Description of the Invention Photonic microwave filter with infinite impulse
response FIELD OF THE INVENTION The present invention relates to
the field of filtering and in particular discloses a photonic method and
apparatus for filtering RF or microwave signals. BACKGROUND OF THE
INVENTION The huge bandwidth of photonic processors makes them
attractive alternatesorpptionnodréhe/d Byentionrcome the
limitations of existing electronic approaches, such as the well-known
"electiPhitoaitondekowapesHddryvilicia fhaiteingpideedesponse
conventional electrical signal processors. Moreover, photonic processors
also provide excellent isolation, immunity to electromagnetic interference
(EMI), wideband tunability and reconfigurability. Considerable number of
structures for photonic processing for applications in microwave signal

filtering has been propesed DVOFtTRIFEEY ENIERYRd feature of these
filters is to achieve high frequency selectivity, which then requires a large
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Implementations of this opto-electronic filter comprise opto-electronic
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1nﬁﬁﬂ8qlu§)rﬂ%ltjt&j Qf?s have been reported, which are known as infinite impulse
response (IIR) filter. However, these schemes are realized entirely in the optical
domain and hence to avoid coherent interference effects theses have to use laser
sources with coherence time less than the minimum delay difference in all possible
paths of their filter structures. This limitation leads to some performance degradation,
such as the limited range of tunability and the serious noise due to the optical
interference. Besides, these schemes are lacking in reconfigurability to switch
between bandpass and bandstop filter which is desired in some applications.

SUMMARY OF THE PRESENT INVENTION

This application describes techniques and devices to realize an opto-electronic
filter for RF or microwave signal filtering with infinite impulse response.
Implementations of this opto-electronic filter comprise opto-electronic circuits of a
closed feedback loop. This closed feedback loop comprises:

An optical modulator to modulate an optical signal using a feedback microwave

signal;

A photodetector to convert the optical signal to microwave signal;

An optical delay line with some optical gain, feeding the optical output of the



1 optical modulator to the photodetector; An electrical delay line with some
electrical gain, feeding the electrical output of the photodetector back to
the optical modulator as the modulating microwave signal. The filter
receives an optical signal modulated by a microwave signal. Alternatively,
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based optical modulator, such as an electroabsorption modulator, which
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the optical delay line may be variable. This enables the free spectral
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the filter into a hybrid filter: a finite impulse response (FIR) filter is inserted
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enables the free spectral range (FSR) of the filter to be tuned. These and
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modulator, such as an electroabsorption modulator, which enables the filter to be
integrated into a chip.

The gain of the optical delay line can come from an optical amplifier, such as a
semiconductor optical amplifier (SOA) or an Erbium-doped fiber amplifier (EDFA).

The length of the optical delay line may be variable. This enables the free spectral
range (FSR) of the filter to be tuned.

In one embodiment, the delay line may be highly dispersive. For example, the
optical delay line may comprise a section of chirped fiber Bragg gratings (CFBG).
This converts the filter into a hybrid filter: a finite impulse response (FIR) filter is
inserted into the presented infinite impulse response (IIR) filter to shape the overall
filter response further and enhance the filter performance for some applications.

The gain of the electrical delay line can come from an RF amplifier.

The length of the electrical delay line may be variable. This enables the free
spectral range (FSR) of the filter to be tuned.

These and other implementations are described in detail in the attached drawings,
the detailed description, and the claims.



the detailed description, and the claims. 2 BRIEF DESCRIPTION OF THE
DRAWINGS Notwithstanding any other forms which may fall within the
scope of the present invention, preferred forms of the invention will now
be described, by way of example only, with reference to the
accompanying SrawiRgFHIMRIPTIDR SFaNS PRANKAGERE of a photonic
microwave filter with infinite impulse response (IIR). FIG 2A shows the
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feedback in the frequency range of one free spectral range (FSR). FIG 3
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respbnie immpylse response (IIR) for different values of feedback efficiency in
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response of the filter shown in FIG 4 in the band of
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the tunability of the free spectral range (FSR) by varying the length of the optical

delay line; FIG. 6B illustrates the reconfigurability to switch the passband to stopband.
FIG. 7 shows an alternative embodiment using an electroabsorption modulator to
enable the integration of the filter on a semiconductor chip.
FIG. 8 shows another embodiment using a chirped grating in replacement of the
optical delay line to expand the capability of the filter.




The optical input 101 can be the output of an optical link or circuit and can
be created by modulating the output of a laser 122 through an optical
modulator 121 driven by an RF input 119 and a bias 120. Inside the filter
100, the optical input 101 is modulated by an RF feedback signal 105
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The RF feedback signal 105 is obtained by photo-detecting the output of
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loop of the filter 100, letting the optical intensity gain 111 of Go include all
witheaoplicetricdsapditedérgpind Bledirical Ahwpiiptidel gamplifict ¢l Gomchriplaced
all the electrical loss, when the average intensity of the optical input 101

beforsdriplercibanricabRestiEeoHAe loop is g= GG PORR, (1) 4 The

feedback efficiency g stands for the amplitude ratio between the RF
feddanekadvantage, in the filter 100, because the optical signal is terminated at the

input of the photodetector 112 and the feedback signal is the RF feedback signal 105
which is an electrical signal, the filter 100 does not suffer from the problem of optical
coherence. Therefore, there is no restriction on the coherence length of the laser 122
for the filter 100 to avoid the problems induced by the optical coherence such as the
optical coherent interference and the excessive noise due to the optical
phase-noise-to-intensity-noise conversion. The filter 100 can operate very well for
laser sources at arbitrary wavelength and with arbitrary optical coherence length.

In the loop of the filter 100, letting the optical intensity gain 111 of G, include
all the optical loss and letting the electrical amplitude gain 117 of G, include all the

electrical loss, when the average intensity of the optical input 101 is £, the feedback

efficiency of the loop is
77 = GeGoPORlRZ (1)



signal 105 and the RF input 119. Then, when [i7l <1, it can be shown that
the RF power response of the filter 100is2 11 Rm 1-77exp(-jw,T)
[l-gcos(WT)]2+[gsin(wT)]2 (2) 1 1+g2)_2gcos(wT) where T is the signal
transmission time from the output of the optical modulator 102 back to the
RF driving port of the optical modulator 102 to complete one cycle of the
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free spectral range (FSR) of the filter 100 is FSR = - (8) FIG 2A and FIG
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negative g, respectively, in the frequency range of one FSR. The
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the filter responge for negative g and vice versa. Therefore, the passband
and the stgpba I 0 = I I anging the
sign of the feed ac’k@ﬂ?ﬁ:iefﬂcgf 7leGB®$&N§ )}%e*[?aflimﬂ@z;@d]ersponse o&)
the filter 100 for differgnt values of 77 in the frequency range of one FSR.
It shows th‘algrle—argzr—rcw;rﬁhe narrower the passband and the higher
the rejection atid of the regpb se of the filter 100. Therefore, the shape
of the filter response can be tuned by changing the value of g, which,
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100, the absolute value of feedback efficiency 1i7l should be kept below 1.
rangad AR dissliket MY émploying some circuits in the feedback loop to
control the value of Igl automatically. FIG 4 illustrates one embodiment of
the filter 100, which is also the exE(Sﬁrﬁept setup. The embodiment uses 48)
Mach-Zehnder modulator (MZM) 401 as the optical modulator 102 in the
feedback loop of the filter 100. The optical amplifier 110 is placed before
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and negative 7, respectively, in the frequency range of one FSR. The passband of the
filter response for positive 77 becomes the stopband of the filter response for
negative 77 and vice versa. Therefore, the passband and the stopband of the filter 100

can be switched simply by changing the sign of the feedback efficiency7 .

FIG. 3 shows the calculated response of the filter 100 for different values of 7 in

the frequency range of one FSR. It shows that the larger the |77 , the narrower the

passband and the higher the rejection ratio of the response of the filter 100. Therefore,

the shape of the filter response can be tuned by changing the value of 7, which,

according to Eq. (1), can be changed by changing the average intensity of the optical
input 101 P, the optical intensity gain 111 of G, , the electrical amplitude gain 117

of G,, the modulation efficiency 103 of R, or the photodetection efficiency 113 of

R,.



splitter, 50% of the photodetector output is outputted as the RF output of
the filter 100. The measured frequency response of the filter in the band
0.04 - 1 GHz is shown in FIG 5. The spacing between the two adjacent
peaks of the passband is the free spectral range (FSR) 501, which is
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changing the length of the optical deiay line 109 or the electrical delay
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the band 0.5 - 1 GHz after shortening the length of the optical delay line
feddiclwhiop shovnsrahtieoreased FPﬁRmifoMaﬁcMHz. In this embodiment, the

Mach-Zehnder modulator (MZM) 401 can change the sign of the

feedback efficiency g by tuning the bias 402 to let the Mach-Zehnder
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109opband in FIG 6B and vice versa. The rejection ratio of the filter

response can be tuned through changing the value of Igl. FIG 6B shows a

smaller rejection ratio of about 25 compared,to that of .abo dB i
ﬁ\g agareg rflregiuenfﬁ TESpoNnse é)dﬁhtecﬁ?{%r 1ntht—> baF %Oil - PF?QZ ul? sﬁ'own

. t :
in i by W R T NS} T AL EFAbGRINe AL e BRBAR ™ the free
SPReGAIARSE 152 R anMe sk i vt ed i ad eeMid4bsorption modulator

(EAM) 701 and the optical amplifier 110 can be implemented using a
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semiconductor chip for large scale manufacture. For this embodiment, the
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variable to meet different requirements of various pplications. Another
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fueﬁiilrxbtéd"la}%ﬁ%re, the passband of the filter response can “be switched to the

stopband by tuning the bias 402 to a bias point with opposite sign of the slope of the
transfer function. This capability is shown in FIG. 6 clearly where the passband in FIG.
6A has been switched to the stopband in FIG. 6B and vice versa.

The rejection ratio of the filter response can be tuned through changing the value

of |77| FIG. 6B shows a smaller rejection ratio of about 25 dB compared to that of

about 30 dB in FIG. 6A by decreasing the average optical intensity of the optical input
101 to lower the |77|

As an alternative embodiment, the optical modulator 102 can be implemented
using an electroabsorption modulator (EAM) 701 and the optical amplifier 110 can be
implemented using a semiconductor optical amplifier (SOA) 702 as shown in FIG. 7.
The critical components of this embodiment, including the optical modulator 102, the
photodetector 112, the optical amplifier 110, the RF amplifier 116, the RF splitter 116
and the electrical delay line 118 can be integrated into a semiconductor chip for large
scale manufacture. For this embodiment, the optical delay line 109 can work as an
accessory of the chip, which is variable to meet different requirements of various
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introduces another filter with finite impulse response (FIR) before the filter

with infinite impulse response (IIR), which therefore results in higher

rejection ratio of the overall filter response due to the combination of two

filters. This embodiment can accept an optical input 101 containing
witiplgwavelengths which can be realized by implementing the laser
22 by a multi-wavelength laser or a laser array. The response of the
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ere ore, }i’he]fal 0°can be used directly in combination with other
optical components as well as other RF components. This capability
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100 to be able to be em edded n optical syStems and RF systems seamlessly. Other
photonic microwave filters and RF filters can be cascaded to the filter 100 directly to
enhance the overall filter performance.

Only a few implementations are disclosed here. However, it would be appreciated
by a person skilled in the art that numerous variations and/or modifications may be
made to the present invention as shown in the specific embodiments without departing
from the spirit or scope of the invention as broadly described. The present
embodiments are, therefore, to be considered in all respects to be illustrative and not
restrictive.



further modulation of the said modulated light by an electrical feedback
signal with some amount of delay and with feedback efficiency less than
unity to produce an optical feedback signal; photodetection of the said
optical feedback signal to produce the said electrical feedback signal;
producing at least a part of the saiqrgmgngg of delay using optical means
which are applied to the said optical feedback signal; taking a portion of
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electriwisigackions.wherein the closed opto-electronic feedback loop
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7, furﬁl&%&%@r&smg said photonic microwave filter can be switched between
bandpass and bandstop.

5. A method as claimed in claim 1, further including variation in the said amount
of delay to tune the free spectral range of the said photonic microwave filter.

6. A method as claimed in claim 1, further including variation in the power of
the said optical feedback signal and/or electrical feedback signal to tune the
response of the said photonic microwave filter.

7. A photonic microwave filter device, comprising:

a closed opto-electronic feedback loop with a feedback efficiency less than
unity, which comprises an optical section and an electronic section, wherein
the closed opto-electronic feedback loop includes an optical modulator to
receive an electrical feedback signal to produce an optical feedback signal and
a photodetector to receive the optical feedback signal to produce the electrical
feedback signal and an electrical output.

8. A photonic microwave filter device as claimed in claim 7, further comprising
optical amplifiers and/or RF amplifiers to compensate the signal loss and
control the gain in the closed opto-electronic feedback loop.

9. A photonic microwave filter device as claimed in claim 7, wherein the optical
section and/or the electronic section can be dispersive.

10. A photonic microwave filter device as claimed in claim 7, wherein the sign of
the optical feedback signal can be switched between positive and negative so
that the response of the photonic microwave filter can be switched between
bandpass and bandstop.




optical amplifiers and/or RF amplifiers to compensate the signal loss and

control the gain in the closed opto-electronic feedback loop. 9. A photonic
microwave filter device as claimed in claim 7, wherein the optical section
and/or the electronic section can be dispersive. 10. A photonic microwave
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