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This paper describes group delay time property of the multi-stage ring resonator all-pass filters
(RRAPF) in either cascading single stages or using lattice architectures. The present analysisis
restricted to directional couplers and waveguides characterized by various parameters, and careful
design of these parameters can optimize the group delay response. The extra phase shifters of each
single stage have been adjusted to yield a broadband group delay. By increasing the number of
filter stages, alarger bandwidth over the dispersion can be obtained. This deviceis ableto provide
dispersion compensation to systems such as the high speed dense wavel ength division multiplexer
(DWDM) for the optical fiber communication system.
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1. Introduction

The basic type of an autoregressive moving average (ARMA) planar waveguide filter
is a single ring resonator connected to one coupler which provides no path back to
the input port. This filter is called an all-pass or, in the absence of loss, unit
transmittance networks[ 1], because the magnitude of their transmission factor isunity
on the whole spectrum, independent of wavelength. Although lossless all-pass filters
do not display magnitude filter characteristics, their phase response is frequency
dependent. Therefore, they can be configured for group delay equalization and
dispersion compensation [2—4], polarization mode dispersion compensation [5], and
other applications based on their phase-frequency characteristics such as band-pass
filtering when used in conjunction with other optical components. There have been
growing interests in tunable dispersion compensators (TDC) for high-speed
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wavelength division multiplexed (WDM) networks. This is because the chromatic
dispersion of transmission path could be changed frequently in a dynamically
reconfigurable WDM networks. The TDC based on a ring resonator all-pass filter is
one of the key components in these networks. Optical ring resonator all-pass filters
(RRAPF) can be realized using multi-stage ring resonator in either cascading single
stagesor using latticearchitectures[6]. Inthis paper, multi-stage RRAPF for dispersion
compensation is proposed and analyzed. Desired group delay shape, which hasalarger
value and is sharper, can be tuned by the amount of power coupling to the ring.

2. Transfer functions of ring resonator all-passfilters

2.1. Cascaded ring resonator all-passfilters

Thearchitecture of singlering and three stage cascaded RRAPF isillustrated in Fig. 1,
whose every stage is constructed by one ring resonator and one 2x2 optical coupler.
The insertion loss of the coupler y and x; is the coupling factor of the i-th coupler.
When acoherent sourceisinput into adevice, the coupling intensity for the throughput
path in each stage is denoted by ¢, = ,/1-x and for the cross path it is
-js; = —j E , Where —j represents the —(n/2) phase shift. Asto the transmission of
light along the ring resonator (the closed pass), we can represent as xz %, where
x = exp(—a L/2) isthe one round-trip losses coefficient, and the z* is the Z-transform
parameter, which is defined in terms of normalized angular frequency o as

27t = exp(-jw) = exp(-jfL) )

where = kng; is the propagation constant, k = 2n/4 is the vacuum wave number,
Nt ISthe effective refractive index of the waveguide and the circumference of thering
isL = 2nR, here Risthe radius of thering.

When all rings have the same circumference, adevice we call a uniform cascaded
RRAPF. Therefore, each single stage has the same periodic resonant responses in the
frequency domain with the free spectral range (FSR) between two resonance peaks
given by

FSR = Af = —& )

ngL

whereng = ng; + fo(dng; /d f )z isthegroupindex of thering waveguide, f,isthe center
frequency and c is the velocity of light in vacuum. The optical resonators resonate at
a high order mode. At the f,, the perimeter of the ring is an integer number of guide
wavelengths, and this integer M, isthe order number of mode and f, = M, FSR. Using
the scattering matrix with Z-transform or signal flow graph technique asin [7, 8], we
can express the transfer function for single RRAPF by

S(2) = E, c-xz '

E; 1-cxz*

©)
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Fig. 1. Schematic layout of single ring (a), and three stage cascaded RRAPF (b).

By evaluating S(2) at z=exp(jw) and defining the phase delay by S(w) =
= |S(w)|exp(j & (®)), we obtain from (3) the relative intensity transfer

2 2
2 C" + X - 2xccos(w)
sI? = _ (4)
1+ (cx)” — 2xccos(w)
and the phase delay is given by
2, .
0(w) = — X(1-c")sin(w) )

c(l+ xz) -X(1+ cz)cos(a))
The resonances for Fig. 1a occur at frequencies where cos(w) = 1, that are at f =
= M, ¢/ng L. The minimum transmission of |S|? at resonance is
2
C-X
|s|f20 = "“(“““““‘)‘E‘ (6)
(cx-1)

and if the coupling coefficient reachesthecritical valueof x = x, =1 — x?, theintensity
reaches zero, and there is no transmission, i.e., the fractional loss around the ring is
exactly the same as the fractional 1oss through the coupler.
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Fig. 2. Schematic layout of two stage lattice RRAPF (a), and lattice RRAPF 2x2 array (b).
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2.2. Latticering resonator all-passfilters

Figure 2 illustrates the two stage | attice RRAPF and lattice RRAPF 2x2 arrays which
theimproved group delay can be obtained. For simplicity, the waveguideis considered
lossless so that x = 1, the transfer function of Fig. 2a can be expressed as

o Eo _ ¢, — exp|-i(w-9)] -

i 1—clexp[—j(a)—¢)}

where ¢ isthe phasedel ay shift resulting from the upper ring resonator whichisgiven by

2. .
(1-c2)sin(w) ] ©

2¢, — (1 + c3)cos( o)

d(w) = tan‘ll

3. Group delay of ring resonator all-passfilters

Thefilter’ sgroup delay is defined asthe negative derivative of the phase of thetransfer
function with respect to the angular frequency as follows [6]:

(@) = - do(w) _ _d tan—l{ Im[S(2)] } ©
2= exp(jo)

dw dw Re[S(2)]

where 7, is normalized to the unit delay of the waveguide T. The absolute group delay
isgiven by 7q = Tz,,. Thus, we substitute (5) into (9) and given that dtan-1[g(x)]/dx =
=g (X)/[1+ g2(X)], the normalized group delay of Fig. 1a is given explicitly in terms
of ¢, x and w as follows:

x(1 - cz)[x(l +cP)—(1+ xz)ccos(a))]
(@) = ; ; (10
[x(l + cz) -(1+ xz)ccos(a))J + [(1 - xz)csin(a))]

Equation (10) isaperiodic group delay response in frequency domain, which exhibits
sharp peaks at @ = 2M, . The value of (10) at resonance where cos(w) = 1is

) x(1-c°) 1)

I, X(1+¢%) - (1+x)c

The normalized group delay as afunction of normalized angular frequency w for
alossless waveguide is given by

2
_ 1-c (12)

x=1 1+ ¢® - 2ccos(w)

n|
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which simplifies to

l+c
] P (13)

In the case of the three stage cascaded RRAPF asin Fig. 1b, it can be shown that
the normalized group delay 7, which is the sum of the individual normalized group
delay 7, isinduced by each single stage ring resonator. For alossless waveguide z;,is
given by

3 3 1_¢°

(o) = Z (@) = Z I (14)

T iT1 1+ci2—2cicos(a))

The extra tunable phase shifters of each single stage can be added to yield
a broadband group delay. Therefore, in this case, the result in (14) in term of cos(w)
which is replaced by cos(e + ¢;), where ¢, is an additional phase shift of each ring.

Similarly, by using Egs. (7) and (8), we obtain from (9) the normalized group delay
7,, of the lattice RRAPF 2x2 array (as Fig. 2b) is expressed by

2

Z (@) =

i=1

(@)

2 2
l-cy l1-c,

2
1+
iZ:l 1

+ Cii — 2Cy;cos(w - ¢) 1+ Cgi - 2¢c,; cos(®)

(15)

where ¢;;, c,; are the coupling intensity coefficients for the throughput path of thei-th
column for lattice RRAPF 2x2 array. The resonance of Fig. 2a occurs at frequency
where w = 2rn and ¢ = =, due to the fact that the light from the upper ring must pass
through the coupled arm of the upper coupler twice. The value of (15) at resonance
for Fig. 2a isthen given by

~ 2(1-cy)
rn|f0 - (1+ Cl)(l_cz) (16)

Using identical symmetrical couplers x; = x,, the normalized group delay in (16)
at resonance simplifies to small value of 2/(1 + c,).

4. Simulation results

The normalized group delay response of single RRAPF in Fig. 1lais shownin Fig. 3.
The parameters of the circuit used for this simulation were the design frequency
(wavelength) f, = 193.1 THz (4, = c/f, = 1552.52 nm), M, = 1931, FSR = 100 GHz
and ng = 3.46 (for the I11-V semiconductor materials waveguide), which determines
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the circumference of the ring as L = M, 4,/n, =0.86 mm. The internal ring losses are
assumed to be fully compensated (« = 0). The normalized group delay response is
periodic functions of the frequency of 100 GHz, which is the same as the FSR of
the ring resonator and it has been found that as « is decreased it became sharper and
steeper at the resonant point.

Figure 4 is a plot of the normalized group delay of Fig. 1a by varying six values
of round trip losses coefficient x based on Eqg. (10). The coupling coefficient is fixed
to be x = 0.2 and the other parameters are the same asthose used for Fig. 3. Thecritical
value of the round trip losses coefficient is calculated to be x, = (1 — x)¥? = 0.894.
For x > x. the normalized group delay has a positive peak at resonance indicating that
the signal is trapped and spends a relatively long time circulating in the ring. After
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Fig. 3. Normalized group delay response of single RRAPF with losslessasin Fig. 1a comparing different
coupling coefficients of x=0.1, 0.4 and 0.7.
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Fig. 4. Normalized group delay response of single RRAPF asin Fig. 1a by keeping « fixed and varying
round trip losses coefficient as: x = 0.978 (a), x = 0.947 (b), x =0.926 (c), x=0.872 (d), x = 0.860 (e),
and x=0.834 (f).
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decreasing X, while keeping x fixed, 7,, becomes sharper and large positive as x
approachesits critical value, then flipsto alarge negative value and sharper asxisin
theregion x < X, and finally decreases in magnitude (remaining negative and broader)
as x isfurther decreased. Aswe see, theresult in Fig. 4 isfollowing: the parameter is
x when x isfixed. Similarly, the same group delay response is realized for a fixed x
under a variable x as shown in Fig. 5. Here, the round trip losses coefficient is set to
be x = 0.894, which resultsin critical value of x, = (1 —-a)¥2=0.2.

A difficulty with the single-stage RRAPF is that the group delay response and
the bandwidth over which a desired response can be approximated are limited. By
using multi-stage RRAPF, a desired response can be more closely approximated, and
it can be achieved over a broader portion of the period compared to single-stage
RRAPF. Figure 6 shows the group delay response using three stage cascaded RRAPF
asin Fig. 1b for compensation filter dispersion. The parameters of each ring resonator
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Fig. 5. Normalized group delay response of single RRAPF asin Fig. 1a by keeping x fixed and varying
coupling coefficient as: ¥ = 0.35(a), « = 0.30(b), x = 0.25(c), k= 0.15(d), x = 0.10(e),and x = 0.05( f).
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Fig. 6. Normalized group delay response of three stage cascaded RRAPF with lossless asin Fig. 1b for
variousidentical coupling coefficients in each stage of x = 0.1, 0.4, and 0.7.



284 C. CHAICHUAY, P.P. YuParIN, P. SAEUNG

are identical and the circumference of each ring is 0.86 mm. As a result (shown in
Fig. 6), alarger bandwidth or FWHM over which the dispersion can be obtained due
to increasing the number of filter stages.

By appropriately adjusting the coupling coefficient x; and the phase shift ¢, of each
single stage, a broadband group delay response can be achieved as shown in Fig. 7.
The delay curve of a ring resonator always has a constant surface independent of
the coupling coefficient x;. As a consequence, there is a trade-off between the maxi-
mum delay and bandwidth for a certain bandwidth ripple. The filter response result
from the sum of each single stage response shows a maximum delay of 7, = 0.16 ns
for bandwidth of Afg,, = 8.6 GHz and aripple (A7) of 5 ps.

The plot of the normalized group delay at resonance for the two stage lattice
RRAPF in Fig. 2a is shown in Fig. 8. After decreasing x,, while «; is fixed at 0.9,
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Fig. 7. Normalized group delay response of three stage cascaded RRAPFwith losslessasin Fig. 1b, where
the coupling coefficients and phase shifters of each single stage have been adjusted to yield a broadband
group delay.

A sees k=01
[ —— K'2=0‘4
60 A — - k=07 A

Normalized group delay
p-s
=

- _—_——— . L

-5 0 5
Af [GHz]

Fig. 8. Normalized group del ay response of two stagel attice RRAPF withlosslessasin Fig. 2a, for various
coupling coefficients of x, = 0.1, 0.4 and 0.7, while x; = 0.9.
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Fig. 9. Normalized group del ay response of two stagel attice RRAPF withlosslessasin Fig. 2a, for various
coupling coefficients of x, = 0.1, 0.4 and 0.7, while x; = 0.1.

becomes a larger positive value and sharper compared with those with the result in
Fig. 3 at theresonant point. The use of such configuration asadispersion compensation
filter islimited by unwanted additional sidemode peaks around the resonant point as
shown in Fig. 9. A possible solution for realizing only a single group delay peak is
obtained for the coupling coefficient x;, higher than 0.5.

5. Conclusions

Multi-stage ring resonator all-pass filters can be used as dispersion compensation. As
shown above, the bandwidth utilization can be increased by increasing the number of
filter stages. By appropriately adjusting the coupling coefficient x; and the phase shift
¢, of each single stage for cascaded RRAPF, a broadband group delay response can
be achieved. Using lattice RRAPF, anormalized group delay at resonance with larger
positive value and sharper is achieved compared with those of the cascaded RRAPF.
For lattice RRAPF, apossible solution for realizing only asingle group delay peak is
obtained for coupling coefficient x;, higher than 0.5.
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