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Generalized Analysis for a Class of Linear
Interferometric Networks—Part IlI:
Simulations

Otto Schwelb,Senior Life Member, IEEE

Abstract—In Part | of this paper, the author presented a Ki K,
method to simplify the analysis and design of interferometric mi- () o—yf— - 20mm _ . o (3
crowave and optoelectronic networks such as filters, sensors, ring
resonators, etc., comprised of 2 2 couplers, waveguides, reflec- 3o RS B S — 0@
tors, and mismatched interfaces. The simplification was achieved ——— —/
by introducing a generalized single-mode lumped-element X 2 rjg 1. M-z interferometer with an F—P resonator built into one of the
coupler with arbitrary coupling paths. In Part Il, the author nu- transmissions lines connecting the couplers.

merically examines a number of interferometric devices utilizing
the analysis described in Part |. These devices include feedback-

assisted couplers, multiple-ring resonators, unit transmittance circuits without feedback are examined. Here, we compare the
circuits, add/drop filters, grating-assisted Mach—Zehnder (M-2) performance of circuits built with lumped-element and dis-

interferometers, etc. Results are presented on the characteristics . .
of the output and circulating wave in the resonant rings as tributed parameter couplers, connected to each other through

a function of frequency, coupling coefficient, loss, and other transmission Ii.nes and/or grgtings (or Fabry—_Perot _(F—P) res-
component parameters. Results on group-delay characteristics onators). Section Ill deals with feedback-assisted circuits, in-

are also given. cluding channel dropping and combining filters (add/drop
Index Terms—Filter circuits, interferometric networks, sensors. ~ filters). Transmitted intensity, circulating current, time delay,
and finesse will be characterized. Special attention is paid to
so-called unit-transmittance networks [2]. In Section IV, we
focus on resonator circuits and on the effect of loss on res-
N PART | of this paper [1], a method was presentegpance characteristics. Section V summarizes the advantages

to analyze and evaluate a wide variety of interferometrigs the method of calculation and the results obtained.
circuits based on X% 2 couplers. Central to this method was

the introduction of a new generalized lumped-elemernt 2
coupler. The topological flexibility offered by this generalized IIl. CASCADED CIRCUITS
coupler made it possible to treat any interferometric circuit The four-port network obtained by connecting the ba-
based on 2x 2 couplers as a cascaded set of four-portsc building blocks, namely couplers, transmission lines
and, consequently, to apply cascade circuit analysis to a wigéaveguides, optical fibers, etc.), gratings, F-P resonators,
variety of network topologies. Part | of this paper analyzeghd interface (splice) discontinuities, is called the cascaded
cascaded circuits with internal (reflective elements terminatip@twork. Fig. 1 shows an example of such a network
some or all external ports) and combined internal and extergainsisting of two lumped-element or distributed parameter
(transmission circuit(s) connecting external ports) feedbadisyward (Type 1) couplers connected by a uniform waveguide
including resonant configurations. It provided unified expreand another guide with a built-in F—P resonator. The figure
sions for the scattering matrix of the feedback-assisted deviatso indicates the port designation used in this paper. The
for the circulating amplitude in the feedback line, and fohetwork illustrated in Fig. 1 is a modified Mach—Zehnder
the characterization of resonant circuits. Finally, Part | al§M-Z) interferometer, adapted to sense small changes in the
listed the scattering transfer matrice4) (of the six types of phase shift in one of the arms (pigtails) of the resonator.
generalized lumped-element22 couplers and the symmetryThe performance of this sensor, using fused couplers, was
operations that relate the scattering matricé$ 6f these simulated in the infrared, near 1Gn. The power-coupling
couplers to each other. coefficients of the lossless couplers wédfe = K, = 0.5, the

In Part Il, we describe, through numerical experiments, tiength of the uniform waveguide was 20 mm, and the pigtails
performance of selected devices, demonstrating the salient feaanecting the resonator to the couplers were= I, = 10
tures of the analysis and its ease of use. In Section Il, casca@esl long. Each half of the resonator is made up of 40 unit cells
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Fig. 2. Output intensity characteristics at the four ports of the M-Z inteFig. 3. Output intensities versus inverse wavelength of a M-Z interferom-
ferometer, normalized with respect to the input intensity at port 1. The sokder incorporating a superstructure. The solid (dotted) line corresponds to
(dotted) curves correspond t9 = 10 mm (2 = 10 mm + 3.38pym) ata l2 = 10 mm (2 = 10 mm + 2.50 zm).

free space wavelength of = 1.5 pm.

split. We have chosen @/« ratio of 30 and a length of

Fig. 2 shows the output intensities at the four ports of the - 300 30\
device, normalized to the input intensity at port 1 as a function =10 3 - 0
of free-space wavelength/;(-71,). The solid (dashed) curve ¢
corresponds td, = 10 mm (10 mm+ 3.38 um). The slight t0 obtain the same output intensities as those shown in Fig. 2.
change irl», corresponding to approximately 18phase shift, _We S|mulat_ed a lossless device similar to that shown in
causes the output at port 3 to drop by more than 40 dB afil¥- 1, replacing the F-P resonator by a so-called superstruc-
the output at port 4 to increase from an imperceptibly lojire consisting of a series of five gratings with 60, 138, 157,

level to full input level. Calculation shows that, as expecte&i 8, senda?gtitr:mt tzzlls'r;rif p;e\r/:/c;(i Izlnsgothﬁmrﬁpaigf ﬁ}rg :i]eh
as the phase shift in the arm varies from 0 to 360, the gap sep g 9 9 : 9

. . . nd low refractive indexes were chosen to e = 1.51
drop in level at port 3 varies from zero to a maximum o

ndn; = 1.49, respectively. The bandwidth of this composite
over 40 dB at 189, and back to zero. The effect of the F_Pgrating is approximately 1.45 nm, centered at 4. Note

re_sonator_ is the marked redgctlon of the bandwplth over Wh'?rli‘at throughout this paper, we shall use normalized frequency
this transition occurs. The width of the central spike in Fig. 2 Bnverse wavelength) unit§uem = f/c = 1/X, wheree,
approximately 1 nm, corresponding to a bandwidth of 2 GHghe velocity of light in vacuum is given in millimeters per
By adjusting the length of the F-P cavity, the location of theecond so that the length dimensions in our computer program
spike can be shifted. The out-of-band behavior of this sensire interpreted to be in millimeters. In doing so, the product
can also be seen in Fig. 2, where we notice that a phase shifobthe normalized frequency and nominal length provide the
180 inverts the outputs of ports 3 and 4. When the phase shiftio of the physical length to the free-space wavelength.
is a multiple of2r, the two curves are identical. The reflectedfig. 3 shows the output intensities versus inverse wavelength
intensities observed at ports 1 and 2 are not affected by feports 3 and 4. The solid curve applies to the circuit when
phase change in the arm. From the reflection coefficient oflz = s = 10 mm, the dotted curve reflects a changelin

the F—P resonator, computed at the center of its resonarﬂ)é,z-S #m. The wavelength separation is 1.35 nm. Reflected

the coupling coefficient in the Bragg gratings is estimated {Btensities were both down by more than 36 dB.

be 0.02;m~!. At center wavelength (10.04m), only the The channel combmmg/dropplng (an/Qrop) f|Iter 'S "’F”Other
dotted output at port 3 (corresponding to 18ghase shift) example of a cascaded interferometric circuit. In its simplest
) o - . . i form, it consists of two forward (Type 1) couplers separated by
is sensitive to variations in the coupling coefficielit As identi . . . . .

) - ) ; entical Bragg gratings (band-stop filters) in the connecting
the common coupling coefficient is varied from 0.4 to 0. aveguides. Assuming port 1 to be the input port, the distance
the dotted output drops from13 dB to below—40 dB and peyeen the output ports of the first coupler and gratings must
subsequently rises again tel3 dB asK is further increased pe gych as to cause a constructive (destructive) interference for
to 0.6. the reflected signals traveling back toward port 2 (port 1). If

Characteristics indistinguishable from those shown in Fig.tBe couplers are 3-dB hybrids, this condition is fulfilled when
are obtained in the stopband region, when distributed paragie phase-delay difference between the output ports of the first
eter rather than lumped-element couplers are used. Care nuasipler and gratings &=, whereN is an integer. Similarly,
be taken to select their length appropriate for an equal powhke distances between the output ports of the gratings and the

=25.1 um 1)
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Fig. 4. Out-of-band outputs of a channel combining/dropping filter as a The level of coupling between the resonant rings determines

function of the waveguide length connecting the output of a grating wifyhether the resonators are undercoupled, critically coupled

the input of a second coupler. The length of a grating period ig:@n5 . ' L. !
or overcoupled. Odat al. [4] determined the critical power-
coupling coefficient for a symmetric device to be

input ports of the second coupler can be selected to cause the 5

transmitted signal to exit through either ports 3 or 4 of the Ko ot = [ K } ) (3)

device. ’ 2-K;

Fig. 4 illustrates the e_ffect of path-lengtli, X variation For K, > K oy the filter is overcoupled and its resonance
between one of the gratings and the second coupler, While acquires two peaks. For a symmetric double-ring filter,

keeping the corresponding path length) (behind the other \ye found the split between the peaks to be well approximated
grating fixed at 5um. Here, the applied frequency is in theOy

passband of the gratings\ (= 0.5 um, n. = 1.5). As I,

increases from 4.5 to pbm, the output is gradually transferred Af = e/ Ko — K2 ait @)
from ports 3 to 4; wher, is 4.75 um, the power is split o 7 Logt '

equally between the two output ports. The device is very sensitive to coupler loss, but it tolerates

Another type of channel dropping/combining filter, devel; aveguide loss up to 1 dB/cm without significant deterioration
oped for millimeter-wave use by Ohtomo (Ootome) al. of the amplitude characteristics

[3] and for optical frequency division multiplexing (FDM) The performance of multiple-ring add/drop filters is of-

communication systems by Oad al. [4], consists of two or ten enhanced by mirror or grating-assisted feedback. These

more rnng resonators c_oupled to each qther an_d to extereghfigurations will be discussed in greater detail in Section Il
waveguides. A double-ring resonator version and its equivalent

circuit are shown in Fig. 5(a) and (b), respectively. For an
input signal at port 1, there is output at ports 2 and 4 only.
Output at port 4 occurs only in the narrow bands of resonanceA simple feedback-assisted interferometer [5] and its equiv-

lll. FEEDBACK-ASSISTEDINTERFEROMETRICCIRCUITS

of the coupled rings. For resonance to occur, alent are shown in Fig. 6. Use of a Type-3 coupler facilitates
“straightening out” the convoluted configuration into what has
2n f ) been classified in Part | as a Case-4 feedback-assisted cascaded
kone,iLi = —= Leg,; = 27N, t=1,2 2) Co ; i
’ c ’ network. The device includes one resonant ring consisting of

o _ . the /; and l; waveguides. The presence of a resonant ring
must be satisfied, whers/; is an integer. The free spectralresults in a comb-like frequency characteristic with an FSR
range (FSR) of theith ring is FSR = c¢/Leq ;. In the determined by the effective length of the rifigg = 3", lin,.

symmetric designk; = K3, and the rings are identical. InResonance occurs when the round-trip phase is an integral
the so-called vernier configuration; /N> is the ratio of two muyitiple of 2, i.e., when

consecutive integers-2. Since resonance requires that (2)

be satisfied for all rings, the FSR of the combined device koLeg £ p T _ ﬁ Leg £p T 9N (5)
becomes the smallest common denominator of&IR;. For 2 c 2

example, ifFSR; = 30 and FSR, = 40, then the coupled wherep is the number of coupled connections in the path,
resonator will have an FSR= 120. As the full width at each inserting a 90phase shift, andv is an integer.

half maximum (FWHM) is not affected by this operation, the The characteristics of the normalized transmittég) @nd
vernier configuration offers a practical tool to increase theflected (;) intensities as a function of the normalized
finesse of the filter. frequency are shown in Fig. 7. The circuit components are
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Fig. 6. A feedback-assisted two-coupler interferometer. (a) The fiber-opfitd- 8- Normalized reflected and transmitted intensities versus inverse wave-
device. (b) The equivalent circuit. length (f/c) of the device shown in Fig. 6. For the solid (dotted) line

K5 = 0.01 (0.057). In both caseds; = 0.01.
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Fig. 7. Normalized reflected and transmitted intensities versus inverse wave- 1 in mm~!

length (f/c) of the device shown in Fig. 6. The parameter is the common

power-coupling coefficienk. Solid curve:K = 0.1, dotted curve’k = 0.2, Fig. 9. Normalized output intensity of the device shown in Fig. 6, as a
and dashed-dotted curvé& = 0.3. The other parameters of the device ardunction of the inverse wavelength anif2. The value of Ky was kept
given in the text. constant at 0.05.

lossless, the refractive index of the guidesiis= 1, p = 0,
andL = [, +13 = 22 ym. For these values, the two resonanceiﬁ

shown correspond td.,/A = & and 9, respectively, and the intensities are plotted fof{s = 0.01 (solid line) and 0.057

~ 13 i
FSR evaluates ta\f ~ 1.36 x 10 ~ Hz, or 45.45 units on (dotted line), while K; = 0.01. A narrow and extremely

the inverse wavelength scale. The resonant wavelengths o R
this device are insensitive to variations lin The parameter pronounced %40 dB) discrimination occurs at the resonance

in Fig. 7 is the common power-coupling coefficient of th requency as a result of a small changéiip. This feature can
couplersk, = K, = K, which has been varied from 0.1°€ exploited to sense the presence or absence of a mesurand
to 0.3 (10-5.3 dB). ASK increases, so does the width of thdhat affects the coupling coefficient of a weak coupler. The

passbandsf. For K = 0.1, this passband is approximatelysurface plot of Fig. 9 illustrates the variation of the output as
0.649 units £1.95 x 10t I—,|z) wide at the—3-dB level. The @ function of inverse wavelength adt:. Notice the sharp dips

Another feature of this circuit is illustrated in Fig. 8, where
e frequency characteristics of the reflected and transmitted

finesse of the interferometer with = 0.1 is in the output intensity distributed over an elliptical path on the
Af K, versus normalized frequency plane. In this simulati&n,
F=—>=70. was set to 0. and losses were neglected.
5 6 0.05 (13 dB dl I d
! The circulating wave intensity in the feedback line can be

With K = 0.05, the finesse obtained is 150. computed using the expressions given in [1, Appendix C].
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Fig. 10. (a) Feedback-assisted ring resonator. (b) Its equivalent network.
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Calculations show that, at resonance, this circulating Wagg 15 characteristics of the forward wave intensity in the feedback guide
intensity can rise more than 30 dB over the level maintain@€lthe ring resonator illustrated in Fig. 10. Resonances occur when the phase
between resonances. delays in pathg, andiz are commensurate. The common coupling coefficient

A feedback-assisted ring resonator and its equivalent n%% :mo'(?ji,tfendd“tr?g)'l%lt%tg, %faﬁgingetgffzf'e‘ ﬁ’:tfs i'ns @S t(;zll'd fne) or
work, incorporating two Type-5 couplers in a Case-4 config-

uration, are shown in Fig. 10. Here, we note that when the

generalized coupler described in Part | is applied to mod@feedback = 3), for NV =15 and Ngeeback = 18 (V = 12 and

a device, the equivalent circuit may not be unique. Thifedback = 15), €tc., but it does not hold, for example, for
multiplicity of equivalent circuits for the same device is in thd¥ = 10 a@nd Neeednack = 12,

nature of modeling. Since true equivalents produce identicalAS expected, the) factors associated with the resonances
numerical results, it is immaterial which model is adopted. F&€€n in Fig. 11 increase &" — 0.5 approaches 0.5, and are
example, replacing both couplers with Type 1 in Fig. 10(bgignificantly reduced by coupler loss; however, they are re-
and appropriately renaming the connecting waveguides, raarkably insensitive to Waveguide loss. A Coupler attached to
replacing the second coupler with Type 4 and changing tkee feedback guide can sample resonant intensity fluctuations.
feedback configuration to Case 5, result in other equivalengrther examples of unit transmittance interferometric circuits
circuits of the device depicted in Fig. 10(a). are shown, e.g., in [7, Figs. 2 and 3].

The ring resonator shown in Fig. 10 is a unit-transmittance e simulated several other feedback-assisted cascaded in-
interferometer, which means that under ideal conditions, i.ée[ferometers consisting of two 2 2 couplers. Those con-
when the components are lossless and the splices are perfégirations that include one or more ring resonators exhibit
all input power will exit at the output port. Consequently, theomb-filter-type characteristics. The circulating wave intensity
output frequency characteristics of an ideal unit-transmittangethe feedback line and the transfer characteristics of these
device is flat. However, large wave-intensity variations aigterferometers are fairly complex, not only because (5) has
observed in the feedback ling) when the input frequency is as many sets of solutions as the number of resonant rings in
commensurate with the resonant frequency of the ring [8he circuit, but also because the resonance frequencies of the
This can be seen in Fig. 11, illustrating the forward wawengs shift as a result of coupling.
intensity (1) in the feedback guide (there is no power flow in Here, we report on a circuit that exhibits useful circulating
the reverse direction) as a function of inverse wavelength. Wwave-intensity characteristics. A bulk-optic realization of the
this simulation, the ring consisted of tw§ = 0.95 coupling interferometer, comprised of four mirrors and two beam-
coefficient couplers, equal half-rinds + I = 20 um, and a splitters is shown in Fig. 12(a) [8], while the equivalent circuit
feedback guidé; = 12 pm-long (12.54m) represented by the appears in Fig. 12(b). This interferometer has one resonant
solid (dotted) line. Withn, = 1, the first resonance & = 1, ring that passes throudh, />, and the two couplers, acquiring
calculated from (2), occurs dt/ A = 50. Notice that there is = phase shift in the process. All circuit components are
no coupling into the ring for a normalized frequency of 25@ssumed to be lossless. Fig. 13 illustrates a simulation of the
(200) or ¥ =5 (N = 4). This is due to the incommensurateoutput intensity as a function of the inverse wavelength and the
traveling times in the half-ring and feedback line. Whenevetcommon power-coupling coefficiedt; = K, = K. For this
7) figure, we have choseh =_5 pm, lo = 15 pm, I3 = 15 um

andn. = 1.5. The FSR is, thereforeA(1/A\) = 33.333
and N is of different parity from Npecaack, interaction be- units. A resonance occurs dyA = 650, which satisfies
tween ring and feedback guide is eliminated as a result &) with ¥ = 19. Fig. 13 indicates a resonance bandwidth
a 180 propagation phase cancellation. In Fig. 11, the aboteat gradually decreases in width Asapproaches unity. The
equality holds true fotV = 5 and Nseeanack = 6 (N = 4 and circulating wave intensity, normalized to the input intensity,

Nfeedbacklringnring = 2leeedbacknfeedback
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Fig. 14. Spectral characteristics of the circulating wave intensities in the
feedback paths of Fig. 12 propagating from ports 3 to Z'() and from
ports 2 to 3 (2). The parameter is the common effective refractive index
of the waveguides. Solid line2. = 1.5, dotted line:n. = 1.50075, and
dashed—dotted linez. = 1.5015. The common power-coupling coefficient

is 0.99.
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Fig. 13. Output intensity of the ring interferometer of Fig. 12 as a function
of inverse wavelength and the common power-coupling coefficient.

propagating in the feedback ling is shown in Fig. 14.C;
is the wave intensity propagating from ports 3 to 2 @nidis =K °®
the wave intensity propagating in the opposite direction. The (
parameter is the common refractive index of the waveguides.

- . - (b)
For the solid curven. = 1.5, for the dotted curven. =

= = _ 1 EnE Fig. 15. Two resonant ring interferometers that exhibit similar input/output
1.50075, and for the dashed—dotted curve, = 1.5015. The characteristics as the circuit shown in Fig. 12. Only Fig. 15(b) displays the

common power-coupling coefficient i = 0.99. The shift in  sharply resonant circulating current characteristics of Fig. 14. Neither circuit

the resonance frequency is in accordance with (5), i.e.,  is of unit transmittance.
Af  Alg ®)
f len ingly quite different topology can have identical input/output

Notice the narrow deep minima in the otherwise fla8§ characteristics. For example, the double-ring interferometer

characteristics, centered on the resonance frequency. Thesteewn in Fig. 15(a) withK; = K> = 0.99, and the ring

sult indicates that in this configuration 0.1% change in thesonator shown in Fig. 15(b) [9], a modified version of the

refractive index causes an approximately 1.54-nm-wavelengthg resonator seen in Fig. 10 with; = K, = 0.01, have

shift at A\g = 1.54 um. A directional coupler connected tothe same input/output characteristics as the circuit shown in

the feedback line, sampling the current in the appropriafég. 12. However, only Fig. 15(b) exhibits the narrow-band

direction, should prove to be a sensitive tool to measure smailiculating current characteristics seen in Fig. 14.

variations inlgp. We simulated switching discrimination in excess of 40 dB at
Application of the generalized scattering parameter algdiscrete equally spaced frequencies on a lossless interferometer

rithm described in Part | quickly reveals that circuits of seenof two cascaded couplers in a Case-6 configuration. The first
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Fig. 16. Reflected and transmitted intensity characteristics of a cascaded net-

work in Case-6 configuration described in the text. Notice the more than 40-&#9- 17. Group-delay characteristic of the reflected signal of the interfero-
switching discrimination at discrete frequencies when the power-couplifigetric network to which Fig. 16 applie&’s = 0.04 (solid line), Kz = 0.96
coefficient of the second coupler is changed from 0.04 (solid curve) to 0.§#ntted line), andK', = 0.44.

(dotted curve). The coupling coefficient of the first couplefis = 0.44.

IG
OXy
coupler was Type 3, the second Type 1. The reflected and )

transmitted intensities are shown in Fig. 16. For the solid

curve, Ko = 0.04, for the dotted curvek, = 0.96, and

K; = 0.44 in both cases. No appreciable deterioration of K sl
this performance was observed until waveguide losses reached ||||||||||||||||
10 dB/cm or coupler losses reached= /1 —~ = 0.98

(v = 0.04). Note that for integrated circuits in Si, the actual @

waveguide loss is approximately 0.1 dB/cm, while in fiber K K

waveguides a much smaller loss coefficient can be realized. @o—o f——o"F Y} & ’_2* S
The group delay for this circuit, computed using (27) of ! k

Part |, appears in Fig. 17. Here, we note that for a lossless @ o—= - L - o M L L1

reciprocal two-port, the phase anglesff,, Si2, and Sy, are ®)

related through _ . . . . .
Fig. 18. (a) Switching comb-filter configuration. (b) Its network equilvalent,

1 7r consisting of two cascaded couplers and Bragg grating terminations at ports
P12 = > (f11 + ¢22) + 5 +nm. (9) 3 and 4.

If the circuit is bilaterally symmetricgp1; = ¢22 and, as a
result, all three group-delay characteristics are the same. Boide can control the center wavelength of the spike. We
asymmetric circuits, we observed a difference betwgerand investigated the effect of losses on this filter and found that
$20, but it was so small, that the relative difference it causedaveguide loss up to 0.1 dB/cm had insignificant influence on
betweenr;; and - was in the order of 19* and could not its performance; however the device was extremely sensitive
be registered. to coupler loss. Specifically, we observed that 0.999, or

An interferometer consisting of a cascade of a Type-4 (or= 2 x 10~% was the maximum value tolerable for a useful
Type-5) and Type-1 coupler in Case-6 configuration can lkevice (20-dB rejection).
used to obtain extremely narrow-band rejection at the outputA switching comb filter operating over the stopband of a
port. This circuit includes two resonant rings, both passirgyating has been simulated using the configuration shown in
through the guides connecting the couplelss dnd /) and Fig. 18. The circuit is made from two lengths of coupled opti-
the feedback linelf), but one of the paths acquires an extraal fibers, each equipped with a Bragg grating at one end [see
18 phase shift by passing through the second coupler twidég. 18(a)]. The equivalent circuit consists of two cascaded
As a result, the output frequency characteristics consists Bfpe-3 couplers in Case-3 configuration [see Fig. 18(b)]. Two
two interspersed comb distributions whose separation depenglsonant rings characterize the performance of this network.
on the coupling coefficient of the Type-1 coupler. In ouFor the first,l.g = (I; + la)n. and it passes through two
simulation, both couplers had a power-coupling coefficient gbupled links, while the second passes through one coupled
0.05 (13 dB). We found the 3-dB relative bandwidth to benk with l.g = 2(I; + Iz + I3 + I4 + 2d)n., whered is the
2.3 x 10~%, which reduces to 4.6 10~% when the coupling penetration depth of the signal into the grating at the frequency
coefficient drops to 0.01 (20 dB). The length of the feedbackhere the resonance occurs. The distahi®associated with
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the reflection time delay, thus,

1 1 d¢ ~10}

d= 5T = 5 Up 5 (10) al

where¢ is the phase of the reflection coefficierst () andwv, E-m—

is the phase velocity in the grating. ~" ot

The gratings were selected to be identical: periodigity: _sol-
0.5 pm, high/low refractive indexes of 1.51/1.49 aid; = 60 .

329 33 331 332 333 334 335 336 337 338
/A in mm™

200 unit cells. Fig. 19 shows the reflectefl Y and transmitted

(I2) intensity characteristics foK; = Ky = 0.5, 11 = I3 = Fio 21 Reflected and t ted intensity characteristics of the addd
_ - . . ig. 21. Reflected and transmitted intensity characteristics of the add/drop
10 pm, andl3 = Iy = 100 pm (solid line). Using the filter shown in Fig. 20. Solid lineX; = 0.5, dotted line: X'y = 0.032,

parameters given above, we obtain a frequency separatiorighed—dotted linek; = 0.032, and mirrors replace the gratings. In all
33.33 units for the first set of resonances, and approximaté?gﬁe casesk{» = 0.01. Additional parameters are specified in the text.

1.3 units for the second set (the calculated penetration depth

at stopband center i¢ = 18.5 pm). None of the first set of length of the ring wad. = 20 zm, the waveguides connecting
resonances falls within the stopband of the gratings, whichtlse gratings to the second coupler wédge= I, = 5 um
centered onV = 20. Fig. 19 indicates that the second set dbng, and the gratings hadve = 300 unit cells with
resonances determine the characteristics of the filter,/A A = 10 pm periodicity and high/low refractive indexes of
phase shift inl3 or [ moves the solid-line characteristicsl.51/1.49. The free-space wavelength at resonance for this
into the dotted one, effectively providing more than 20-dBevice is\g = 30 um. Fig. 21 shows three reflectior]
discrimination. At the given wavelengthh\{ = 1.5 um) and and transmissionl{) intensity characteristics. The solid line

effective refractive indexr, = 1.5), such a phase shift isis obtained whenkK; = 0.5, the dotted line corresponds
produced byAn. = 3.75 x 1073, or a displacement of to K; = 0.032, and the dashed—dot line applies to a filter
0.25um. with mirrors replacing the gratings and; = 0.032. In all

Spectral characteristics very similar to those seen in Fig. fiee casesk, = 0.01. Both couplers and waveguides were
have also been obtained using distributed rather than lumpedsumed loss free.
element couplers having 13.98n length and a3/« ratio of Fig. 21 indicates the versatility of this filter configuration
1.252. when the grating stopband is tuned to the resonance of the ring.
As a final application of the generalized analysis té further fivefold reduction of the 3-dB bandwidth of the
feedback-assisted cascaded coupler circuits, an add/drop filtbgracteristics can be obtained by lengthening (or shortening)
shown in Fig. 20(a), is described. The equivalent circuit is seénby 10%, causing less than & 107> relative shift in the
in Fig. 20(b). The gratings sharpen the resonance providedd@gonance frequency. It is also possible to move the resonant
the ring and offer two orders of magnitude higher selectivitgip over the stopband of the grating by varying the length; of
than that which can be obtained by simply terminating ports 4. This is illustrated in Fig. 22, wherg is changed from 3
3 and 4 with wavelength independent reflectors (mirrors). Fpm (dotted line) to 5um (solid line) to 7m (dashed—dotted
our simulation, an effective guide index of 1.5 was used, thi@e). The device is relatively insensitive to waveguide loss,
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Option-1 configuration with all four ports terminated by identical gratings.

Fig. 22. Characteristics of the add/drop filter of Fig. 20 with changing guid®) Option-5 configuration where the feedback lines connect the output of the
lengthl,. Dotted line:ly = 3 pm, solid line:ls = 5 pm, and dashed-dotted ¢ascaded network with its input, creating an endless loop.
line: 14 = 7 pum. Higher resolution sampling reveals that the transmission

ini h below-40 dB. . . . .
minima feach below= 1) and symmetric resonant rings (Option 5). Fig. 23 shows

b . ler | dd/d il h_examples of these circuits. Fig. 23(a) illustrates a resonator
ut very sensitive to coupler loss. As an add/drop filter, thi§ 5htion 1 configuration consisting of two identical Type-

ring resonator would be used in conjunction with a circulatoi. couplers;L; and L represent the entire distance between

the gratings facing each other. Fig. 23(b) shows four cascaded
Type-1 couplers in Option-5 configuration where the feedback
Interferometric resonator circuits constructed from a chalimes connect the output of the cascaded circuit with its input,
of 2 x 2 couplers have all four ports of the cascaded netwodkeating an endless loofi; and L. represent the entire length
either terminated by mirrors or gratings and/or connected bythe rings. The number of cascaded coupl€esand the type
feedback circuits. Resonance occurs when of coupler used are arbitrary in either configuration.
. To demonstrate the salient features of the type of resonators
detll — 55g] =0 (1) shown in Fig. 23(a), we have chosen a network consisting
whereS is the scattering matrix of the cascaded netwétk,is of two Type-1 couplers connected by waveguides with an
the scattering matrix of the embedding network defined in Paffective refractive index of 1.5, total lengths bf = 150 m
I, and I is the 4 x 4 identity matrix. Unless the resonator isand L, = (150 + é) m, and terminated by gratings defined
lossless, (11) cannot be satisfied. Instead, we seek a minimioynA = 0.5 pm, ny/n; = 1.51/1.49, and Ng = 200. The
of the absolute value of the left-hand side. couplers were positioned so that the lengthsand L, were
Seven resonator configurations, called “Options,” were ddivided into equal sections and the length increment of the
fined in Part I. In Option 1, all four ports are individuallysecond guidé was varied from 0 to 1..xm. Visual inspection
terminated by reflective elements, numbered from 1 to 4. ieveals that this circuit incorporates four resonant loops with
Options 2—4, there are two reflectors named after the port thig following round-trip lengths2L, + 26 + 4d, 2L, + 4d,
terminate and one feedback lide In Options 5-7, there are 2L, + 26/3 + 4d, and2L; + 456/3 + 4d. When the coupling
two feedback lines connecting the four ports. The line attachednegligible, only two resonances corresponding to the first
to port 1 is designated als,, the other is designated ds. two round trips occur. Withl,; = 150 yum andé = 0, these
Interferometric resonator networks usually are comprised will overlap and provide a set of resonances in the grating
more than one resonant ring. Were they uncoupled, each rstgpband separated by FSR1.7825 units on the inversk
would resonate at a series of resonant frequencies determiseale. Since 180phase shift in this circuit is obtained for a
by (5). Coupling between two identical resonators or betweehange of 0.5:m in round-trip length, setting = 0.25 um
resonators whose resonant frequencies are close to each atfikérresult in a second set of resonances bisecting the first.
causes their resonant frequencies to push apart [10], as #isth increased coupling, the third and fourth set of resonances
cussed in connection with (4). The stronger the coupling, thell also appear, their location being determined &#yand
greater the separation between the resonant frequencies. Biishe strength of the coupling. Fig. 24 was obtained for
general rule undergoes some modification in resonator circuts = K, = 0.5 andé = 0 (solid line), § = 0.75 um
where several sets of resonances are likely to interfere w{dotted line), andé = 1.5 pm (dashed—dotted line). Note
each other. that the dips reaching down to only abou#t dB is merely
To simplify the problem, we investigated two types ofn indication that the number of sampling points used in the
resonators consisting of identical couplers: cascaded couplepsnputer program were insufficient to adequately resolve the
terminated at all four ports by identical gratings (Optiosharp resonances.

IV. RESONATOR CIRCUITS
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fundamental resonances while odd multiples of the reverse
coupler resonances remain practically unaffected by coupling.
We have chosen simple configurations to illustrate the
salient features of resonant interferometric circuits. Of the type
of losses that affect the resonant behavior, coupler loss is the
most critical. We found that setting = 0.998 (v = 0.004)
will significantly flatten the resonance dip. An equivalent effect
is observed only when waveguide losses reach a level of
3.5 dB/cm.
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V. CONCLUSIONS

In this paper we demonstrated, that the generalized analysis
of interferometric networks based on R 2 couplers is
a powerful tool in the investigation of their performance
characteristics. We also demonstrated the wide coverage of
network topologies to which this analysis can be applied. All
of the results were obtained using a single relatively simple

Fhig- 54-_ Sethof relsorw}ncezs3 (O)CLcurring in the Sfpband of thE(S )gratings {few 100 lines) MATLAB program that takes less than 1 min
the device shown in Fig. ay. 150 pum, Lo (150 + rm,

Ky = K> = 0.5. Solid line: 6 = 0, dotted line:6 = 0.75 um, and to I’l_,ln on_a modern PC. . . .
dashed—dotted ling = 1.5 um. Higher sampling rates are required to better Simulations on a set of more complex configurations, fabri-

resolve the sharp resonances. cated with 2x 2 couplers, have also been concluded and shall
be reported in a forthcoming publication. One of these config-
urations are grating-assisted lattice networks, both uniformly
and nonuniformly distributed, such as cascaded feedback-
assisted interferometers, cascaded four-port couplers, and cas-
caded M—Z interferometers. The other type of network config-
uration treated can be characterized as a spectral filter; such as
an M-Z interferometer with a feedback-assisted four-port in
one its arms or a cascaded network where one of the four-port
subassemblies is rotated by°90
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