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Introduction

ltrawideband �UWB� technology is emerging as a solu-
ion for future wideband personal access networks
PANs�.1,2 Its advantages over traditional wireless commu-
ication technologies include lower power consumption,
igher bit rate, and immunity to multipath fading.3 In UWB
ystems, carrier-free impulse modulation is very attractive
ecause it not only avoids complicated frequency mixer,
ntermediate-frequency carrier, and filter circuits, but also
as better passthrough characteristics due to its baseband
ransmission. As one of the radio-over-fiber techniques,
WB over fiber can be a candidate solution for future
ideband access networks.4

Many works focused on optical generation and distribu-
ion of monocycle and doublet pulses have been
eported.5–10 These schemes can only be used in single-
and UWB systems. In fact, an alternative signaling format
or single-band UWB impulse radio is to use multiband
MB� UWB waveforms, which were proposed for wireless
ersonal area networks �WPANs� under IEEE 802.15.
ultiband UWB is one of the possible techniques where

he entire UWB single band is split into several nonover-
apping smaller subbands, each of which satisfies the Fed-
ral Communications Commission �FCC� bandwidth re-
uirement. With the entire bandwidth divided into several
onoverlapping subbands, multiband UWB systems benefit
rom flexibility, avoiding interference and multiple
ccesses.

The multiband UWB signal design is dependent on digi-
al filters with lots of coefficients.2 Recently, great interest
n photonic microwave filtering technique has arisen, which
an process high-frequency microwave signals in the opti-

091-3286/2008/$25.00 © 2008 SPIE
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cal domain.11–13 However, to the best of our knowledge,
there has been no attempt to generate multiband UWB
pulses by using photonic microwave filters.

In this letter, a novel UWB pulse generation technique
using hybrid photonic microwave filters is proposed and
demonstrated. Both electrical and optical delay are em-
ployed to construct microwave filters. The coefficients can
be set to be either positive or negative by fiber chromatic
dispersion and polarization modulation techniques, respec-
tively, with totally incoherent operation. The bandwidth of
the generated UWB pulse is larger than 1.8 GHz, and it can
be used in multiband modulation UWB systems.

2 Principle and Experiment

The experimental setup of our proposed scheme is shown
in Fig. 1 with waveforms at different locations. Continuous
waves from three laser diodes �LDs�, working at 1539.77,
1545.32, and 1550.92 nm, respectively, are multiplexed af-
ter passing through polarization controllers and variable op-
tical attenuators to keep identical polarization and power.
The polarization is tuned to be linear and launched at
45 deg relative to the principal axis of the LiNbO3 phase
modulator �PM�, so that the optical waves can be
polarization-modulated. The driving signal for the PM
comes from a pulse generator with a fixed pattern: one 1
every 128 bits with bit rate of 8.3 GHz. After a delay unit,
the pattern becomes one 101010 sequence every 128 bits,
which is equivalent to a transversal filter with coefficient
�1 0 1 0 1�, and the time delay between two adjacent 1’s is
about 240 ps �two-bit length�. The z-transform system
function is H1�z�=1+z−2+z−4. If the driving voltage is set
to V�, the signal polarization will rotate to the orthogonal
direction at the output of the PM. So at the input orientation
there are negative pulses with bit 1, while at the orthogonal
orientation there are positive pulses �1 0�. The output pulse

Fig. 1 Experimental setup. DSO, digital sampling oscillator; EDFA,
erbium-doped fiber amplifier; ESA, electrical spectrum analyzer; LD,
laser diode; PC, polarization controller; PG, pulse generator; PM,
phase modulator; PMF, polarization-maintaining fiber; SMF, single-
mode fiber; VOA, variable optical attenuator. Polarization difference
is not shown for simplicity.
April 2008/Vol. 47�4�1
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rientation of the phase modulator is adjusted by a PC and
ed into a section of polarization-maintaining fiber �PMF�
ith length 90 m. The orthogonal pulses are made to align
ith the principal axes of the PMF so they can be delayed
roperly. The beat length of the PMF is 3.8 mm, and the
ime delay between the two principal states of polarization
PSPs� is about 120 ps. Thus, the PMF acts as the second
ransversal filter with negative coefficient of �1 −1�. The
-transform system function is H2�z�=1−z−1. The signal is
hen boosted by an erbium-doped fiber amplifier and fed
nto a 2.5-km single-mode fiber �SMF�. The wavelength-
ependent time delay due to fiber chromatic dispersion is
=D�L���, where D is the dispersion parameter �SMF:
7 ps / �nm km��, L is the fiber length �2.5 km�, and �� is
he wavelength spacing between optical sources �5.6 nm�.
o the time delay in the SMF is about 240 ps, which is

wice that in PMF. Because there are three optical wave-
engths, the filter coefficient is �1 0 1 0 1� and the
-transform system function is H3�z�=1+z−2+z−4. Thus, the
ignal after electrical time delay, polarization time delay,
nd chromatic-dispersion-induced time delay is equivalent
o one that has passed three transversal filters with a system
unction of

�z� = H1�z� � H2�z� � H3�z�

= 1 − z−1 + 2z−2 − 2z−3 + 3z−4 − 3z−5 + 2z−6 − 2z−7 + z−8

− z−9

nd is shown in Fig. 2. It can be seen that there is a trian-
ular apodization profile of the coefficients, which is help-
ul in filter sidelobe suppression. The calculated spectrum
f such a filter is shown in Fig. 3. The sidelobe is sup-
ressed by more than 20 dB, and the two main lobes are
ept in the range of 0 to 10 GHz. Because the pulse pattern
s triggered at 8.33-GHz repetition frequency, the main part
f spectrum is located in the 0- to 7-GHz range. One of the
ain lobes can be used for spectrum forming, and the other

s of no use.
The optical signal after the SMF is attenuated by a VOA

nd detected by a pin detector with bandwidth of 30 GHz.
digital sampling oscilloscope �DSO� and an electrical

Fig. 2 Coefficients of hybrid photonic microwave filter.
ptical Engineering 040504-
spectrum analyzer �ESA� are used to measure the time pro-
file and spectrum of the detected signal. Figure 3 also
shows the measured spectrum of the generated pulse, which
fits the filter profile quite well. The fractional bandwidth is
determined as

Bf = 2
fH − fL

fH + fL
,

where fL and fH are the lower and higher −10-dB points in
the spectrum �3.36 and 5.2 GHz�, respectively. So the
−10-dB bandwidth is 1.84 GHz, and the fractional band-
width of the generated pulse is 43%. This spectrum falls
within the frequency mask for UWB defined by the FCC
and can be used for multiband UWB systems. However,
from Fig. 3, the signal-to-noise ratio �SNR� of the gener-
ated pulse is still low, due mainly to the low saturation
power and large bandwidth of the optical detector. The
saturation power of our optical detector is about 3 dBm,
and the bandwidth is 40 GHz. We tuned the optical power

Fig. 4 Time profiles of three wavelengths.

Fig. 3 Spectra of calculated filter, measured signal, original pulse,
and FCC mask.
April 2008/Vol. 47�4�2
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o 0 dBm for UWB pulse generation. With a high-quality
ptical-to-electrical detector, the SNR can be markedly
mproved.

Figure 4 shows the time profiles of different wave-
engths. The signal of each wavelength is modulated with
ix bits �1,−1,1 ,−1 ,1 ,−1�. After the SMF, signals at adja-
ent wavelengths are delayed by one bit so that they can be
ombined correctly as shown in Fig. 1. The final detected
ulse is shown in Fig. 5. There is also apodization on the
attern amplitude, and the duration of this pulse is about
200 ps.

Conclusion

novel method for optical multiband UWB pulse genera-
ion has been proposed and demonstrated, which utilizes
oth electrical and optical delay to construct microwave
lters. A ten-tap transversal filter is realized with only three
ptical sources. The generated UWB pulse is the superpo-
ition of pulse trains from three wavelengths. From the
requency-domain point of view, the superposition can be
een as apodization of transversal filter coefficients, so that
he sidelobe can be significantly suppressed. Consequently,
he pulse spectrum is in line with the FCC mask. Different
ands of UWB pulses can be generated by changing the

Fig. 5 Time profile of generated UWB pulse.
ptical Engineering 040504-
modulation frequency and time delay properly. The ob-
tained pulse achieved a bandwidth of 1.8 GHz and a frac-
tional bandwidth of 43%, which can be used in multiband
UWB-over-fiber systems.
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