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Abstract — A novel compact silicon electro-optic modulator is 

theoretically proposed and analyzed. The device is designed to be 

entirely compatible with CMOS process.  umerical simulation 

results show that a compact device enables operation over an 

ultra-broad bandwidth, up to 865 GHz; moreover and most 

importantly, the device is highly insensitive to temperature 

variations, up to 75 K 
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Coupled waveguides  

I. INTRODUCTION  

Silicon photonics has been considered a very promising 

technology for present and future applications due to its 

potential applicability to low-cost high-bandwidth 

telecommunication applications down to the chip level [1, 2]. 

One of the greatest advantages of this technology is the strong 

optical confinement achieved in high index contrast optical 

systems [1], as well as a well established fabrication 

technology that is easily integrated with CMOS systems [2]. 

During the last few years, several active and passive devices 

have been proposed, such as: electro-optic modulators [3], 

optical filters [4], electro-optic switches [5], optical reflectors 

[6], tunable lasers [7], all-optical switches [8], and all-optical 

modulators [9], besides many others. 

Although several silicon photonics devices have been 

proposed and analyzed, there are several challenges that still 

need to be overcome by science and technology. One of the 

greatest, perhaps the most relevant weakness of silicon 

photonics, is its high sensitivity to temperature [10]; typical 

silicon photonic devices are highly sensitive to temperature as 

a direct consequence of the large silicon thermo-optical 

coefficient [10].  

Some researchers have presented suggestions on how to 

solve this problem. A typical solution presented has been the 

utilization of a polymer with negative thermo-optical 

coefficient in order to compensate the temperature effect [11, 

12]; however, that solution is not very practical, because it 

makes the device lose one of its most important potential 

advantages, the capability of integration with CMOS 

technology, due to the incompatibility between CMOS and 

polymers.  

Therefore, a long-standing challenge in silicon photonics 

has been the pursuit of developing, by means of intrinsic 

design, a device which is insensitive to temperature over a 

large range; additionally, it is of foremost importance that 

such device designed presents a compact footprint and allows 

for compatibility with CMOS technology. In this paper, an 

innovative approach for an electro-optic modulator is 

theoretically presented and analyzed, the proposed device is 

based on a coupled ring resonator structure; such device is 

herein called “Snowman Modulator” due to its obvious 

physical similarity.  

This paper is organized as follow: in the second section, 

the proposed device is mathematically analyzed and depicted; 

in the third section, the obtained analytical and numerical 

results are presented; finally, some considerations and 

conclusions are presented.  

II. THEORETICAL ANALYSIS OF THE DEVICE 

The proposed device is schematically shown in Fig. 1, 

consisting of two coupled ring resonators, which in turn are 

coupled to a bus waveguide. In this paper, this coupled ring 

resonator structure was analyzed by means of scattering 

parameters; it is noteworthy to point out that several authors 

have shown the efficiency of this analytical tool by means of 

the concordance of Finite-Difference Time-Domain – FDTD 

method and experimental results [5, 6, 13, 14, 15]. 
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Fig. 1: Schematic representation of a Snowman Modulator 

 

One can notice three distinct coupling regions, which are 

appropriately labeled, in Fig.1; each coupling region is a 

ISSN: 1983 7402 São José dos Campos, 28 de setembro a 01 de outubro de 2010

168



directional coupler, which can be modeled as a four-port 

optical device. The symbol Ei
+ 
corresponds to the i-th input 

electric field, representing the optical beam fed into the 

respective port, whereas Ei
-
 relates to the i-th output electric 

field counterpart for the respective port.  

The scattering matrix which describes the output electric 

field components as a function of the input electric field (Ein) 

is described by (1), where τ1 and κ1 are, respectively, the 
transmission and the coupling coefficient between the major 

ring resonator and the bus waveguide; τ2 and κ2 are, 
respectively, the transmission and the coupling coefficient 

between the minor ring resonator and the bus waveguide; τ3 
and κ3 are, respectively, the transmission and the coupling 
coefficient between the two ring resonators. φ1, φ2, and φ3 are 
the optical phases accumulated due to propagation inside ring 

resonator 1, ring resonator 2, and length L, respectively; φ1, φ2, 
and φ3  are given by: 
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where λ0 is the free space wavelength and neff is the complex 
effective index of refraction for ring resonators and 

waveguides. R1 is the radius of the major ring resonator, R2 is 

the radius of the minor ring resonator, L is the length of the 

waveguide which connects the coupled resonators. 

Among the set of coupled equations specified by means 

of (1), special attention is given to E6
- 
and E1

-
, because these 

electric fields are the ones that describe the optical response of 

the device, i.e., they are the electric field components that 

leave the device; thereby, its optical response can be assessed 

analyzing the optical intensity at output ports 1 and 6. The 

transmitted and reflected optical intensity responses can be 

evaluated, respectively, by It(λ0) = |E6
-
/Ein|

2
 and Ir(λ0) = |E1

-

/Ein|
2
. 

III. THEORETICAL RESULTS OF THE SNOWMAN MODULATOR  

Perhaps the greatest advantage of the proposed device is 

that its optical response can be tailored as a function of the 

design parameters, i.e., τ1, τ2, τ3, κ1, κ2, κ3, R1, R2, L, neglecting 
the optical losses. Each combination of parameters produces a 

different optical response, what makes the device be a 

complex device due its multivariable nature. The proposed 

configuration is hereby analyzed considering the set of 

variables shown in Table I, which were chosen amongst 

typical values found in the literature for ring resonators, as 

well as an appropriately chosen value for L in order to attain 

the desirable optical response.  
 

Table I. Variables used at the project of the Snowman Modulator 

τ1 τ2 τ3 R1 R1 L α 
0.6652 0.9299 0.4972 10 µm 4 µm 5π  µm 50 m-

1 

The directional couplers are considered lossless in this 

model; therefore, the coupling coefficients are related to the 

transmission coefficients by means of a simple equation which 

describes the principle of conservation of energy: κi = (1-
τi
2
)
1/2
, where i = 1, 2, 3. 

The principle of operation consists of modifying the 

effective index of refraction of the device on an unbalanced 

way, what can be done, for instance, by means of free carrier 

injection [16]. In this model, we consider an unbalanced 

modulation such as the one schematically shown in Fig. 2, 

which helps illustrate both situations, modulated and not 

modulated; we considered ∆neff  = -0.00365 inside the major 
ring resonator,  ∆neff  = -0.00165 inside the minor ring 
resonator, and ∆neff  = -0.00165 in the waveguide of length L.  
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Fig. 2: Schematic representation of a Snowman Modulator: (a) not modulated, (b) modulated 

 

Fig. 3 shows the normalized output intensity as a 

function of the wavelength, when the Snowman Modulator 

is considered operating in two stages: modulated and not 

modulated. In Fig. 3, we considered a waveguide with cross 

section 400 nm wide and 200 nm thin, as well as the optical 

losses due to free carrier injection [16]; moreover, the 

polarization mode is the quasi-TM00. 
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Fig. 3: Normalized transmitted optical intensity response of the Snowman 

Modulator. 

An important observation should be made regarding 

Fig. 3, where the optical response is only considered for 

quasi-TM00 polarization mode, and the values shown in 

Table I. If the quasi-TE00 polarization was considered, the 

shape of the optical response would be the same but the 

wavelength of operation would be slightly different. It 

occurs due to the distinct optical phase accumulated in each 

polarization state, which are directly related to the 

respective effective index of refraction 

One can notice the high operation bandwidth of the 

device. In order to quantify the bandwidth of the device, we 

analyzed the extinction ratio of the modulator (i.e., the ratio 

between transmission intensity in both cases) as a function 

of the wavelength; this result is shown in Fig. 4. 
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Fig. 4: Extinction ratio for the Snowman Modulator as a function of 

wavelength  

One can observe the high and flat bandwidth of 

operation of the device, which is approximately of 3 nm, 

approximately 370 GHz in frequency span, for an extinction 

ratio of 17 dB or higher. On the other hand, if the minimum 

extinction ratio can be tolerated to be of 10 dB, one can 

obtain a bandwidth as wide as 7 nm, which is approximately 

865 GHz in frequency span. 
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This result shows that this proposed compact structure 

can be used as a broadband modulator or as a broadband 

switch; nonetheless, a more important characteristic of the 

proposed device is its intrinsic property of very low 

temperature sensitivity. 

The temperature dependence of the effective index of 

refraction for silicon waveguides is one of the most critical 

characteristics that affect the overall optical response of 

such devices; this dependency varies with several 

parameters, such as: waveguide dimensions, optical 

polarization, and wavelength of operation. 

The thermo-optical coefficient for silicon and silica are 

approximately dnSi/dT = 1.86 x 10
-4 
K
-1
 and dnSiO2/dT = 1.28 

x 10
-5 
K
-1
, respectively; therefore, the effective waveguide 

thermo-optical coefficient is highly affected by the level of 

optical confinement, and thus depends directly on the 

several parameters mentioned above. Therefore, considering 

a waveguide 400 nm wide and 200nm thin and both 

polarization states, quasi-TM00 and quasi-TE00, its effective 

thermo-optical coefficient is given by 0.9 x 10
-4 
K
-1
 and 1.8 

x 10
-4 
K
-1
, respectively [11,12]. 

Fig. 5 shows the extinction ratio as a function of the 

temperature variation, for both polarization states at a 

wavelength of operation corresponding to the resonance 

center. 

 

Fig. 5: Extinction ratio a function of temperature variation 

 

One can notice that the temperature sensitivity for the 

quasi-TE00 polarization is twice that for the quasi-TM00 

counterpart; this occurs due to the different effective 

thermo-optical coefficient, as mentioned. One can observe 

in Fig. 5 that the device performance remain completely 

unaltered under temperature variation of up to 26 K, for 

quasi-TM00, considering an extinction ratio of 

approximately 17 dB. Moreover, if an extinction ratio of 10 

dB can be tolerated, the device supports up to 75 K of 

temperature variation. 

On the other hand, if the quasi-TE00 polarization is 

chosen, this sensitivity is reduced to half of the previous 

one, i.e., 13 K for an extinction ratio of 17 dB, and 38 K for 

an extinction ratio of 10 dB. 

IV. CONCLUSION AND DISCUSSION 

Based on the results shown in the preview sections, 

one can classify the silicon Snowman Modulator as a 

promising integrated optical device, due to its characteristics 

of ultra-broadband operation, up to 865 GHz, and very low 

sensitivity to temperature, of up to 75 K when it is tuned to 

the central resonance wavelength for the quasi-TM00, not to 

mention its intrinsic characteristics of compactness and 

CMOS-compatibility. 

Therefore, the proposed device may open the door for 

novel structural configurations of silicon optical devices that 

are capable of mitigating one of the few remaining sources 

of criticism for widespread use of silicon photonics – the 

temperature sensitivity. 
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