the frequency hopping of MB-OFDM bands it
can be easily realized that the EVM of MB-OFDM signal is
equal to the average of the EVM values of MB-OFDM bands
(see the Appendix). Since the MZM operating bandwidth is
much larger than the bandwidth of UWB signals (Fig. 4), the
EVM of various MB-OFDM bands are the same when transmitted over fiber using MZM. Therefore, the total MB-OFDM
EVM is equal to the EVM of each band in this case. The optical
power at the input port of the MZM is 2 mW. In this figure, two
values for the duration of IR-UWB doublet, i.e., 200 ps and 1 ns,
are examined. It can be observed that EVM of MB-OFDM has
the same behavior as in Fig. 11 and there is a minimum EVM.
EVM of IR-UWB signals has also the same behavior.
From this figure, it can be realized that the EVM of the 200 ps
doublet is larger than that of 1 ns doublet. The reason can be
simply explained as follows: since both the 200 ps doublet and
the 1 ns doublet have the same energy the peak-to-peak value of
the 200 ps doublet is larger than that of 1 ns doublet (because
the duration of 1 ns doublet is larger than 200 ps doublet), so
the impact of nonlinearities on 200 ps doublet is more than 1 ns
doublet. It can also be observed that the EVM of MB-OFDM is
lower than the EVM of IR-UWB for large values of the applied
modulating voltage, so we can conclude that IR-UWB signals
are more sensitive to nonlinear effects than MB-OFDM signals.
The reason can be explained using Fig. 13 where MB-OFDM
and IR-UWB signals are both plotted in time domain. In this
. MB-OFDM and IR-UWB signals have
figure
the same energy, but it can be observed that the peak-to-peak
value of the IR-UWB signal is larger than that of MB-OFDM.
The short duration of UWB doublet has resulted in this large
peak-to-peak value. The large peak-to-peak value of IR-UWB
signals makes them more vulnerable to nonlinear effects. Note
that in Fig. 13, the 3.4 GHz band of MB-OFDM signal is shown,
but the envelope and peak-to-peak value of MB-OFDM signal
is the same for other bands using larger carrier frequencies.
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Fig. 12. EVM comparison between IR-UWB and MB-OFDM modulated by
MZM over fiber.

Fig. 13. MB-OFDM and 200 ps IR-UWB signals that have the same energy.

Fig. 12 also shows that the EVM of MB-OFDM is larger than
EVM of IR-UWB for small values of the applied modulating
voltage, so MB-OFDM is more sensitive to the impact of noise.
It is also because of its less peak-to-peak value compared to
IR-UWB.
In Fig. 12, the MZM is used to modulate UWB signals over
optical power. In Fig. 14, the DFB laser is used instead of
MZM. In this figure, the EVM for the MB-OFDM signal and
IR-UWB doublet (200 ps) is plotted versus the ratio of the bias
to threshold current of DFB laser. The modulating current is
40 A.
In this figure, one line corresponds to IR-UWB signal and the
others correspond to the MB-OFDM signal and its various frequency bands. The frequency response of DFB laser for large
frequencies is worse than that for small frequencies. Therefore,
as can be observed in this figure, larger carrier frequencies result in larger EVM. It was not the case for MZM in Fig. 12
where all MB-OFDM bands resulted in the same EVM. We can
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Fig. 14. EVM comparison between 200 ps IR-UWB and MB-OFDM modulated by DFB laser over fiber (modulating current is 40 A).

Fig. 15. EVM comparison between 200 ps IR-UWB and MB-OFDM modulated by DFB laser over fiber (modulating current is 200 A).

also observe that IR-UWB outperforms MB-OFDM large frequency bands such as 9.1 GHz, but it is not the case for smaller
MB-OFDM frequency bands such as 5.1 GHz. The EVM of
the actual transmitted MB-OFDM signal, i.e., the average EVM
(see the Appendix), is also plotted in Fig. 14. It can be observed
that its EVM is larger than that of IR-UWB by an small amount.
The reason is that the modulating current of DFB laser, i.e.,
40 A, is relatively small and the signal to noise ratio is low.
As explained before, the IR-UWB signals have a better performance than MB-OFDM signals for low values of the signal to
noise ratio. Because of this signal to noise ratio the numerical
values for EVM are relatively high in Fig. 14. If a larger modulating current is used, smaller values for EVM will be obtained.
This can be verified by observing Fig. 15 which is plotted for
the same conditions as Fig. 14 except that the modulating current is equal to 200 A instead of 40 A.
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Fig. 16. EVM comparison between 200 ps IR-UWB monocycle and doublet.

We observe that MB-OFDM signal outperform IR-UWB in
this case. This can be explained as follows. In Fig. 14 the modulating current was small and the impact of noise was serious but
in Fig. 15 the modulating current is large and EVM is mostly
caused by the distortion resulted from the bandwidth limitation of DFB laser. IR-UWB signals have a large bandwidth extending from 3.1 to 10.6 GHz, therefore the bandwidth limitation of DFB laser seriously distorts them, but the bandwidth of
each MB-OFDM band is 528 MHz, so the bandwidth limitation
of DFB laser causes less distortion on each MB-OFDM band.
The impact of bandwidth limitation of DFB laser on MB-OFDM
can be mostly considered as different values of attenuation for
different bands and the distortion of each band is less than the
distortion of IR-UWB. Therefore, the MB-OFDM bands are less
distorted than IR-UWB.
Note that the doublet is used as the waveform of IR-UWB
signals in Figs. 12–15. If monocycle is used instead of doublet,
the EVM of IR-UWB signals will decrease. Considering the
shapes of monocycle and doublet [5] it can be easily realized
that for the same average transmitted energy the monocycle
has a lower peak value. Therefore, IR-UWB signals which
are based on monocycle are less sensitive to nonlinearities
than IR-UWB signals which are based on doublet. This can be
verified by observing Fig. 16. In this figure the EVM of doublet
based IR-UWB and monocycle based IR-UWB are plotted
of MZM. As it can be observed in this figure
versus
the EVM of monocycle is less than doublet.
VI. CONCLUSION
We examined the transmission of MB-UWB and IR-UWB
signals over single mode fiber. Using distortion factor as a new
figure of merit we compared the direct modulation of DFB laser
and the external modulation with MZM in terms of their impact on UWB signal integrity. We observed that the second
technique, i.e., external modulation, leads to less distortion than
the direct modulation of DFB laser for UWB signals in the
band 3.1–10.6 GHz because of the larger operating bandwidth
of MZM. On the other hand, the DFB laser has a larger dynamic
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range than MZM, therefore, the direct modulation of DFB leads
to less distortion than the external modulation with MZM for
smaller frequency bands such as 3.1–5.1 GHz. Using EVM we
also compared two types of UWB signals, i.e., MB-OFDM and
IR-UWB signals over fiber. We observed that IR-UWB signals have larger peak-to-peak magnitude than MB-OFDM signals for the same amount of transmitted energy, therefore, they
are more sensitive to nonlinear distortion and less sensitive to
noise. We also investigated the impact of DFB laser on various MB-OFDM bands and observed that the amount of distortion increases by increasing the carrier frequency. The effect of
IR-UWB waveform on the performance of the system was also
discussed, and it was observed that the monocycle results in less
peak-to-peak magnitude and hence less distortion than the doublet.

is 7.5 GHz. The bandwidth of
bandwidth of
equal to 7.5 GHz. The reason is as follows:
Taking Fourier transform from the (A.3) we have

is also

(A.5)
On the other hand, because of the frequency hopping we can
write
(A.6)
where
write

MHz. Considering (A.5) and (A.6) we can

(A.7)

APPENDIX
In this Appendix, we explain in detail how we have defined
IR-UWB signals which have the same data rate, energy and
bandwidth as MB-OFDM signals, Assume that the transmitted
The same
bit stream is a sequence of ones, i.e.,
discussion as what follows can be made for other bit streams.
Let the th band of the MB-OFDM signal be denoted by
where
is the number of
is ,
MB-OFDM bands. Assume that the time duration of
and the number of transmitted bits in each MB-OFDM band is
. Then in order to compare IR-UWB and MB-OFDM signals
we consider the following IR-UWB signal:

For MB-OFDM signals we have
(A.8)
Considering (A.7), (A.8) it is clear that the bandwidth of
is 7.5 GHz.
, and the IR-UWB
Therefore, the MB-OFDM signal,
, have the same bandwidth, data rate, and energy.
signal,
Considering (A.3) we realize that the total EVM of MB-OFDM
signal is equal to the average of the EVM values of different
bands.
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