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Abstract: A photonic approach to generating the ultrawideband (UWB) pulses with tunable
band-rejection behavior based on a negative coefficient two-tap microwave photonic filter is
proposed and experimentally demonstrated. To avoid the interference between UWB and
the Wireless Fidelity system, the UWB pulse with the “batwing” shape, which corresponds
to the 5-GHz notch-band in frequency domain, is generated. Moreover, the band-notched
position of the generated UWB signals could be tuned by adjusting the basic delay of the
microwave photonic filter. Utilizing the optically tunable band-rejection character, the UWB
systems can coexist with existing and future wireless network technologies almost without
interference, as well as provide the opportunity for the combination between UWB-over-fiber
and cognitive radio.

Index Terms: Ultrawideband radio, microwave photonic filtering, cognitive radio-over-fiber.

1. Introduction

Ultrawideband (UWB) technology is at present defined by the Federal Communications Commis-
sion (FCC) as any wireless transmission scheme that occupies a fractional bandwidth Af/f, > 20%,
where Af is the —10-dB bandwidth, and f, is the center frequency of signal, or more than 500 MHz
of absolute bandwidth [1]. Due to immunity to multipath fading, low power consumption, and high
range resolution, UWB technology is considered promising for high-speed indoor wireless commu-
nication systems and sensor networks [2], [3].

Most research about UWB technology over the past few years has been focused on two issues.
The first one is how to extend the short coverage range which is result from the ultralow average
transmit power of the UWB signals. A feasible solution to this issue is UWB-over-fiber [4], where it is
promising for the UWB signals being generated in optical domain at the center office and then
distributed to remote base-stations by a long haul optical fiber. In 2006, Yao et al. demonstrated a
method to generate an UWB doublet utilizing electrooptic intensity modulator that is biased at the
nonlinear regime [5]. The methods utilizing the phase-modulation to intensity-modulation (PM—IM)
conversion, which is realized by employing the optical phase modulator or high-nonlinear fiber and
the photonic discriminator, such as fiber Bragg gating and silicon microring, to finally generate UNB
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one or two order Gaussian pulse, were reported between 2006 to 2010 [6]-[9]. Bolea et al. de-
monstrated a UWB pulse generator based on an N-tap microwave photonic filter fed by a laser
array [10]. Lee et al. proposed and experimentally demonstrated an alternative photonic scheme for
the generation of UWB doublet pulses, which is based on an optical fiber-based nonlinear optical
loop mirror incorporating the optical parametric amplification effect [11]. The Chaotic-UWB signals
generated based on the nonlinear dynamics of laser diode with optical feedback and injection was
demonstrated in [12] and [13].

Another issue about UWB technology is how to avoid interference between the UWB signals and
other existing narrowband (NB) radio frequency signals resulting from spectrum overlay between
them [14]. For example, the operational frequency of the Wireless Fidelity (Wi-Fi) system is 5 GHz,
which is located at the spectrum range of the UWB signals. To avoid the interference between UWB
and Wi-Fi systems, a series of UWB antennas and filters with specific notch-band around 5 GHz
were designed and fabricated [15]-[19], but the fixed notch-band of these components limits them
be used in the complicate environment. Actually, a perfect approach to solve the interference
problem is the Cognitive UWB Radio [20], which could not only avoid the interference due to the
spectrum overlay between UWB and NB communication systems but improve the spectrum
efficiency remarkably as well. Nevertheless, the dynamic control for the spectra of the UWB signals,
which is the key for implementing the dynamic spectrum access in the cognitive radio (CR), is still a
challenge because of the limited processing speed of the analog-to-digital (A/D) and digital-to-
analog (D/A) converters [20].

In this paper, we propose and experimentally demonstrate a method of optically generating the
UWB signals with a tunable notch-band for the first time. In our experiment, a negative coefficient
two-tap microwave photonic filter, which is mainly composed of a phase modulator (PM), a dense
wave division multiplexing (DWDM) add-drop thin film filer, and two photodetectors (PDs), was
applied in order to filter the particular frequency components of the generated UWB signals. The
UWB pulse with the “batwing” shape, which corresponds to the 5-GHz notch-band in frequency
domain, was generated. Moreover, the band-notched position of the UWB signals could be
tuned from 3.125 GHz to 8.125 GHz through adjusting the basic delay of the microwave photonic
filter. The UWB signals with tunable band-rejection characteristic generated in our experiment
could avoid the application of the specially designed filters or antennas at the base-stations, as well
as provide the opportunity for the combination between UWB-over-fiber and CR.

2. Experimental Setup and Operation Principle

Fig. 1 shows the experimental setup of the proposed approach. A continuous-wave tunable laser
diode (TLD) is employed to emit the light. The light is injected to the PM with a 3-dB bandwidth of
40 GHz after through the polarization controller (PC). An electrical pulse train is generated from a
pulse pattern generator (PPG) which cascades a 7.8-GHz electrical low-pass filter (LPF) to smooth
the initial electrical pulse for obtaining a Gaussian-like profile. The Gaussian-like electrical pulses are
amplified by an electrical amplifier (max gain g = 26 dB, frequency span from 40 kHz to 38 GHz), and
then drive the PM with a fixed pattern “0000 0000 0000 0001~ (one “1” per 16 bits) at a bit rate of
10 Gb/s, indicating that the pulse repetition rate is 625 MHz and the full-width at half-maximum
(FWHM) is about 85 ps. Therefore, the temporal phase of the output light from PM varies along with
the drove Gaussian electrical pulse, thus lead to a chirp with a monocycle profile which is just
described by the first-order derivative of Gaussian function. A DWDM add-drop thin film filter with
100-GHz channel separations is inserted after the PM, in which the different wavelength components
of the modulated light will be selected into the reflected and passed ports, respectively, when the
center wavelength of the light emitted from TLD is set at a suitable value. As shown in the left inset
of Fig. 1, there are two cross-points “A” and “B” between the transfer response curves of the
passed port (solid line) and reflected port (dash line). If the operating frequency (or wavelength) of
the modulated light is aligned with the linear region around point “A” or “B,” the optical UWB
monocycle pulses with the reversed polarities will be converted from the chirp with the monocycle
profile at the two ports of the DWDM filter (see the inset of Fig. 1), which will be converted to
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Fig. 1. Experimental setup for photonic UWB pulse generation with tunable notch-band behavior. TLD:
Tunable laser diode. PC: Polarization controller. PM: Phase modulator. PPG: Pulse pattern generator.
LPF: Low pass filter. EA: Electrical amplifier. DWDM filter: dense wavelength-division-multiplexing add-
drop thin film filter. ODL: Optical delay line. OVA: Optical variable attenuator. PD: Photodetector. Osc:
Oscilloscope. ESA: electrical spectrum analyzer. Inset: transmission function of DWDM filter and
schematic diagram of the PM-to-IM conversion.
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Fig. 2. (a) Equivalent model of negative coefficient two-tap notch filter and (b) transfer response curves
at different time delay.

electrical UWB signals by the PD1 and PD2. Finally, the electrical UWB pulse with a particular
profile will be synthesized from the two UWB monocycle pulses by the power combiner. In order to
control the relative delay time and balance the intensity between the optical signals output from two
ports, the optical delay line (ODL) and variable optical attenuator (VOA) are put before the PDs,
respectively. A 50-GHz sampling oscilloscope (Osc) and a 40-GHz electrical spectrum analyzer
(ESA) are used to measure and record the waveforms and power spectra of the generated UWB
signals.

As mentioned above, while the varied frequency (or wavelength) of the chirp is aligned with the
linear regions of the response functions of the DWDM filter by adjusting the TLD’s operating
wavelength, a negative coefficient two-tap microwave photonic filter is formed in the experiment
setup, whose equivalent model is presented in Fig. 2(a), and a transfer function is given by [21]

H(f) = ap + a1 - exp(—j2nfTy) (1)

where f is the frequency of the signals, and ap and a; are the filter taps coefficients with opposite
sign. The basic delay of the filter Ty corresponds to the relative delay time between the signals
output from passed and reflected ports which could be changed by adjusting the ODL in our
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Fig. 3. Optical spectra, waveforms, and rf spectra of the polarity-reversed monocycle pulses output from
(a) passed port and (b) reflected port of the DWDM filter.

experiment. As the operating wavelength of TLD is fixed at point “A” or “B” and the insert
loss of the DWDM filter and ODL is neglected, the frequency response of the filter can be
expressed as

H(f) = 1/2(1 — exp(—j27fT4)) )

which was plotted in Fig. 2(b) as Ty = t; (solid line) and Ty = & (dash line). As we have seen,
the notched band occurs periodically at different frequency positions, which could be varied by
tuning the ODL due to the free spectral range (FSR) corresponds to the invert of basic delay.
Hence, the UWB signal with tunable notch-band characteristics is expected to be generated
based on our method.

3. Experiment Results

The optical spectra, waveforms and rf spectra of the UWB monocycle pulses generated at
output ports of the DWDM filter was investigated as the operating wave of the TLD is fixed at
1550.560 nm (point “A”), which are summarized at Fig. 3. Fig. 3(a) and (b) display the results
output from passed port and reflected port, respectively. As shown in Fig. 3(a-1) and (b-1), the
lower and upper sidebands of the optical spectrum of the modulated light was filtered out at the
two ports symmetrically, which means that the PM-to-IM conversion was implemented suc-
cessfully. The pulse duration of the polarity-reversed monocycle pulses is about 100 ps whose
waveforms own symmetrical profile [see Fig. 3(a-2) and (b-2)]. Due to the periodicity of the original
electrical pulse train from PPG, the measured rf spectra are all discrete with a frequency spacing
of 625 MHz. Fig. 3(a-3) and (b-3) show that the —10-dB bandwidths of the two types of UWB
pulses both are up to 6.50 GHz. The approximate rf spectrum shape of the UWB signals also
indicates that the other parameters of the generated monocycle pulses are same, except for their
polarities.

The UWB signals with band-notched behavior could be synthesized by the power combiner
because of the notch effect of the microwave photonic filter. The UWB signals with notched band at
5 GHz were obtained as the relative delay time was set at 200 ps, whose rf spectrum and waveform
are described in Fig. 4. As can be seen from Fig. 4(a), the rf spectrum of the obtained UWB signals
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Fig. 4. (a) Rf spectrum of the UWB signals with 5-GHz band-rejection and (b) corresponding waveform.
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Fig. 5. Response curves of the notch filter and rf spectra of the UWB signals as the relative delay time
was set at (a) 320 ps or (b) 123 ps.

possess three notches at different frequency position in addition to the 5-GHz notch. The frequency
spacing of adjacent notches corresponds to the FSR of the response curve (dot line) of the notched
filter. Moreover, the relative rejection depth (RRD) has reached about 35 dB at the frequency
position of 5 GHz. The corresponding waveform of the UWB pulse resembles a batwing in profile,
as shown in Fig. 4(b), whose pulse duration is about 400 ps. Note that the polarity-reversed UWB
signals with the “batwing” shape could be generated when the operating wavelength of the TLD is
tuned from point “A” to point “B” displayed in the inset of Fig. 1. Predictably, the spectrum-overlay-
induced interference between UWB and Wi-Fi communication systems could be averted completely
once the UWB signals displayed in Fig. 4 are applied in practice.

In our experiment, the adjustment of the band-notched position from 3.125 GHz to 8.125 GHz
was achieved through adjusting the delay time of the ODL. Fig. 5(a) shows that the UWB signals
with multi-band-notches was generated as the relative delay time was set at 320 ps, and the first
band-notch occurred at 3.125 GHz. The rf spectrum of UWB pulse with 8.125-GHz band-notch is
displayed in Fig. 5(b), which corresponds to the relative delay time of about 123 ps. In fact, the
waveform of the UWB pulse with the band-notch of 8.125 GHz is a doublet pulse with the pulse
duration of about 323 ps.

The ODL shows an increasing insert loss following the increase of the provided delay time, which
will lead to the imbalance of signal intensity between the two arms of the microwave photonic filter
and consequently to the deterioration of the notched degree. Rebalancing the optical power of the
two ports, i.e., controlling the relative decrement by the VOA, is an available method to optimize the
RRD. Fig. 6 describes the RRD at 5 GHz varied as a function of the relative decrement as the T4
was set at 200 ps. The theoretical results are calculated according to (1). It can be seen that the
RRD reaches the maximum value as the optical power difference between two arms returns to the
balance point (namely the relative decrement equals to 0 dB) and that the experimental results are
very well consistent with the theoretical results.

Vol. 4, No. 3, June 2012 Page 661



IEEE Photonics Journal Photonic Generation of UWB Pulse

40

Theoretical results
® Experimental results

(dB)

30F

20+

10

Relative rejection depth

0 1 1 1 1 1 1
-20-16-12 -8 4 0 4 8 12 16 20
Relative decrement (dB)

Fig. 6. Relative rejection depth at 5 GHz varied as a function of the relative decrement as Ty = 200 ps.

4. Discussion and Conclusion

In the course of TLD’s wavelength tuning, the varied frequency of the chirp is likely to drop into the
nonlinear region of the DWDM filter's reflected or passed slope as shown in the inset of Fig. 1,
which will induce the slight variation of response function of the build-in microwave photonic filter.
During the experiment, therefore, we have taken note that the value of RRD was fluctuating in +-2-dB
range when the operated wavelength of the TLD was varied from 1550.50 nm to 1550.70 nm
artificially. However, the drift of the DWDM filter operating point from the laser wavelength hardly
impacts the pulse profile and notch effect of the generated UWB signals because its fluctuated range
is very small.

In the proposed setup, the on-off-keying, pulse-amplitude-modulation, pulse-position-modulation,
and pulse-polarity-modulation for the band-notched UWB signals could be implemented by coding
the Gaussian-like electrical pulse train, because the filtering and coding processes are relatively
independent. Moreover, if an intensity modulator substitutes for the VOA in the experiment, the
pulse-shape-modulation could be implemented. In addition, two PDs were applied in our
experiment in order to avoid the problems associated with optical coherence, which will increase
the complexity and cost of the base-stations. However, if another PC is inserted into the passed or
reflected port to maintain orthogonality between both optical components output from the ports, the
optical UWB signals with reversed polarity could be synthesized in optical domain directly through
an optical coupler or optical polarization combiner and converted to electrical signals by a PD in the
remote base-station.

In conclusion, an optically band-notched UWB radio generator was proposed and experimentally
demonstrated utilizing a negative coefficient two-tap microwave photonic filter which mainly
consists of a PM, a DWDM filer, and two PDs. In our experiment, the band-notched position of the
UWB signals could be tuned from 3.125 GHz to 8.125 GHz by adjusting the basic delay of the
microwave photonic filter. Particularly, the UWB pulse with the “batwing” shape, which corresponds
to the 5-GHz band-rejection in frequency domain, was generated in order to avoid the interference
between UWB and Wi-Fi system in practice. Such findings are of great potential for applications in
cognitive-UWB-over-fiber system, because flexible spectrum-shape conversion makes it conve-
nient to realize dynamic spectrum accessing.
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