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A technique to improve the dynamic range of a photonic microwave bandpass filter is proposed and experi-
mentally demonstrated. The filter is implemented based on phase modulation to intensity modulation con-
version using fiber Bragg gratings (FBGs) serving as frequency discriminators, with the optical carriers lo-
cated at the left or right slopes of the FBGs, to generate positive or negative tap coefficients. The dynamic
range of the photonic microwave bandpass filter is increased by reducing the optical-carrier-induced shot
noise and relative intensity noise at the photodetector, which is realized by placing the optical carriers at the
lower slopes of the FBG reflection spectra. A photonic microwave bandpass filter with an improvement in
dynamic range of about 10 dB is demonstrated. © 2008 Optical Society of America
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A photonic microwave filter is usually implemented
based on an optical delay-line structure with a finite
impulse response. Most of the efforts in the past few
years are focused on the investigation of architec-
tures to realize different functionalities, such as
bandpass filtering with negative or complex coeffi-
cients. On the other hand, the performance of a pho-
tonic microwave filter should also be investigated. A
key factor that limits the performance of a photonic
microwave filter is the spurious-free dynamic range
(SFDR) [1], defined as the difference between the
minimum signal that can be detected above the noise
floor and the maximum signal that can be filtered out
without distortions.

It is known that the SFDR is limited by several
noise sources, including the optical phase-induced in-
tensity noise, shot noise, and relative intensity noise
(RIN). For a photonic microwave filter that uses in-
dependent light sources with very narrow linewidth
(several tens to hundreds of kilohertz), the phase-
induced intensity noise is very small and can be ne-
glected [2]. Therefore, the dominant noise sources are
the shot noise and the RIN, both are associated with
the average received optical power at the photodetec-
tor (PD). The powers of the shot noise and the RIN
are linearly and quadratically proportional to the re-
ceived optical power. Therefore, an effective solution
to increase the SFDR is to reduce the average re-
ceived optical power. The reduction of shot noise and
the RIN to improve the dynamic range of a
microwave-photonics link has been investigated re-
cently, with different techniques being proposed,
such as intensity-noise cancellation [3], optical car-
rier filtering [4], low biasing of a Mach—Zehnder
modulator (MZM) [5,6], coherent detection [7],
class-AB modulation [8], and optical phase modula-
tion to intensity modulation (PM-IM) conversion us-
ing a fiber-Bragg-grating (FBG)-based frequency dis-
criminator [9]. However, to our knowledge these
techniques have not been applied to improve the dy-
namic range of a photonic microwave filter.
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In this Letter, we demonstrate a technique to im-
prove the dynamic range of a photonic microwave
bandpass filter. The photonic microwave bandpass
filter is implemented based on PM-IM conversion us-
ing FBGs as frequency discriminators, with the opti-
cal carriers located at the left or right slopes of the
FBGs, to generate positive or negative coefficients.
The dynamic range of the photonic microwave band-
pass filter is increased by reducing the optical-
carrier-induced shot noise and the RIN at the PD, by
locating the optical carriers closer to the bottoms of
the FBG reflection spectra. Although the technique
using PM-IM conversion to generate negative coeffi-
cients for microwave bandpass filtering has been
demonstrated by us [10-12], the implementation of
the filter with an improved dynamic range has not
been reported to our knowledge. With this technique,
we demonstrate experimentally that a photonic mi-
crowave bandpass filter with an improvement in dy-
namic range of about 10 dB can be achieved.

The schematic diagram illustrating a two-tap pho-
tonic microwave filter is shown in Fig. 1. The output
lightwaves from two independent tunable laser
sources (TLSs) operating at different wavelengths
are amplified by an erbium-doped fiber amplifier
(EDFA), and then modulated by an rf signal to be fil-
tered through an electro-optic phase modulator
(EOPM). Two polarization controllers (PC1 and PC2)

FBG2 FBCI

Fig. 1. (Color online) Photonic microwave bandpass filter.
ESA, electrical spectrum analyzer; OC, optical circulator.
Other abbreviations are defined in text.
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Fig. 2. (Color online) Reflection spectrum of an ideal FBG.
are connected between the TLSs and the EOPM to
minimize the polarization-dependent loss. The rf sig-
nal carried by the two wavelengths is then time de-
layed by two cascaded FBGs to introduce a time-
delay difference. Figure 2 shows the magnitude
frequency response of an ideal FBG.

For a conventional photonic microwave filter, the
optical carriers are usually tuned to locate at the cen-
ter of the FBG reflection spectra. However, it is
known that the shot noise at the PD exhibits a linear
dependence on the average received optical power:

ng=2ql,B, (1)

where n, (A?) is the shot noise, ¢ (A/Hz) is the unit

electrical charge, I, (A) is the average detected pho-

tocurrent, and B (Hz) is the noise bandwidth.
Another noise source is the RIN, which exhibits a

K*(w, = wg)* + 2K*(w, = o) Bpuf" (1),

r(t)fx O?
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quadratic dependence on the average received optical
power at the PD:

nriv=I{B(RIN), (2)

where ngy (A?) is the RIN noise and RIN (Hz™) is
the spectral power density of the intensity noise of a
laser source. In addition, the use of an EDFA prior to
the EOPM would add an amplified spontaneous
emission (ASE) noise, which results from the beating
between the rf signal and the ASE. The use of a
narrowband optical filter after the EDFA, as shown
in Fig. 1, would significantly reduce the ASE noise.

Obviously, if the received optical power is reduced,
the powers of the shot noise and the RIN at the out-
put of the PD will be reduced. The reduction of the
received optical power can be achieved by tuning the
wavelengths of the optical carriers away from the
central reflection regions of the FBGs, as shown in
Fig. 2. As the optical carrier wavelength is shifted
from the top to a point closer to the bottom of the re-
flection spectrum, the shot noise is reduced linearly
and the RIN falls quadratically. However, the reduc-
tion of the received optical power will also substan-
tially decrease the rf signal power in an intensity-
modulator-based system.

To increase the SFDR, it is highly desirable that
the noise floor could be lowered without sacrificing
much the signal power. This can be achieved by using
the configuration shown in Fig. 1, where an EOPM is
used. Mathematically, when a phase-modulated opti-
cal carrier w, is located at the left slope, the top, or
the right slope of an FBG reflection spectrum, the re-
covered rf signal is [10]

(wO < e < wl)
(01 < w, < wy) (3)

K* (w3 - 0,)? - 2K*(w3 - 0,) Bprf (1), (w3 < 0, < wg),

where K is the slope steepness of the FBG reflection
spectrum; Bpy; is the phase-modulation index, f'(¢) is
the first-order derivative of the modulating signal;
and o, w;, wy, and wg are the frequencies that define
the frequency range of the left slope, the top, and the
right slope of the FBG reflection spectrum, as shown
in Fig. 2. The first and the second terms in Eq. (3) are
respectively a dc and an ac component. Since the dc
power decreases quadratically when the optical car-
rier is shifted closer to the bottom of the FBG spec-
trum while the signal power decreases linearly, the
noise power is significantly decreased while main-
taining a smaller decrease in the signal power. This
important property enables us to choose a reflection
point closer to the bottom of the FBG spectrum to
substantially reduce the optical-power-induced
noises with slightly sacrificing the signal power, lead-
ing to an increased SFDR. For example, in Fig. 2, if
the optical carrier is shifted from A to B, the optical
power is reduced by nine times, while the signal
power is reduced by three times. Therefore, an im-

provement in SFDR of 5 dB is achieved.

In addition, when the optical carrier is located at
one of the two slopes of the FBG spectrum, the FBG
is acting as a frequency discriminator, to perform
PM-IM conversion. Furthermore, for many applica-
tions microwave filters with bandpass functionality
are highly desirable. It is seen from Eq. (3) that when
the optical carrier is located at the positive or nega-
tive slope of the FBG spectrum, the amplitude of the
recovered rf signal will have a positive or negative
sign, which can be directly used to generate a posi-
tive or negative coefficient, to achieve bandpass func-
tionality [11,12].

An experiment based on the configuration shown
in Fig. 1 is performed. Two FBGs with central wave-
lengths of 1548.72 and 1549.61 nm are fabricated in
hydrogen-loaded single-mode fiber. To investigate the
improvement in dynamic range, we first replace the
EOPM in Fig. 1 with an electro-optic intensity modu-
lator (EOIM), and tune the wavelengths of the output
lightwaves from the TLSs to locate exactly at the cen-
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ters of the FBG spectra. Since the optical carriers are
reflected at the tops of the FBG reflection spectra,
high optical powers are obtained at the PD, leading
to high noise powers. The power of one optical carrier
at the PD is measured to be 0.6 dBm. The frequency
response of the filter, shown in Fig. 3(a), is measured
using a vector network analyzer (VNA, Agilent
8364A). As can be seen it is a lowpass filter with a
free spectral range of 5.05 GHz. We then investigate
the dynamic range of the lowpass filter. This is done
by a two-tone test by applying two rf signals with fre-
quencies at f;=5.01 and f,=5.02 GHz to the EOIM.
Since the third-order distortions are the primary con-
cern for the filters, we measure the third-order dis-
tortions at 2f;—f5=>5 and 2f,—/f;=5.03 GHz, as well as
the noise floor (1 Hz bandwidth). The results are
shown in Fig. 3(b). As can be seen, the noise floor is
-150 dBm/Hz, and the third-order SFDR is
96.33 dB/Hz?3.

Then, the EOIM is replaced by an EOPM. We tune
the optical wavelengths to 1548.58 and 1549.75 nm
to locate at the left and the right slopes of the spectra
of the FBGs, respectively. Thanks to the PM-IM con-
version at the opposite slopes, a positive and a nega-
tive coefficient are generated. The filter is now a
bandpass filter, with its frequency response shown in
Fig. 4(a). The optical power at the PD is reduced to
-7.8 dBm, so the optical-power-induced noises are
substantially decreased, and the noise floor is re-
duced to —-159 dBm/Hz. Again, a two-tone test is
implemented, in which the input rf frequencies are
chosen at f;=3.51 and f,=3.52 GHz. The third-order
distortions are measured at 2f;—-f;=3.5 and 2f,-f;
=3.53 GHz. The measured third-order SFDR is
106.05 dB/Hz*?, and an improvement in dynamic
range of about 10 dB is achieved.

By comparing the experimental results shown in
Figs. 3 and 4, we find that the measured noise floor of
the PM-IM-based bandpass filter is about 10 dB
lower than that of the conventional EOIM-based low-
pass filter. One may note that the measured rf signal
power at the output of the PM-IM-based bandpass fil-
ter is actually higher than that at the output of the
EOIM-based lowpass filter. The reason is that the
phase-modulation efficiency is higher than that of the
intensity modulation. That is to say, although the av-
erage optical power at the PD is higher using inten-
sity modulation than using phase modulation, the
output rf signal after the PM-IM conversion is stron-
ger than that based on intensity modulation for the
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Fig. 3. (Color online) Dynamic range of a lowpass filter

with the optical carriers located at the top of the FBG re-
flection spectra. (a) Frequency response, (b) dynamic range.
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Fig. 4. (Color online) Dynamic range of a bandpass filter
with the optical carriers located at the opposite slopes of
the FBG reflection spectra. (a) Frequency response, (b) dy-
namic range.

same optical carrier. By increasing the performance
of the phase modulator and the linearity of the FBG
reflection spectra, the modulation efficiency of the
PM-IM conversion can be further increased.

In conclusion, a technique to increase the dynamic
range of a photonic microwave bandpass filter was
proposed and experimentally evaluated. The key to
the technique was to lower the optical-carrier-
induced noises to reduce the noise floor at the output
of the filter. A better dynamic range was obtained
when the optical carriers were located at the lower
slopes of the FBG reflection spectra. One added ad-
vantage to the technique is that by locating the
phase-modulated optical carriers at opposite slopes of
the FBG reflection spectra, a microwave bandpass fil-
ter was obtained.
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