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channels and advanced I TU grids (12.5 GHz, 25 GHz, 50 GHz).
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1. Introduction

Silicon-on-insulator (SOI) waveguide structures are very promising for the realization of
dense photonic integrated circuits and firmly established within optoelectronic industry, being
used as the basis for sophisticated components such as multiplexer, demultiplexer, optical
attenuators and add-drop filters [1-2]. They are characterized by small optical losses over
communication wavelengths and fully compatible with CMOS technology and
micromechanical devices [3-5]. Silicon is available in large size, good quality and low price,
and itstechnology is highly developed.

A typical SOI waveguide has a silicon core (refractive index n ~3.5) and a silica cladding
(n ~1.5). Therefore there is a very high index contrast, enabling high confinement of the
optical modes. SOI waveguides can be single-mode even with large dimensions using a rib
structure (see Fig. 1), since the bottom slab waveguide offers an “escape path” for the higher
order modes.

i
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Fig. 1. Schematic diagram of the SOI waveguide cross section.

An attractive way to modulate the refractive index in SOI waveguides is the thermo-optic
effect, allowing low transmission loss, low cost, high stability, low power consumption and
very large scale of integration. Silicon doesn't possess a linear electro-optic effect, but has a
very high thermo-optic coefficient dn/dT (1.86-10* K™ at A = 1.55 um), compared with the
most commonly used semiconductors and optical materials [6]. This high thermo-optic
constant allows low power and fast time response to be achieved [7-8]. However, in literature
there are no papers where atheoretical optimization of the heated SOI structures is extensively
presented.

We have simulated various SOI rib waveguides to be used for low power, high speed
thermo-optic devices, such as modulators and reconfigurable optical add/drop multiplexers
(ROADMS). In fact, optical switches, tunable optical filters (TOF) and ROADMSs are key
components in optical communication systems. In this paper we have focused on achieving
optimized switching characteristics, i.e., fast response and low power performance, varying
the dimensions of the SOI waveguide and heater.

Then, this thermal investigation has been applied to the analysis of a new perspective type
of ROADM, based on multi-reflector (MR) filtering technology [9]. It accomplishes filtering
by spatially expanding the optical beam through a patented M R-beam expander (BE) [10-11],
then tuning and filtering the desired wavelength through a set of tunable channel waveguides
and finaly by constructively interfering multiple sub-beams, combined in the output strip
waveguide by another beam expander. Multi-reflector technology provides possibility of
development tunable devices (TOF and ROADM) for high dense wavelength-division-
multiplexing (HDWDM) fiber-optic networks that utilize advanced ITU grids (12.5 GHz, 25
GHz, 50 GHz). In principle devices can be developed on different materials (silicon, polymer,
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etc.), allowing partial reflector manufacturing, optical phase tunability and low optical losses
in single-mode waveguides.

2. Numerical resultsof SOI waveguide heating

We have simulated a series of SOI rib waveguides by using the 2D finite element method
(FEM) [12]. A schematic diagram of the waveguide cross section is sketched in Fig. 1. The
thicknesst of the silica bottom layer was set at 1.3 um for al the structures. The other sizes as
well as results of simulations are summarised in Table 1 for quasi-TE polarized waveguides.
The gtructures named with the same number but different letter correspond to identical
waveguides where only the distance H of the heater and/or the heater width W was changed.
In the following Table 2 the quasi-TM polarized cases are summarized, only slightly different
from quasi-TE results, the difference being always very small (relative change less than
0.26%), i.e., negligible for practical uses. These simulations confirm the isotropic behaviour
of these SOI rib structures, even with small cross section (sizes smaller than the wavelength, A
= 1.55um). Then, we have same thermo-optic effect with polarization, useful to select
efficient thermo-optic switches or other thermo-optic devices. It is important to note that all
the investigated structures are single mode (for both polarizations), and structures 2 and 3a are
polarization-insensitive too.

Table 1. Waveguide geometric dimensions, thermo-optic coefficient, switching power and cut-off frequency (TE).

N w h R w H T P, foror oo
[um] [nm] [nm] [um] [pm] K7 [mwW] [kHZ] /P,
3a 3 0.36 0.64 0.52 0.1 1.429.10* 17.39 16.76  0.96377
3b 3 0.36 0.64 0.52 0.01 1.65410*  15.02 18.25 1.21505
3c 3 0.36 0.64 0.52 05 100310 2273 1229 0.54069
2 3 0.48 0.78 0.8 0.1 1.507-10*  16.50 12.03  0.72909
la 3 0.6 0.9 11 1 9.46310° 26.29 595 0.22632
1b 3 0.6 0.9 11 05 110110° 2090 743 0.35550
1c 3 0.6 0.9 1.1 04 125710° 1979 7.82 0.39515
1d 3 0.6 0.9 11 0.1 1.568.10*  15.87 9.29  0.58538
le 3 0.6 0.9 11 001 175910° 1414 984 0.69590
7 3 12 1.6 2 01 156410° 1597 379 0.23732
4 3 1.8 27 3 0.1 1575.10* 15.90 199 0.12516
5 3 30 45 5 0.1 1.496.10*  16.80 0.96 0.05714
6 3 48 5.6 8 01 137510° 1837 056 0.03048
N. W h R w H dneff!PT P, out-off fcm_off
[um] [um] [um] [um] [um] K7 [mw] [kHZ] /P,
3a 0.52 0.36 0.64 0.52 01 124610° 356 348 0.97753
3b 0.52 0.36 0.64 0.52 0.01 1.639-10* 271 379  1.39852
2 0.8 0.48 0.78 0.8 01 141410° 478 367 0.76778
1b 11 0.6 0.9 11 05 104610° 884 302 0.34163
1d 11 0.6 0.9 1.1 01 150710° 614 378 0.61564
le 11 0.6 0.9 11 0.01 1.754-10* 5.28 282 053410
7 2 12 1.6 2 01  153210* 1093 263 0.24062
5 5 3.0 45 5 01 160010° 2600 151 0.05808
6 8 4.8 5.6 8 0.1 1.604-10*  41.39 135 0.03262

First we have studied the optical propagation in the rib waveguides, using n = 3.478 for silicon
and n = 1.447 for silica refractive index, respectively. Then we have analysed the same

structures considering the effect induced by atop aluminium heater, 0.5um thick, lying on the
structure at different distances from the rib. We have used the following values of thermal

conductivity, density and specific heat capacity, k= 163 W/m-K, pg = 2.330 g/lem®, Cq =
0.703 JgK for silicon, and kgo,= 1.38 W/m-K, pg02 = 2.203 g/cm3, Cso2 = 0.703 JgK for
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silica layers, respectively. The heat conduction equation has been solved by the 2D FEM as a
boundary-value problem, by imposing the temperature a each heater edge.

Table 2. Waveguide geometric dimensions, thermo-optic coefficient, switching power and cut-off frequency (TM).

N W h R w H dne/dT P, feut-off feutoff

' [um] [nm] [pm] [um] [um] (K] [mw]  [kHZ] 1Py
3b 3 0.36 0.64 0.52 0.01 1.650-10* 15.05 1824 1.21196
1b 3 0.6 0.9 11 0.5 1.189.10* 20.93 743  0.35499
1c 3 0.6 0.9 11 04 1.261.10* 19.73 7.82 0.39635
le 3 0.6 0.9 11 0.01 1.761.10* 14.12 9.84  0.69688
4 3 1.8 27 3 0.1 1571.10* 1594 199 0.12484
5 3 3.0 45 5 0.1 1.500-10* 16.75 0.96 0.05731
le 11 0.6 0.9 11 0.01 1.757-10* 5.27 2.82 053510

Thus, we have simulated different temperatures of the heater and observed for each one
the relevant temperature distribution in the waveguide layers. Then, the refractive index
change has been calculated for each layer of the structure and for each temperature by using
the bulk thermo-optic coefficients, 1.86-10* K™ (silicon) and 1.0-10° K™ (silica), at a
wavelength of 1.55 um. Using the new refractive indices, we have performed again the mode
analysis to find the field distributions and effective indices, and derived their dependence from
temperature as an effective thermo-optic coefficient, dng/dT. Data results clearly show that
appropriate thermo-optic structures with same polarization behaviour can be selected in order
to optimize the effective thermo-optic effect in SOI rib waveguides. This is significantly
different from the procedure followed in literature, where only the bulk thermo-optic
coefficient is usually taken into account. It is to note that, in our modelling procedure, the
heater thickness has not influence on thermal simulation results.

Finaly, we have calculated the switching power and the cut-off frequency [13] following
an approach similar to that presented in [14] using a Mach-Zehnder scheme, namely:

P, = Akso, (dny /dT) " [W/(2tg, )+ ks /kao, NE-R/L] D
where L = 1 mmiis the heater length and the term [k Ko, JJt-h takes into account the heat

laterally spread beyond the heater [14]. The other geometric symbols are al explained in Fig.
1. The cut-off frequency foo 1S directly related to the switching power [14] by:

fowar = ( FL/MPCSOQ A)(dneff /dT) (2)
where A denotes the heated area and has been calculated as
A=(2,ks [Kgo, VE-h+W)(h+R+H) 3)

Through this equation the cut-off frequency for all the structures under investigation (see
Tables 1, 2) has been determined. Their response time has been obtained as 7= 1/(e- foof ).
Moreover, the single-mode characteristic of these structures should allow high switch on-off
ratio to be achieved [14].

Some remarks can be derived observing Table 1. By following a full 2D approach, the
temperatures of the heater and the waveguide core are different from each other. This is
particularly evident in our small structures. By reducing the distance H of the heater from the
waveguide, the thermo-optic coefficient gets better, the switching power decreases and aso
the response time becomes faster. This behaviour is valid for al the waveguides we have
examined. Figures 2(a) and 2(b) shows thermal distribution and effective refractive index
change versus the heater temperature in the structures 1a -+ le, i.e., in waveguides where only
the distance H has been varied. The numbers in brackets designate the line slopes, i.e., the
calculated effective thermo-optic coefficients dng/dT of the structures.

Main parameters of thermo-optic phase shifters are strongly depending on the waveguide
and heater width (see Figs. 3(a) and 3(b)). Observing the structures under investigation, it can
be noted that switching power P, decreases if the dimensions of the waveguides and heaters
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are scaled down. Moreover, P, shows unexpectedly slow dependence on the rib width if the
heater width is constant (W= 3 um).
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Fig. 2. (8) Thermal distribution at heater temperature of 100 °C and (b) effective refractive index
change versus heater temperature for various distance H of the heater in structures of series 1.

In general, we have to use smaller waveguides to provide better switching characteristics
(feuoff /P ratio), but at some expenses in decreased effective thermo-optic coefficient dng/dT,
especialy if the waveguide dimensions are close to the fundamental mode cut-off. The trade-
off between conflicting requirements occurs at rib widths ranging around 1+3 um, providing
optimum tuning rate at moderate power (6+-16 mW) and large cut-off frequency (2+10 kHz).
This opens the way to develop a new set of tunesble devices based on MR-filtering
technology providing super-resolution (narrow linewidth), to be used in HDWDM fiber-optics
networks.
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Fig. 3. (8) P, and cut-off frequency, (b) dn«/dT and fuu.oft /P, ratio, versus the waveguide rib width.
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3. Multi-reflection filtering technology

Multi-reflection filtering technology [9] is based on the use of the multi-reflector beam
expanders [10-11] and optical phase shifters. The principal scheme of multi-reflector
ROADM with rib waveguide structures and thermo-optic phase shifters is shown in Fig. 4. It
contains four multi-reflector beam expanders and a set of rib waveguides to guide partialy
reflected optical sub-beams. The work of MR-ROADM can be described as follows.

Input optical beam (In) passes through the first beam expander, based on the channel (rib)
optical waveguide crossed by the multiple periodically spaced partial reflectors. Beam
expander is working by splitting the input light into multiple sub-beams. Note that, differently
from the principal scheme of Fig. 4, the real multi-reflector beam expander can contain multi-
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hundreds partial reflectors that have small reflection coefficients and low scattering losses.
Thus at every reflector the larger part of optical energy passes through the waveguide to the
next reflector (and further split into two parts) and the smaller part is reflected. The reflected
optical sub-beam (that turns the direction of propagation related to input one) crosses the
small spacing between the waveguides and enter with low losses to another optical waveguide
(slanted to the input one), containing optical phase shifting elements intended for wide tuning
of optical wavelength. Then these reflected sub-beams come to the next beam expander of the
Drop channel that works as areciprocal optical element. Namely, every sub-beam crosses the
small spacing between the waveguides and is split into two parts.

Fine Tuning Beam Expander z
Monitol\ S ° — g
Wide Tuning N — i ; ’

Fine Tuning ‘ - Z

Si-substrate
Si- slab waveguide

Si- channel waveguide

SiO; - buffer

Fig. 4. Schematic diagram of the proposed type of MR-ROADM.

One part is reflected and directed along the optical waveguide of Drop channel, the other
part is passed through the reflector to the next beam expander of the Add channel. The optical
power that passes from device input to output has to be examined taking into account
reflection and interference of multiple sub-beams. At every dropped frequency all sub-beams
interfere in those manner that they add in phase aong axis of Drop waveguide and thus
provide high intensity of Drop signal due to the effect of congructive interference. At the
same optical frequency, al sub-beams concise each other in the cross direction and thus only a
small power is coming to the next waveguide (Add). At each other optical wavelength the
condition of congructive interference is broken and optical sub-beams passes through the
Drop beam expander with a small loss of energy, thus having a small signal to be dropped by
the device. The beam expander of the Add waveguide has the same period and orientation of
reflectors as the Drop one and both of them satisfy the same condition of constructive or
destructive interference. Thus this beam expander can be used to add optical signal at the
same (Drop) wavelength to the thought pass of the device and besides it increases suppression
of the parasitic signal at the Drop wavelength that may be not fully filtered by the previous
beam expander.

The last beam expander “Through” is manufacturing in the way similar to the first “In”
beam expander, thus all sub-beams that come to its output are entered in phase and effectively
transformed to the “Through” pass fiber. The device efficiency is optimized by the proper
choice of the function R(M) of the reflection coefficient over the reflector number M of al
beam expanders. Proper choice of the apodization function R(M) provides small contribution
to multiple interference from the reflectors placed near the edges of the beam expanders and
large contribution from the reflectors at the center part of the beam expander. In general,
optimization procedure takes into account the desired frequency response of “Drop”, “Add’
and “Through” signals, insertion losses, sidelobe suppression and optical crosstalk. For
example, for the loss-less optimal case, device has internal loss of Drop and Through signals
of only -0.1 dB. If we take into account the reasonable scattering losses (say 10% of energy
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scattered at each reflector), then the internal losses of Drop and Through signals are increased
up to-1.3 dB.

One can show [9] that device picks up (drops) only those optical wavelengths that satisfy
the condition of constructive interference, depending of the parameters of the beam expander
(angle and period of reflectors, as well as refractive index in the strip waveguide) and the
refractive index, length and orientation of the waveguide array. The tuning of the filtered
optical wavelength can be obtained by manufacturing optical phase shifting arrangement
along the beam expanders (for fine-tuning) and along the waveguide array (for wide tuning).
These optical phase shifters have to be tuned by temperature heaters in such a manner that it
will provide linear phase shift over the number of optical sub-beams that pass through the
waveguide array. Tuning of the device within the total free spectral range corresponds to 2n
phase change between neighbor sub-beams. Thus one can control the optical wavelength that
corresponds to the condition of constructive interference and has to be effectively filtered
or/and added by the device.

4. FDTD simulations of MR-ROADM

MR-ROADM is the novel type of optical device that has not yet been studied experimentaly.
Here we present the first results of device simulation obtained by the finite difference time
domain (FDTD) method [15], that can be regarded as a computer experiment. Here we have
examined the multi-reflector beam expander technology in 2D case. Physically it corresponds
to the situation when one of 3D dimensions is infinitive. Practicaly, it corresponds to 3D-
waveguide structure with reflectors that overlap area of the guided mode in cross (Z)
direction. The simulation design of MR-demultiplexer that contains three BE based on the
strip waveguides with 10 partially reflected 45-degree lanted strips is shown in Fig. 5(a).

Results presented in Fig. 5(b) prove the genera concept of MR-ROADM. It shows that
ROADM has multiple reflection and transmission passbands corresponding to different order
of constructive interference of sub-beams reflected from multiple reflection strips of beam
expanders. General limitation of FDTD makes impossible to examine real devices that have
too large dimensions. Nevertheless it helps us to determine phenomenological parameters as
T=0.83, R=0.15, b = o/R= 0.16, and ¢ = 0.53 that are used in the further analyze of red
devices by home-made software, where Rand T are reflection and transmission coefficients of
the partial reflector, respectively, o= 1-R-T is the measure of scattering losses, o¢r is the
additional phase change in the transmitted light due to the presence of the partial reflector.
Figure 5(b) has been obtained for a refractive index of the waveguide, surrounded media and
refractive strip of 2.21, 2.205, and 1.9, respectively, waveguide width of 5 um, reflector strip
depth and width of 0.29 um and 9 um, and period of reflectors of 10 um.

Drop
0.6 Out
051 Through
0.4+
2
203
2
=
= 0.2
|y \,_/
0.1
0.0 ; - ]
1.40 1.45 1.50 1.55 1.60
lambda, mkm
a) b)

Fig. 5. (a) Design of MR-demultiplexer and (b) its frequency response simulated by 2D FDTD.
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5. Simulations of MR-ROADM with thermo-optic tuning on SOl waveguides

Based on results of Sections 2-4, we present here the first examination of the prototype of
MR-ROADM compatible with silicon-on-insulator (SOI) technology. SOI partia reflectors
can be manufactured by etching deep grooves and filling them with a material having different
optical properties, for example by growing polysilicon containing some part of oxygen (a
Si:H/SIO, [16]) or carbon (aaSIC:H [17]), to decrease the pure silicon refractive index.
Technology of deep etching with filling is widely used for MEM S and Bragg reflectors.

Phase shifting elements are optimized according to the structure 1d shown in Table 1. This
single-mode structure presents the important advantages to have a good thermo-optic effect
and moderate switching power. Fine tuning arrangement is simple and reliable, as the filtered
optical wavelength can be tuned by the single signal applied to the phase shifters incorporated
along the beam expander. It is also to note that MR-ROADM with rectangular waveguide
arrangements has similar tuning rates as ROADM based on conventional Bragg grating or
ring architectures.

MR-ROADM tuning within atotal FSR of 5 THz (i.e., 40 nm, that is atypical demand for
DWDM working within C- or L- band) corresponds to 2r optical phase between the adjusted
strip waveguides. It needs unpractical changes of refractive index, AN = 0.09, and
temperature, AT = 480 °C in the SOl waveguide core. To eliminate this principal limitation,
MR-ROADM utilizes wide tuning phase shifters, 1 mm long (AN = 0.0008 and AT = 4.2 °C).
They could be individually tuned according to a folded-over module (2m) scheme and
arranged in groups (to decrease the number of controlling electric signals). Combination of
"wide tuning" and "fine tuning" in the same device increases its flexibility, as one has to
arrange tuning within the total FSR (desired C- or L-band) by small changes of refractive
index, obtained through electrical signals applied to the appropriate phase shifters. For
example, "wide tuning" can "digitally" tune ROADM by FSR/my steps, and any desired optical
wavelength can be dropped by "fine tuning" arrangement covering only 1/m; part of FSR.
Thus, fine tuning m-times smaller requires smaller refractive index/temperature change, as
well as switching power.

High side-lobe suppression is obtained by the appropriate variation of BE reflector
coefficients, as in Fig. 6(a). Typica frequency responses of 25 GHz MR-ROADM for
different refractive index change in fine tuning waveguides are shown in Fig. 6(b). The device
can be tuned within the total C- or L- band by means of wide tuning sections. Devices for any
other ITU grid (12.5 GHz or 50 GHz) have similar characteristics (where the appropriate
linewidth is an inverse function of the reflector number, N;). Parameters of typical MR-
ROADMSs intended for high dense ITU grids (G =12.5:50 GHz) with multi-hundreds
wavelength channels (#W.Ch.) are summarized in Table 3.

1

A

0.01 *—F —’T

M+ AN=0
| \ ———F AN=0.0036
Il ——F aN=0.0072

‘ T~ AN=0.0144
|
1634 HH

||
TRk
1E-4 ‘W‘ “w“l‘b\mu M n Wﬂm Mw"m‘\“‘q

0.000 . . . — 1934 1935 193.6 1937 1938 193.9
0
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M f, THz

0.0204

0.015+

Intensity

0.010+

0.005

b)
Fig. 6. (8) Reflector coefficients apodization for in, drop and through beam expanders and (b)
simulated frequency response of 25 GHz ROADM.
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Here P; = N.-Pand P,, =N-P,/2 are the maximum powers, for tuning within a FSR of 5
THz, that can be applied to fine and wide tuning phase shifters, respectively. It holds P, =
6.14 mw, while P, = 21.8 mW is the switching power for fine tuning when L is equal to the
period of reflectors, d= 8.64 um. Sidelobe suppression and extinction ration are better then -
29 dB. Total losses for Drop and Through signals are -2.5 dB and -2.7 dB, respectively. We
have also taken into account a number of loss sources, including internal ROADM |osses of
1.3 dB, waveguide losses of 0.2 dB/cm, waveguide crossing losses of 0.1 dB/cm and fiber
coupling losses of 0.5 dB per facet.

It is known that reflected and transmitted light exhibits strong polarization dependence,
especialy for the case of aright angle orientation of beam expander and channel waveguide
(see Fig. 5(a)), when the light is incident on the reflector array at tilting angle close to the
Brewster one. Thus MR-ROADM is able to work with the quasi-TM polarized single mode.

To provide low polarization-dependent losses (PDL), one needs to use two identical
single-polarization MR-ROADMSs including polarization splitters and rotators. Namely,
incident signal has to be split into two polarizations (TE and TM), TE polarization has to be
rotated into TM polarization, and both of them have to be simultaneously filtered by two
ROADMs. Then, two sets of drop/through signals will joint together at the output of the
device by the next polarization/splitter arrangement, that has a symmetrical architecture to
obtain very low PDL.

Table 3. Parameters of typical MR-ROADM on SOI platform.

G[GHZ #WCh. N, P [W] Pu [W] L, [om]
50 100 190 414 058 0.164
2 200 380 8.27 117 0.33

125 400 760 16.55 2.34 0.66

6. Summary

The paper presents an investigation of thermo-optic phase shifters in silicon-on-insulator
guided-wave structures and recommendations to provide high tuning characteristics at
minimum power requirements, namely by reducing the heater distance from the waveguide
core, choosing smaller waveguide and heater sizes. A combination of known technology of
low-loss SOI optical waveguides, efficient thermo-optic phase shifting elements, and high
aspect ratio etching and back filling of silicon with the multi-reflector patented technology
provides the possibility of developing a novel type of tunable optica elements (TOF and
ROADM) for HDWDM. Multi reflector filtering technology is based on constructive or
destructive interference of multiple sub-beams that joint together at the output of beam
expanders, making possible to Drop any desired wavelength signal and to Add it to the pass
Through output. Additional phase shifting elements for fine tuning (along the beam
expanders) and wide tuning (along the waveguide array) produce a linear phase shift over the
channel waveguide number and make the device fully reconfigurable over alarge free spectral
range, covering the whole C- or L- bands. Multi reflector filtering technology has a strong
market perspective as it leaves behind simultaneously parameters of many competitive
technologies in device size, number of tunable wavelength channels (up to 400) and linewidth
(up to 6 GH2). It should give a new opportunity for developing super resolution, compact,
tunable optical devices, and could be used with high dense ITU grids (50 GHz, 25 GHz, or
12.5 GHz), very promising for utilization in HDWDM flexible fiber optical networks.
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