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Abstract. This work considers the possibility of using ring resonators as optical modulators
in communication systems. Ring resonators are the major component in all-optical integrated
photonic circuits due to their small size, which contributes to increasing the integration density.
Controlling the light intensity through the eclectic/optic effect is the main aim of this study.
Electron/optic modulation through the use of the plasma dispersion effect is studied. The plasma
dispersion effect is a mechanism by which a controlled change in the effective refractive index of
Silicon on Insulator (SOI) can be achieved by changing the concentration of free carriers in the
silicon waveguides. In the SOI ring resonator based optical modulator, the intensity of the light
passing through the resonator is controlled by changing the refractive index of the ring waveguide
material, which in turn changes the resonance conditions of the resonant modes. This change
in the resonance conditions can be achieved by applying an electrical field to the modulating
electrodes, which are placed in the rib waveguide. In this work, the theoretical analysis and
the response of the modulator are first presented, then the performance is validated using 3D
simulation software. Although the work concentrates more on the intensity modulation of On-
Off keying, it also opens the door for using such compact modulators for different modulation
techniques such as Orthogonal Frequency Division Multiplexing (OFDM); which means high
data rate modulators using small-size devices.
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AnHoTtanus. B paboTe paccMaTpuBaeTCsi BO3MOXHOCTb MCTIOJIb30BaHUS KOJIBIIEBBIX Pe30HA-
TOPOB B KAUECTBE ONTUYECKUX MOIYJISITOPOB B cUCTeMax CBsi3u. KosblieBble pe30HATOPHI SBIIS -
I0TCSI OCHOBHBIM KOMITOHEHTOM TTOJTHOCTBIO ONTUYECKUX WHTEeTPATbHBIX (DOTOHHBIX CXEM M3-3a
MX HEOOJTBIIIOTO pa3Mepa, KOTOPBIi CITOCOOCTBYET YBEJIMUEHMIO TIJIOTHOCTU MHTETPAIIUU. YTIpaB-
JIEHVEe MHTEHCUBHOCTBIO CBETA C TIOMOIIBIO IKJIEKTUYECKOT0/ONTHYeCKOro adeKTa aBisieTcst
OCHOBHOI 1IeJIbI0 JaHHOTO HuccieaoBaHMsl. M3ydeHa 3/1eKTPOHHO-OMTUYECKasi MOAYJSILUS C
HUCIOJb30BaHUEeM addeKTa MmIa3sMeHHON aucnepcuu. DGdeKT miasMeHHONH AUCIepCcuu — 3TO
MeXaHU3M, C MOMOIIbI0O KOTOPOTO KOHTPOJUpyeMoe M3MeHeHHe 3(PdeKTMBHOro TmoKasaress
npesomyieHust KpeMHust Ha uzoJisitope SOl MoxeT ObITh JOCTUTHYTO MYyTEM U3MEHEHUST KOHIIEH-
Tpaluu CBOOOMHBIX HOCUTENIEH B KDEMHUEBBIX BOJIHOBOJAX. B onTruiyeckoM MoIyssiTope Ha Oc-
HOBeE KOJIbIIeBOTO pe3oHaTopa SOl MHTEHCUBHOCTD CBETa, ITPOXO/ISIIIETO YePe3 PE30HATOP, PeTy-
JIUpyeTcsl MyTeM U3MEHEHUsI MoKas3aTes MpeJoMIeHUsI MaTepualia KoJIblLIeBOTo BOJHOBO/IA, UTO,
B CBOIO OUY€pe/ib, U3MEHSIET YCJIOBMS pe30HaHCa PE30HAHCHBIX MO, DTO U3MEHEHUE YCIIOBUI pe-
30HaHCAa MOXKET OBITh TOCTUTHYTO ITyTeM MTPUJIOKEHUS JIEKTPUIECKOTO TTOJIST K MOAYJIMPYIOITUM
9JIEKTPOJIaM, KOTOPhIe pa3MellleHbl B peOpUCTOM BOJTHOBOAE. B 210l paboTe mpeacTaBieH Teo-
peTHUECKUIA aHAJIU3 U CHavajla MPeICTaBIeH OTKJIMK MOJIYJSITOpa, 3aTeM MPOU3BOIUTEILHOCTD
MPOBEPSIETCS C IMOMOIIBIO TIpOorpaMMHOro obecrieueHust 11s1 3D-MoaeaupoBaHusa. XoTs paboTa
B 0OJIbLLIEH CTENEHN COCPEAOTOYEHA HA MOLYJISILMY MHTEHCUBHOCTH BKJIIOYEH U - BBIKJIIOYEHMUS,
OHa TaKXXe OTKPHIBAeT BOBMOKHOCTH JIJISI UCTIOJIb30BAHUS TAKMX KOMITAKTHBIX MOIYJISITOPOB JIJIST
Pa3IMIHBIX METOIOB MOAYJISILINU, TAKUX KaK MyabTuIuiekcupoBanrue OFDM ¢ opToroHaJIbHBIM
YACTOTHBIM pa3leJIeHUEeM; 3TO O3HAYAET, YTO MOYJISITOPHI C BBICOKOW CKOPOCTBIO Mepeauu JaH-
HBIX UCTTOJIB3YIOT MaJloTabapUTHBIE YCTPOUCTBA.

KiioueBble cioBa: onTUYECKKUE BOJTHOBOJBI, ONTUUECKUIA MOIYJISATOP, (DOTOHHBIE CXEMbI, KOJIb-
LIEBOU pe30HATOp, KPEMHUI Ha U30JISITOPE

Jlnga murupoBanus: Mansoor R. SOI photonic circuits for optical communication systems //
Computing, Telecommunications and Control. 2023. T. 16, Ne 3. C. 18—28. DOI: 10.18721/
JCSTCS.16302

Introduction

Silicon-on-insulator (SOI) waveguides are the “Occam’s Razor” of edge connectivity for integrated
photonic circuits [1]. It is a simple solution to transporting light that minimizes size, weight, and cost
[2]. Adding the possibility of using these waveguides to perform modulation functions to the propagated
light will contribute more to the miniaturization of optical components and increase the integration
density. SOI waveguide consists of a silicon layer of a high refractive index built on silicon dioxide of a
lower refractive index to ensure the confinement of light in the high refractive index core region [3]. The
mode confinement is highly dependent on the effective refractive index (7, ﬂ) of the SOI. Manipulating
the carrier concentration of the silicon material will lead to forming a p—n junction. Therefore, using
a DC volt bias can cause a concentration change of the free electrons and holes and finally change the
n, ﬁ,of the waveguide [4]. Hence, a controlled change in the effective refractive index via an external DC
voltage can lead to a phase change in the propagated light. However, using a micro ring resonator will

© MaHcyp P., 2023. U3paTenb: CaHKT-MeTepbyprckuii NONMTEXHUYECKUIA yHUBEpPCUTET MeTpa Benunkoro
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provide the possibility to control the resonance wavelength through the controlled change of the n
and, hence, the ring resonator optical modulator can be designed.

The ring resonator is a basic building block in all-optical integrated circuits [5]. It consists of a straight
bus waveguide coupled to a bent waveguide to form a circuit that resonates in specific wavelengths. The
resonance wavelength depends mainly on the ring radius and the effective refractive index of materials.
The separation between bus and ring waveguides determines the coupling efficiency and as a result,
the amount of light that couples from the bus waveguide and resonates in the ring [6]. If a number of
wavelengths are launched in the input port of the bus waveguide, only the wavelengths that satisfy the
resonance condition will couple the ring and leave the bus waveguide. The wavelength separation be-
tween two successive wavelengths is called the free spectral range FSR which depends on the ring radius
[7]. Owing to their small size, ring resonators have been used widely in all-optical integrated circuits in
different applications such as add-drop multiplexers, and sensors [8, 9].

In the ring resonator-based optical modulator, the intensity of the light passing through the resona-
tor is controlled by changing the refractive index of the waveguide material, which in turn changes the
resonance conditions of the resonant modes. This change in the resonance conditions can be achieved
by applying an electrical field to a modulating electrode that is placed near the waveguide. Ring resona-
tor-based optical modulators have several advantages over other types of optical modulators, including
high modulation efficiency, low power consumption, low insertion loss, and compact size [4]. In recent
years, there has been significant research and development in ring resonator-based optical modulators,
particularly in the areas of silicon photonics and integrated photonics [10, 11]. These advances have
led to the development of new and more advanced modulators, including high-speed modulators, low-
loss modulators, and modulators with improved bandwidth and modulation depth. The possibility of
controlling the resonance wavelength through the electro-optic change of the effective refractive index
can be used to control the intensity of output light [12]. A linear change of the An through the applied
DC volt provides an optical modulator with a high speed of response for the conventional non-return
to zero NRZ and also for advanced modulation techniques such as OFDM transmission [13]. In this
work, an optical modulator based on a ring resonator is presented. The mathematical analysis for the
electro-optic effect is discussed and numerical modelling of the proposed design is performed using 3D
simulation software [14]. The results show the output frequency response of the design that can be used
as a modulator in optical communication systems.

eff’

Theoretical Modelling of the Proposed Design

Mathematical analysis
Starting from the first Maxwell’s equation, the Laplacian of the electrical field is expressed as [15]

V’E = o’ uek — jouJ. (1)

But J = aa—];, where P is the polarization

2 2

vii-2on 2l @
Pzao(xl-E+X2-E2+x3-E3), (3)

where y! is the electrical linear susceptibility.

Given that
e=1+y";
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The above analysis is valid for low electric fields where only linear susceptibility is used. For high-in-
tensity optical fields, high-level susceptibility (%> and ) needs to be taken into account. However, y*
is not included in the calculations because the silicon is a center-symmetrical material [14]. Therefore,
only ¥ will be introduced. 7’ is the main source of nonlinearity that is excited by the intensity [16]. It
can be understood through two effects, i.e. Kerr effect and the Two-Photon Absorption TPA [17]. Gen-
erally, Kerr effect can manifest as an intensity-induced phase change while the TPA phenomena is re-
sponsible of the material refractive index change due to the generation of free carriers in the waveguide.
The effect of * (both the Kerr effect and TPA) can be modelled mathematically through v (the complex
nonlinear parameter):

2n B
A, ="p, 4 joIed.
YA ) J >
o 3y 3oy’
yAf-?ff - ’

’ 2 2
¢ 4gun 4e,cn

Y4, (4‘930—;”ZJ =Re(* )+ jIm(x);
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So that

4 2
X3 = _Socnznz + j_£n2BTPA;
3 3m

4 2¢
Re(y® )+ jIm(y’ )=—¢.cn’n, + j=—n’ .
(X)] (X) 30 2 ]30) Bre
Therefore, the intensity-induced phase change coefficient is:

2Re(x3)
" 4e,cn’

While the TPA loss coefficient is:
3wIm (X3 )

P4 — 2
2g,cn
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However, there is another nonlinear induced phenomenon is called the free carrier effects (FC)
which are the main effects of interest in the waveguide modulators, i.e. FCA (free carrier absorption o f)
and FCD (free carrier dispersion 7 j).

Finally, the nonlinear Schrédinger equation can be written as:

A 1 1 1 |
4|1, -1 fﬂ——ﬁﬂw A-j|p, o4 + 2%, 4= g u ), (6)
Oz 2 2 " n 24, ot cn - cAyy
For silicon waveguide modulators, more consideration is given for n f and 0 [18]:
2
N N
n,(0,N,, N,)=——1—| Ze4 b | (7)
2¢,n,0 \m, m,

where N , and Ne are the free holes and electrons concentration, respectively; |, and p are the mobility
of holes and electrons, respectively, while me* and m h* are the electrons and holes effective mass, re-
spectively. Based on the Drude model [19], the expressions derived above provide a useful description of
the free carriers’ dynamics in silicon waveguides. This analysis shows the possibility of controlling the
effective refractive index n fby the presence of the intensity-induced free carriers.

Electro-Optic Effect

In the equations (7) and (8), the two parameters n . and 0, are proven to be a function of the free
carrier concentration. Therefore, any manipulation with this concentration definitely leads to a phase
change as well as loss change of propagated light. This fact revealed a way to exploit the ongoing light
propagation to be modulated while travelling through the silicon waveguide. Changing the Ne and Nh
can be achieved through applying the electric field which leads to an electro-optic effect.

To achieve a controlled change of the effective refractive index in SOI waveguide for the communi-
cation window (1.55 and 1.3 nm), either the thermo optic effect or the plasma dispersion effect is used.
While, the thermo optic coefficient provides sufficient value of modulation depth, the speed of change is
not sufficient for high data modulators, therefore, it is used to switch configuration [20]. Hence, for fast
conversion modulation, plasma dispersion-based modulators are the good choice.

Based on Soref and Bennett [21], the change in An owing to the change in the free carrier concen-
tration in the silicon material is called the plasma dispersion effect. Mathematically,

An=An,+ An,, (8)

where Ane and An , represent the change in free electrons and holes, respectively. Therefore, manipulat-
ing free carriers concentration in silicon waveguide using electric field results in a modulator that relies
on the plasma effect.

Silicon Waveguides

In general, there are two major types of silicon waveguides, namely the rib and slab waveguide struc-
tures, as shown in Fig. 1. For electro-optic modulators, rib waveguides are preferable because of their
geometry that allows adding the DC bias terminals on the sides. Biased p-7n junction-based rib wave-
guides are found in different configurations depending on the doped regions as shown in Fig. 2.

Plasma dispersion effect is commonly used in the electro optic modulators where the electro-refrac-
tive nature of this effect allows the doped silicon waveguides to function as phase modulators. In fact,
most of the optical transmitters are intensity modulators, therefore, a special photonic design is required
to exploit this effect to control the output intensity of light. The Mach—Zehnder interferometer was
used to achieve intensity modulation of light through the controlled refractive index of the waveguide

22
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Fig. 1. Silicon on Insulator waveguide structures. Rib type waveguide (@) and Slab type waveguide (b)
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Fig. 2. Cross section of a doped rib waveguide (a) showing the metal vias and (b) showing the doping level

Fig. 3. Layout of a single ring resonator

section [22]. An intensity modulation of light passing through the waveguide is achieved without the
need for optical-electrical optical conversion. Ring resonator is proposed to be used to perform the in-
tensity modulation of light through the use of electro-optic effect as will be discussed in the next section.

Ring resonator based optical modulator

Ring resonator is a basic building block in the integrated photonic circuits. It consists of a straight
bus waveguide coupled to a ring waveguide to produce a resonant device that is used to select a specific
wavelength based on the resonance condition.

The resonance condition depends mainly on the effective refractive index and the ring radius. Ring

resonators have been used in different applications ranging from add/drop multiplexing, sensors, and re-
cently as optical modulators. Since the main aim in this study is to manipulate the resonance condition
of the ring through the change of the free carrier concentration, it is useful to study the ring resonator
response shown in Fig. 3, and explain the resonance condition.
Based on Fig. 3, the electric fields £, , £, E and E, are used to extract the transfer function of
this configuration. The transfer function of this device depends mainly on the coupling region (that
is the region where the bus and ring waveguide are close to each other). This region is defined by the
cross-coupling and through coupling coefficients k and ¢, respectively. Where k* + > = 1. Therefore, the
relation between electric fields in each point is defined by the following matrix:

23



4YCTp0VICTBa U CUCTEeMbI Nepeaaym, npueMa v 06paboTku CUrHanoB >

Eout _ t k Ein 9
b e elle | ©)

Also, the relation between the electric fields inside the ring which describes the round-trip propaga-
tion of the light is given by:

E,=o0e E,.

Here, o represents the attenuation inside the ring waveguide, while ¢ is the phase shift accumulated
along the round trip. ¢ is related to the wavelength of the light A, the length of ring I as well as the mode

effective refractive index n, e and can be expressed mathematically through the following equation:

27
(1) =71ne/f .

Therefore, the output field can be expressed as:
t—oe

—F . 10
1-aze ™ (19)

out,l =
The behavior of such device is obtained by calculating the transfer function that relates the out-
put filed E_ to the input field £, where the intensity and phase information are defined by relation

—out| Also, the optical intensity transfer function is obtained as [4]:

in

;o |t|2+a2—2a|t|cos(¢+9)

I . 11
"t |7,‘|2 —2oc|t|cos((|)+9) " (o
Plotting this function with respect to the wavelength shows a periodic change at specific wavelengths
that are coupled from the straight waveguide to the ring and resonate inside the resonator as shown in
Fig. 4. There, S2,1 represents the power intensity Iout atport 2, and S 11 is the power reflection coefficient
at port 1. The separation between two successive wavelengths is called the Free Spectral Range (FSR,
Fig. 4, b), and defined as:

2
FSR="2" (12)

ngL

Here, n, is the group refractive index of the device.

The most important consideration in the design of the resonator ring based optical modulator is the
incorporation of the DC bias terminals in the bent waveguide to manipulate 7, . Application of voltage
on the bent waveguide will induce a change in the effective refractive index, which will lead to a shift in
the resonance wavelength as shown in Fig. 5. Therefore, this effect can be used to design a ring resona-
tor based optical modulator that performs all optical intensity modulation of light with a small size ring
resonator providing high density integration of devices with high data rates of transmission. The results
shown in Fig. 5 are calculated based on a MATLAB code. However, in the next section, a numerical
simulation of the small size optical modulator is presented using a 3D simulation software to validate
the design.
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Fig. 4. Transmission of a single ring resonator CST representation (a),
the representation of the FSR of a single ring (b) calculated using MATLAB
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Fig. 5. A MATLab calculated response of a single ring resonator for different values of the effective
refractive index. N, = 0, n,= 1x10-4, = 2x1074, Ny = 4x104, Ry = 5x104

CST simulation results and discussion

In this section, the silicon on insulator based ring resonator is modeled using a 3D simulation soft-
ware as shown in Fig. 6. The CST studio suite is used to model a ring resonator with a radius of 16 um
coupled to a straight bus with dimensions of 0.48 wm width x0.25 pm height, to ensure a single mode
propagation. The material of the ring and bus waveguide is made of silicon (Si) with refractive index 3.45
which is built on silicon dioxide layer (SiO,) of a 1.45 refractive index to achieve a high refractive index
contrast. This ensures the guidance of light, the high refractive index region with the high confinement,
Fig. 7. The upper clad was set to be air with n = 1.

The time domain solver result of the CST simulation is shown in Fig. 8. Different values of the effective
refractive index are calculated numerically by using the doped silicon-based rib waveguide as shown in
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Fig. 6. CST representation of a ring resonator

2111

Fig. 7. CST mode profile representation in the rib waveguide

Fig. 2. The ring resonator response shown in Fig. 8 shows a good agreement with that calculated in Fig. 5,
which supports the concept of using the effective refractive change to obtain intensity modulation.

The idea in Fig. 8 is that the resonance wavelength is changing every time the effective refractive
index changes. Therefore, for no change in o the resonance wavelength (1542.7 nm) will face an at-
tenuation of almost —40 dB. Changing 7, 7 (caused by the applied filed) will lead to a shift in resonance
frequency to a longer wavelength and expose the reference wavelength (1542.7 nm) to another attenua-
tion level as shown in Fig. 8 (see the linear dotted line).

A linear relation between the electric-filed change (information signal) and the resonance change
is crucial in considering the efficiency of the proposed modulator. This relation needs to be as linear
as possible in order to have a real intensity modulation at the output of the ring resonator. Fig. 9 shows
almost linear relationship between the output intensity of the modulator with the change of the effective
refractive index induced by the electric field. Achieving a linear change means light can be easily modu-
lated with the required information signal that is used as the drive voltage for the metal vias.

Conclusion

In a ring resonator-based optical modulator, the intensity of the light passing through the resonator
is controlled by changing the refractive index of the waveguide material, which in turn changes the res-
onance conditions of the resonant modes. This change in the resonance conditions can be achieved by
applying an electrical field to modulating electrodes which are placed near the waveguide. This work
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Fig. 8. CST calculated transmission of a single ring resonator for the same values
of the effective refractive index in Fig. 5
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Fig. 9. The relation between the output intensity of the modulator with the effective refractive change

examined, theoretically and numerically, the possibility of achieving a modulator like behavior using
a small size ring resonator to support the search for the high integration density in all optical photonic
circuits. The frequency response of the single ring resonator is presented first with a stronger emphasis
on the effect of changing the effective refractive index on the resonance wavelength. Using doped sili-
con-based rib waveguide provides the possibility of adding copper vias around the circumference of the
ring. Via these vias, a voltage change produced by the information signal can be used to alter the free
carrier’s concentration in the waveguide. This, in turn, will change the propagation constant through
the change in the effective refractive index and finally produce a controlled intensity for the pumped
CW light at the input of the ring. A theoretical calculation is presented and the response of the proposed
modulator is first presented using MATLab, then the performance was validated using 3D simulation
software. Ring resonator-based optical modulators have several advantages over other types, including
high modulation efficiency, low power consumption, low insertion loss, and compact size.

Future work

This work is part of an ongoing project that aims to design an integrated photonic circuit of a trans-
ceiver (Comb generator and modulator) based on SOI ring resonators. Multiple carrier wavelengths
transceiver that can achieve >100 Gb/s capacity is drawing researchers’ attention. A significant interest
is devoted to the concept of using a single laser input fed to an optical wavelength comb generator in-
stead of using distributed feedback lasers. Comb generators find implementations in WDM transceiver
environments. Appropriate shaping of the spectrum around the optical carrier by means of electro-optic
modulation of a Continuous Wave (CW) source is the basis of a modulator-based comb generator. The
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comb shape is determined mainly by two factors: the applied electrical signal waveform and achieved
modulation depth. In the ring resonators, the modulation depth is determined by the coupling coeffi-
cient and the p-»n junction operating condition (modulation regime).
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