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Synthesis of Optical Filters Using Sagnac
Interferometer in Ring Resonator

Salvador Vargas, Member, IEEE, and Carmen Vazquez, Senior Member, IEEE

Abstract—We propose a new synthesis method for the implemen-
tation of infinite impulse response filters, using a Sagnac interfer-
ometer within a ring resonator. This structure permits the syn-
thesis of second-order optical functions per stage. We present the
parameters of the structure, which are related to the poles position,
radial and azimuthal, and the design procedure, with an example
of an autorregresive filter.

Index Terms—Optical filters, optical mirrors, Sagnac interfer-
ometers, synthesis, tuning.

I. INTRODUCTION

HERE ARE many applications for photonics filters in

modern optical communications systems. These appli-
cations include multiplexing/demultiplexing, equalization,
dispersion compensation, dispersion slope compensation, and
single sideband generation [1]. These photonics filters are
synthesized using different methods as cascading all-pole and
all-zero functions [2] by recurrence algorithm [3], [4], by
appodization of coupling coefficients [5], [6], and closed forms
derived from microwave counterpart [7].

Also we have seen recent interest in optical mirror ring res-
onator (OMRR)-based structures, that have been proposed as
reflectors [8] or as tuneable filter, tuned by means of a coupling
coefficient [9], [10].

But nobody has proposed a synthesis method that uses
OMRR like building blocks for synthesis of infinite impulse
response (IIR) filters. In this letter, a synthesis method based
on OMRR, made of a Sagnac interferometer in a ring resonator
(SIRR), as a second-order optical function is presented. The
method is based on cascading all-pole and all-zero structures,
but using an all-pole second-order structure (SIRR).

The main advantage of using the SIRR is that there is no need
of phase shifters. It also has immunity to variations in the ring
lengths. This is a key factor to produce the same time delay in a
second-order transfer function realized with cascaded first-order
transfer functions [2]. Finally, it has design flexibility, because
this structure permits the synthesis of complex conjugated poles,
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Fig. 1. Schematic of SIRR. Input (K;), output (I, ), and Sagnac (K, ) cou-
plers. Amplifier (G ).

located in any place, by varying a coupling coefficient and an
amplifier gain.

II. STRUCTURE

The SIRR is presented in Fig. 1. The effect of the Sagnac in-
terferometer allows the double recirculation of light clockwise
(forward) and counterclockwise (backward), in the ring. We as-
sume that there is not mixing between these waves, because the
coupling length is much greater than the wavelength of light,
and that the couplers and the waveguides are lossless. The output
transfer function of this structure is of second-order whatever
point you take as output in the circuit. In Fig. 1, there is an iso-
lator in the input port and an optical amplifier inside the ring.
Both of them can be implemented in optical fiber technology,
or in integrated optic technology [11], [12]. The first one is to
prevent the wave reflected, as we are using each SIRR stage in
the transmission mode, and the second one is used for giving
design flexibility. There is also a variable coupler [13] in the
Sagnac interferometer, like the amplifier, is for providing a re-
configurable design.

The output of the SIRR is taken from the coupler inside
the ring, in the counterclockwise direction (Ayp) because this
transfer function has two complex conjugated poles and zeroes
only in the origin of the Z plane. The unit time delay is given by
the transit time of light in the ring length (L), which includes
the Sagnac, the amplifier, and the couplers lengths.

The transfer function of the SIRR is derived using the transfer
matrix formalism, as in [10, Appendix A], and is given by
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c; and d; are, respectively, the dimensionless coupling and
transmitting coefficients of each coupler, where the sub-indexes
1, 0, and s are input, output, and Sagnac couplers, respectively.
c; and d; are related to the power coupling coefficient K; by
means of K; = c? and1 - K; = d?.

La, Lz, and Lr are the length positions of the Sagnac cou-
pler plus Sagnac length, output coupler, and ring length, respec-
tively.

The poles Zp given in (1) are complex conjugated and the
modulus and phase of Zp are given by

|Zp| = did, G,/
¢p = arg (1 - 20? +j2csds)

2
3)

where (7, is the amplifier power gain.

The stability of this structure is guaranteed if the amplifier
power gain G, is maintained less than 1//(d;d,).

From (2), we see that the modulus of the poles is dependent
on the gain and the power coupling coefficients of the input
and output couplers. And from (3) it can be seen that the poles
phases are only dependent on the power coupling coefficient of
the Sagnac coupler. Both can be tuned independently. The best
choice for tuning the radial position of the poles is using G, for
avoiding problems when the pole is located near the unit circle,
while for tuning the phases of the complex conjugated poles, K
is used. As both G, and K, can be variable, we can generate
complex conjugated poles with any phase and modulus.

The value of K from (3) generating the correct phases of the
poles is given by

(tan*(|¢, N+1)~"/?
2 ] |¢P| < 7r/2 (4)

1
K s = 2 2 —1/2
{ P Lol t) — g > /2.

From (1), we see that this structure introduces some losses
that can be minimized, once having fixed K, G,,, and /Zp/, by
maximizing the product ¢; X ¢, X d,. This can be achieved
using the power coupling coefficients of input and output cou-
plers following:

1-B 1-B
K; = 3 K, =
1+ B 2 )
with
2
g 127l
Gy

III. SYNTHESIS METHOD

This synthesis method is applicable to the synthesis of IIR fil-
ters with real coefficients in their transfer functions. It is based
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Fig. 2. Block diagram of synthesis structure. The structures in dashed lines are
only needed in specific designs.

on cascading all-pole and all-zero structures, to generate autore-
gressive (AR) and autoregressive moving average (ARMA) fil-
ters. It uses the SIRR for generating an even number of com-
plex conjugated poles, and adding a single pole optical function
when the filter has an odd number of poles. For the synthesis
of ARMA filters, the zeroes are implemented adding a stage of
coherent two-port lattice delay line (TPLDL) circuits [3]. This
is the most efficient structure for generating the zeroes in terms
of number of components.

In Fig. 2, there is a block diagram of our filter, where we can
see cascaded SIRR structures, the ring resonator for odd-order
filters, and the lattice structure for ARMA filters. There is also
an amplifier stage for compensating the losses introduced by the
all-pole stages and the TPLDL circuit. The single-pole optical
function used here is implemented by means of a ring resonator
with gain, and a phase shifter, where output is taken inside the
ring, using a coupler.

The transfer function of this device is given by

Ly

A4 _C'L'Tc(rrz_ﬁ
(2) = ——rore 6
Aq (2) 1—Zppz—1 ©

where c; and d; are, respectively, the dimensionless cou-
pling and transmitting coefficients of each coupler, where the
sub-indexes #r and or, represent input and output couplers,
respectively, and Ly and Lr are the length to the output coupler
position and the ring length, respectively. Zp,. is the single pole
of the transfer function, where modulus (/Zp,/) and phase

(¢pr) are given by

|Zpr| = d'deorGII)42
¢p7‘ = —¥r

@)
®)

where G/, is the amplifier power gain, ¢, is the phase change
in the phase shifter.

From (7) and (8), we see that the pole phase is tuned by means
of a phase shifter (adjusting the phase shifter to the negative of
the pole phase), and the modulus by means of the amplifier gain
G- The gain is used for tuning the modulus giving design flex-
ibility and to avoid the effect of waveguide and coupler losses
here neglected. The losses induced by this stage once G, and
/Zp,/ are fixed, can be minimized by taking input and output
coupler coefficients given by

|Zpr|
leal

Ki'r = Kor =1- (9)
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Fig. 3. Frequency response of fourth-order filter. fo is the central frequency

and FSR, the free-spectral range.

TABLE 1
MODULUS AND PHASE OF THE FILTER POLES

Poles 1Zp/ o, (rad)
-0.8936 +j0.1310 0.9032 2.996
-0.8936 - j0.1310 0.9032 -2.996
-0.8935 +j0.3585 0.9627 2.760
-0.8935 - j0.3585 0.9627 -2.760

/Zp/ = poles modulus and ¢, = poles phases.

These values of power coupling coefficients provide the min-
imum losses and the correct radial position of the pole.

IV. EXAMPLE AND DISCUSSION

For a detailed explanation, an example of the synthesis of an
IIR filter is reported. Its frequency response is shown in Fig. 3,
and its Z transfer function is given by

0.0043z %

- 143.5742271+4.936327243.114223+0.75602—* "
(10)

HIz]

The filter has a full-width at half-maximum of 0.13 times the
free-spectral range, with less than 2 dB of ripple and a crosstalk
of 70 dB. This is a fourth-order AR filter having real coefficients,
so two SIRR stages are needed for implementation.

The modulus and phase of the filter poles are shown in Table I.
Knowing the phase poles (¢,) and using (4) we can find the
values of K. Fixing G, to 2, in both stages, knowing /Zp/ and
using (5), we can find K; and K, for each SIRR stage.

The obtained values following this procedure are shown
in Table II. The losses introduced by the cascaded SIRR are
0.0043, and this means that we will not need the gain stage.
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TABLE II
RESULTING PARAMETERS OF THE SIRR PER STAGE

Stage G, K Ki Ko
1 2 0.995 0.421 0.296
2 2 0.964 0.367 0.268

Ki , Ko, and K are the power coupling coefficients of the in, out and
Sagnac couplers and G, is the amplifier power gain, of each SIRR stage.

V. CONCLUSION

A novel synthesis method based on a cascading all-pole
transfer function based on a ring resonator with an internal
Sagnac loop (SIRR) has been reported. In this method, there
is no need of phase shifters in each stage to properly locate
poles on the z plane, but uses variable coupling coefficients and
gain. There is also no influence of length tolerances in com-
plex conjugated poles implementation. Closed-form formulas
describing the synthesis process are given. A specific example
of a fourth-order AR filter, with less than 2 dB of ripple and
a crosstalk of 70 dB is reported for describing the method.
State-of-the-art technology in optical fiber an integrated optics
is available for building filters using this method.
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