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High-Resolution Photonics-Based Interference
Suppression Filter With Wide Passband

E. H. W. Chan and R. A. Minasian, Fellow, |IEEE

Abstract—A new topology for a photonic signal processor, which
overcomes the basic recursive frequency response problem that
limitsthe passband range, is presented. The structure is based on
a new multiple-wavelength offset-cavity structurethat is cascaded
with a series of unbalanced delay line structures. Thisnot only can
synthesizeavery narrow notch responsewith good shapefactor but
also permits a multifold extension of the free spectral range (FSR)
and passband width. Results on the interference mitigation filter
demonstrate a stopband of 1% of center frequency and a fourfold
increase in the FSR and passband width, while also having a very
small shape factor, in excellent agreement with predictions.

Index Terms—Gratings, notch filters, optical fiber delay lines,
optical filters, optical signal processing.

|. INTRODUCTION

HOTONIC signal processing has attracted significant in-

terest because of its high time-bandwidth potential and its
ability to process microwave and radio-frequency (RF) signals
directly within the optical fiber transport system. Photonics of-
fers advantages of extremely wide bandwidth, electromagnetic
interference immunity, and dense parallel signal-processing ca-
pabilities. The advantages of photonic processing, including the
low-loss (independent of RF frequency) optical delay lines and
the ability to provide very high sampling frequencies, beyond
electronic capabilities, promises new microwave photonic trans-
port systems with in-built signal conditioning.

Several photonic signal processor filter structures have
been reported, e.g., [1]-{10]. However, all previously reported
structures have a discrete-time signal-processor basis, and
hence these filters have a recursive responsg, i.e., the design
for a notch at a desired frequency f aso generates additional
notches at I f,, where [ is an integer. This in turn limits the
realizable width of the passband range. This limitation occurs
for al existing photonic discrete time processing structures
[1]-{20]. Thus the design frequency f, aso sets the free spec-
tral range (FSR) of the filter, which will limit the maximum
attainable passhand width of the filter, because the additional,
unwanted notches at [ f, comeinto effect at higher frequencies.
This problem has not previously been solved.

In this paper, we report a new topology for a photonic signal
processor that overcomes these limitations of a periodic fre-
guency response. It enables both a high-resolution interference
suppression filter and avery wide passband to be obtained. Our
topology is based on a new multiple-wavelength offset-cavity
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structure that is cascaded with a series of unbalanced delay line
structures. Thisnot only can synthesize a very narrow notch re-
sponse with good shape factor but also permitsafourfold exten-
sion of the FSR and passband width. Using this new topology,
we present results for this photonic interference suppression
filter that demonstrate a stopband of 1% of center frequency,
with very small shape factors, and wide-band transmission with
very low passband ripples, for high-resolution interference mit-
igation in fiber-based transmission systems.

This paper is organized as follows. The new high-resolution
large FSR photonic interference mitigation filter topology is
presented in Section |1. The analysis and design are described
in Section I11. Finaly, Section IV describes experimenta re-
sults on the large FSR interference suppression photonic filter,
which demonstrates the high-resol ution notch filtering and wide
passband.

Il. LARGE FSR PHOTONIC NOTCH FILTER TOPOLOGY

The topology of the new large FSR photonic notch filter is
shown in Fig. 1. A multiple-wavelength RF modulated signal
is split into two parallel arms. The signd is routed via a direct
fiber path, shown in the top part of Fig. 1, and a parallel path,
which contains two offset cavity high-Q optical bandpass fil-
ters and a cascade of unbalanced delay line structures, shown
in the lower part of Fig. 1. In this structure, a new technique is
introduced to realize adual-cavity noncommensurate delay line
bandpass filter [10] to obtain a square type of response. Thisis
based on a novel wavelength-division multiplexing (WDM) ap-
proach using multiple wavelengths and grating-based cavities
centered at the different wavelengths. The two wavelength cav-
ities are shown in Fig. 1. The length difference 2A L between
the two cavities is optimized to achieve a combined bandpass
response that has a square type of characteristic. In comparison
to previous structures [10] that used one arm for each cavity, the
new multiple-wavel ength structure has the advantage that it can
coalesce multiple cavities into a single arm. Moreover, al the
cavities share the same erbium-doped fiber amplifier (EDFA),
and this reduces the requirement for matching the EDFA gain
for each cavity. Finaly, and most importantly, because al the
cavities share the same gain, any variation in the gain affects all
the cavitiesin synchronism, so that the overall combined band-
pass filter response of the cavities maintains its shape and pro-
vides arobust characteristic even in the face of pump power and
gain fluctuations.

The multiple-wavelength bandpass filters not only have the
desired response at the fundamental frequency f, but also have
arecursive response at [ fo, where [ is an integer. After subse-
guent subtraction from the direct arm response, this recursive
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Fig. 1. Thetopology of the new fiber-based large FSR filter for interference mitigation.
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Fig. 2. Frequency response of the MZ notch filter and the balanced detection
notch filter.

response generates additional, unwanted notches at [ f, which
comeinto effect at higher frequencies and hence limit the spec-
tral width of the passband. To solve this problem, we introduce
anew delay-line structure following the WDM filters, as shown
in Fig. 1. This comprises a cascade of unbalanced delay lines,
which have delay differences ; and ». Theideaisto introduce
a series of notches that suppress several harmonic responses of
the multiple-wavelength bandpass filter. Hence after subtrac-
tion of the combined signal from the all-pass arm, the desired
notch at fy is realized. However, the potential notches at sev-
eral harmonics are suppressed, and the passband is significantly
extended.

The unbalanced delay structure with delay difference =
forms a fiber-optic filter with the notches at (0.5+m)/FSR,
where m is an integer. We design the length difference to
be three times shorter than the cavity length of the bandpass
filter; hence the FSR of this notch filter becomes six times the
bandpass filter FSR. Thus the fundamental notch produced by
this filter coincides with the third harmonic of the bandpass
filter response, as shown in Fig. 2. The next unbalanced delay
structure with delay difference = feeding into the balanced
detector forms another fiber-optic filter with notchesat m /FSR.
We design the fiber length difference in this structure to be the
same as the cavity length of the bandpass filter; hence the FSR
of this notch filter is twice the bandpass filter FSR. Therefore
the notches produced by this filter occur at dc and all even

harmonics of the bandpass filter response, as shown in Fig. 2.
The overall effect of the unbalanced delay linefiltersisto pass
the fundamental bandpass filter response but to eliminate the
peaks at dc, second, third, and fourth passband harmonics of
the bandpass filter response. Hence after subtraction of the
combined signa from the all-pass arm, the desired notch at
fo isredlized. However, the potential notches at 2fy, 3o, and
4f, are eliminated, and the passband and FSR of the filter are
increased fourfold.

I1l. ANALYSIS AND DESIGN
The transfer function of the filter in Fig. 1 is given by

H(z) =rz 77 — {(1 - x)g(1 — Ri)(1 — Ro)

1
X [1 At 1o Uz—’“—l}
X [(1 — k1)1 — ko) + mlmgz_ﬁ}

X [2 ((1 — Ka) — mz_%)} } )

where U = ¢?R1 R, g isthe gain of the EDFA, R; and R,
are the grating reflectivities, , x;, and ko are the optica
coupler coupling ratios, & = AL/L, nq is the réatio of the
Mach—Zehnder (MZ) filter FSR to the bandpass filter FSR,
no IS the ratio of the balanced detection filter FSR to the
bandpass filter FSR, z = exp(j2#7Tf), f isthe RF frequency,
T = (2nL)/cisthe round-trip delay time corresponding to the
cavity length L that is used to set the filter center frequency, »
is the fiber refractive index, and ¢ is the speed of light. Note
that in contrast to [11], balanced detection is used at the output
of the 7, filter; hence a factor of two appearsin the last termin
(1). This shows that the present filter topology with balanced
detection has the advantage of utilizing all the signal paths,
thus avoiding any efficiency loss. Moreover, another feature
of the balanced detection scheme utilized is that the bandpass
peak at dc is eliminated; hence the overall notch filter passband
response is not compromised at low frequencies.

For simplicity, we can ensure that the direct path arm can be
implemented with just a length of fiber, and hence we design
the direct pass signa to have the same amplitude as the band-
passfilter passhand amplitude. Analysis showsthat the required
value of optical coupling ratio to achieve thisis given by (2) as
shown at the bottom of the next page.
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The RF frequency f in (2) is 1/T, which corresponds to the
notch frequency. Note that the coupling ratio of the optical cou-
pler can only be used to control the amplitude of the two arms.
However, the signals that are detected from the two arms have
both magnitude and phase characteristics. The RF phase charac-
teristic of thesignal at the notch frequency for thetwo armsmust
also be matched in order to obtain complete cancellation of the
signals at the fundamental frequency to produce a deep notch.
In particular, the MZ filter stage introduces a nonzero phase at
the notch frequency. This additiona phase can be matched by
introducing an additional length into the direct path arm. Hence,
unlike the case in [10], here the lengths of the two arms are de-
signed to be different, in order to equalize the phase introduced
by the unbal anced filter that isused to extend the FSR. Our anal-
ysis has found that with the inclusion of an additional length in
the all-pass arm, this condition of phase matching of the two
arms could be met. The required length of the all-pass arm L,
to achieve thisis given by

Li=1Ly+ g (©)
where Lo isthe minimum path length of the lower arm.

Finally, the delay length of the active section L is chosen
to give a delay time corresponding to the filter design center
frequency fo

_ C
~ 2nfo

and the relative delay times of the unbalanced delay line filters
are chosen to be

4

1
’f1=6—f0 ®)
and
1
T2:2_fo' (6)

It may be seen that the impulse response for a pulse into
the bandpass filter followed by the unbalanced delay line filters
shows that it is not possible for two pulses to arrive at the pho-
todetector simultaneously, which means there are no two paths
in this structure with the same length. Hence, the use of alaser
whose coherence length is less than the minimum delay path
differencein the structure, i.e., 71, ensures that there are no co-
herent interference effects. Finally, the wavel ength separation of
the carriers A; and A, is chosen to be large enough so that beat
frequency components at the photodetector fall well outside the
RF passband.

As an example, we consider the design of an interference
rejection filter having 1% bandwidth of the center frequency
at 1.5 GHz, i.e., having a —6 dB stopband width of 15 MHz.
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Fig.3. Frequency response of thelarge FSR dual-cavity photonic interference
rejection filter: () wide-band response and (b) detailed section of response
within 100 MHz of center stopband frequency.

In order to meet these requirements, the dual-cavity structure
was designed with grating reflectivities of R; = Ry = 0.5,
fractiona length detuning factor £ = 0.0048, erbium ampli-
fier single-pass gain of ¢ = 1.97, and coupler coupling ratio
r1 = r2 = 0.5. Theinput coupler’s coupling ratio « is 93.5%.
The frequency response of this fiber-based interference rejec-
tionfilter isshown in Fig. 3. The notch frequency isat 1.5 GHz.
The passband is flat within 0.1 dB, and the passband transmis-
sion factor has less than 1 dB loss. We have investigated the
tolerance of the FSR extension using cascaded delay linefilters,

lg(l = Ri)(1 - Ry) [1_Ulzk_1 + 1—U;j—’\'—1:| . [(1 —k1)(1 — ko) + /imngﬁ} . [2 ((1 e }

R =

|
{1 + lg(l —R)(1-Ry) [1_D,1Zk,1 + l_b,zl,k,l} . [(1 — r)(1 — k2) + l«asz_%} . [2 ((1 — ko) — /«azz‘%)} l}
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Fig. 4. Experimental setup of the new fiber-based large FSR filter for interference mitigation.

with regard to passband ripples around the harmonic frequen-
cies. High Q-values of the bandpass filter do not pose an issue
because they can readily fit within the relatively wide notch
width of the two-tap notch filters, and hence they can be effec-
tively suppressed so that when subtracted from the all-pass arm,
negligible ripples result at harmonic frequencies. What is more
important is that the delay times m; and 7> are accurate so that
the notches of the two-tap filters are aligned in frequency with
the harmonic bandpass responses. However, a tolerance anal-
ysis shows that to keep ripples below 0.5 dB around harmonic
frequencies, the tolerance on ; and 72 heeds to be within 3%,
which is practical.

We have also investigated the accuracy that isrequired in the
additional length needed in the al-pass arm to match the RF
phase between the two arms. It was found that if the additional
length is not L /6, which is optimum, there is some reduction
in the notch depth. However for a 1% change in the additional
length from its optimum length, a notch depth of over 46 dB
could still be obtained. Moreover, this change has very little ef-
fect on thefilter passband flatness. The amount of the passhand
loss or gain can be controlled by the choice of grating reflec-
tivity and EDFA gain in the bandpass filter. We have investi-
gated the effect of the EDFA noise, since there are multiple re-
circulationsin the cavity. An analysis of the signal -spontaneous
beat noise and the spontaneous—spontaneous beat noise in an
amplified recirculating delay line [12] showsthat these noise -
ements peak at the bandpass frequency; however, they are quite
low in the out-of-band frequency regions. For the EDFA gain
and cavity reflection parameters used here, it was found that in
the out-of-band frequency regions, these noise values are 35 dB
lower than at the peak. Since the passband of the notch filter
corresponds to the out-of-band regions of the bandpass filters,
the noise added by the EDFA in the passband of the notch filter
is quite low.

Thefrequency response of thisfiber-based interference rejec-
tion filter, in Fig. 3, shows that the lower transmission band is
from dc to 1.5 GHz and the upper transmission band is from
1.5to 7.5 GHz. This demonstrates the cancellation of the inter-
mediate notches, which largely increases the system bandwidth.
Two small unwanted peaks are observed at 7.5 GHz because the
delay-line notch filter response does not cover thefifth harmonic

of the bandpass filter passband and the direct pass phase at this
frequency is different to the bottom path. A detailed section of
the frequency response, within 100 MHz of the center stopband
frequency, isdisplayed in Fig. 3(b). The 6-dB width of the stop-
band of the filter is 15 MHz. The shape factor, defined as the
ratio of the —6 dB bandwidth to the —35 dB bandwidth of thein-
terference rgjection filter, is 5.8 for this structure. This achieves
both avery low shape factor and afour-times FSR increase com-
pared to the conventional existing structures. This demonstrates
that the novel WDM notch filter can simultaneously provide a
small shapefactor and alarge FSR frequency response. It can be
noted that the structure of Fig. 1isquite general. The key aspect
of enabling a multifold increase in the FSR of the interference
rejection filter is not dependent on the number of wavelengths
used. For instance, if only a single wavelength is available in
some applications, the FSR would still beincreased in the same
way, and if a good shape factor is also required, then separate
cavities in parallel could be used for each bandpass filter. Al-
ternatively, if several wavelengths are available, thisisuseful in
simplifying the topology so that the multiple cavities can be co-
aesced into one arm. However, the operation isthe same. Also,
by increasing the number of wavelengths, additional offset cav-
ities within the same topology can be realized to further reduce
the shape factor of the interference rejection filter—e.g., using
three wavelengths, the shape factor can be reduced to 2.7. In
addition, increasing the number of unbalanced delay line filter
stages to p stages, the passband FSR of the interference rejec-
tion filter can be increased by a factor of 27.

IV. EXPERIMENT AND RESULTS

To verify the proof of principlefor the new topology, thefilter
structure was set up experimentally. The experiments were car-
ried out for a relatively low notch design center frequency of
60 MHz for simplicity and ease of measurement; however, they
provided a demonstration to verify the concepts. The photonic
interference rejection filter was designed to have a notch band-
width of 1% of center frequency, and four timesincreasein pass-
band FSR.

Fig. 4 shows the experimental setup. The two wavelengths
used were 1536 and 1541 nm, and the coherence of the sources
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Fig. 5. Comparison between the measured and predicted frequency response
for the large FSR dual-cavity photonic interference rejection filter: (a) wide-
band response and (b) detailed section of response within 10-MHz span around
the center stopband freguency.

was smaller than the minimum delay time difference in the
structure. The two wavelengths were combined with a 3-dB
coupler and were modulated in a dual-output electrooptic
modulator, one arm of which fed into the al-pass arm, which
had a small variable attenuator to balance the amplitude, and
the other arm of which fed into the dual-cavity filter. Instead
of using two superimposed offset grating cavities, which we
lacked, we realized the dual-cavity structure by implementing
each wavelength cavity separately with 50% reflectivity grat-
ings and connecting them in series, as shown in Fig. 4. The
length of each cavity was 1.682 and 1.664 m, which yields an
offset factor of k = AL/L = 0.0053, and a center frequency at
60 MHz. The pump signal was split to pump the erbium-doped
fiber in each cavity. The EDFA gain was set to 1.971 for both
cavities. The delay length difference of the unbalanced delay
line filters were 0.567 and 1.689 m. Since the dual-output
modulator provides two out-of-phase modulated signals, one
into the direct path and the other into the lower arm, at the
output the electric currents were added after photodetection.
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A comparison between the measured and predicted frequency
response for the high-performance WDM notch filter is shown
in Fig. 5. Fig. 5(a) shows the wide-band response, and these
results demonstrate that the potential periodic recursive notch
responses at 120, 180, and 240 MHz have been eliminated. The
next unwanted harmonic response occurs at 300 MHz. Asare-
sult, the FSR of the passband has been increased by a factor
of four. The measurements also show avery flat passband with
<0.5dB ripple. Fig. 5(b) shows a detailed response of the filter
within a 10-MHz range of its center frequency. The measured
shapefactor of thisfilter is8.7. Thisdemonstrates that the novel
WDM structure has the ability of producing both a small shape
factor and a large FSR notch filter response. Excellent agree-
ment can be seen between the measured and predicted frequency
response of the interference suppression filter.

V. CONCLUSION

A new topology for a photonic signal processor, which
overcomes the basic recursive frequency response problem that
limits the realizable width of the passband range, has been
presented. The topology is based on anew multiple-wavelength
offset-cavity structure that is cascaded with a series of unbal-
anced delay line structures. This not only can synthesize avery
narrow notch response with good shape factor but also permits
amultifold extension of the FSR and passband width, and also
maintains the filter passband to low frequencies. It enables both
ahigh-resolution interference suppression filter and avery wide
passhand to be obtained. The analysis and design procedure for
the filter has been described. The new filter topology has been
experimentally verified, and results have been presented for
this photonic interference suppression filter that demonstrate
a stopband of 1% of center frequency and realize a fourfold
increase in the FSR and passband width while also having a
very small shape factor of 8.7 and very low passband ripples.
Thisisimportant for narrow excision of RF interference while
simultaneously transmitting the wanted signal over a flat and
wide passband, and offers built-in high-resolution interference
mitigation capabilities in fiber-based transmission systems.
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