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Structure and design are proposed for a kind of novel polymer Mach-Zehnder electro-optic (EO) switch using 

side-coupled M series-cascaded EO microrings. Formulations are proposed to analyze its switching characteristics. 

The dependences of the device’s performances on M are thoroughly analyzed and concluded. As the increase of M 

from 2 to 10, the switching voltages for the 9 devices are as low as 0.84 V, 0.82 V, 0.52 V, 0.5 V, 0.37 V, 0.36 V, 0.29 V, 

0.28 V and 0.24 V, respectively; whereas the crosstalks under bar state are within −20.79-−6.53 dB and those under 

cross state are within −20.36-−5.29 dB. The analysis results indicate that a smaller M is preferred for dropping the in-

sertion loss and crosstalk, and a larger M should be selected to increase the optical bandwidth and minimize the 

switching energy. Generally, due to low switching voltage, the proposed device shows potential applications in optical 

networks-on-chip.  
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Polymer optical switches based on linear electro-optic 

(EO) effect[1,2] have wide applications in optical commu-

nication systems, optical sensing systems, etc. In the past 

few years, different kinds of polymer EO switches have 

been numerically proposed by our group since 2008. 

Generally, there are three kinds described as below. The 

first kind is based on directional coupler (DC) struc-

ture[1,3,4], such as standard DC and Y-fed DC. Besides 

DC, Mach-Zehnder interferometer (MZI) is a simple but 

preferred structure used in optical switches[5,6]. Usually, 

an MZI switch should be incorporated with other struc-

tures, such as DC-assisted MZI and phase-generating 

coupler (PGC) assisted MZI. Due to small dimensions, 

ring resonator based devices can be densely integrated 

onto optoelectronic chips[7,8]. Therefore, the third kind of 

EO switch reported by our group is based on microring 

resonator (MRR) structure, such as the grid-type routing 

switch matrix based on two-ring cross-coupling resona-

tors[9]. As a difference from the above switching con-

figurations, combining the advantages of interference 

effect of MZI and phase-tuning effect of MRR, a kind of 

novel EO switch using side-coupled series-cascaded M 

microrings is proposed, where one group M-serial-oupled 

EO micorings are side-coupled with one arm of the MZI.  

The structural model of the polymer MZI EO switch is 

shown in Fig.1(a). This device consists of input/output 

waveguides, two passive DCs serving as mode splitter 

and mode combiner, eight arc-transitive bending 

waveguides, and two MZI arms. One arm couples with 

one group of M-serial-coupled EO microrings (with 

identical radius r), and the other one is a passive 

waveguide. The coupling region lengths of the optical 

splitter and optical combiner are both L1, and the bending 

radius of the arc-transitive waveguide is R. An extending 

waveguide with a length of L2 is used to couple with the 

MRR waveguide. For the 3-dB DC, the gap between two 

coupling waveguides is d. The coupling gap between the 

upper MZI waveguide and the MRR waveguide is hCR, 

and that between two adjacent microrings is hRR. The 

length of the phase-shifter is
pha 2

2L L= .  

The cross-section view AA’ between an MRR wave- 

ide and the upper MZI waveguide is shown in Fig.1(b). 

The electrode is only deposited on microrings, for static 

operation, the applied direct-current voltage is U, and for 

dynamic operation, the applied time-dependent signal is 

ug(t). The MRR waveguide layers are: upper confined 

layer/upper electrode/upper buffer layer/EO core layer/ 

nder buffer layer/under electrode/Si substrate. Let t1, t2 and 

t3 be the thicknesses of the core, buffer layer and electrode, 

respectively, and let wr be the width of the rectangular 
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waveguide. For the passive waveguide, the under buffer 

layer thickness is t2+t3. Because of bending, the core width 

of the MRR waveguide is slightly different from that of 

the channel waveguide (defined as wc) for obtaining in-

dex-match between the two waveguides (U=0 V).  

Under 1 550 nm, relative material parameters are 

taken as: the refractive index of the EO polymer material 

(AJL8/APC) is n10 =1.59, its bulk amplitude attenuation 

coefficient is α10 =0.25 dB/cm, and its EO coefficient is 

γ33=68 pm/V[10,11]; the refractive index of the upper/under 

buffer layer material [P(PFS-GMA)] is n20 =1.461, and 

its bulk amplitude attenuation coefficient is α20 =0.25 

dB/cm[12]; the electrode is made of aurum, its refractive 

index is n30 =0.19, and its bulk extinction coefficient is 

κ30=6.1[13]. 

 

 

(a) 

 
(b) 

 
(c) 

Fig.1 (a) Structural model of the polymer MZI EO 

switch/filter using an MZI and a side-coupled micror-

ing array; (b) Waveguide cross-section AA’ between 

an active MRR waveguide and the upper passive MZI 

waveguide; (c) Structure of the series-cascaded M 

microrings  

According to EO modulation theory, the variation of 

refractive index Δn10 of the EO core material of MRR 

waveguide versus U is 

( )
3 2
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t t

γ
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where U can be equal to zero or not. The refractive index 

of the EO core material n10 will be changed to n10+Δn10. 

Then the mode propagation constant in the active 

waveguide can be regarded as a function of U, denoted 

by βR(U), and accordingly, the optical mode loss can be 

denoted by αR(U). 

For the M-serial-coupled microring resonator, under 

an even and odd M, the resonator structure and its light 

propagation direction are shown in Fig.1(c). For micror-

ing Rj, let aj and bj (j =1, 2, ... M) be the light amplitudes 

of the lower coupling point, and a’j and b’j (j =1, 2, ... 

M-1) be those of the upper coupling point, which can be 

seen from Fig.1(c). Define κj and tj (j =1, 2, ... M-1) as 

the amplitude coupling ratio and amplitude transmission 

ratio between Rj and Rj+1, respectively, and they satisfy 

the relation of 2 2

1
j j

tκ + = . Define κCR and tCR as the 

amplitude coupling ratio and amplitude transmission 

ratio between R1 and the upper MZI arm, respectively, 

which satisfy the relation of 2 2

CR CR
1tκ + = . Let a0 and b0 

be the light amplitudes of the coupling point between R1 

and the upper MZI arm. Based on resonance theory and 

transfer matrix method, we can obtain 

1 CR 2

0 0

CR 1 2

f t f
b a

t f f

−
=

−
,                           (2) 

where
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Then the transfer function of the upper MZI arm can be 

expressed as  

( )1 CR 2

upp c0 c0 2

CR 1 2

exp j2 j

f t f
T L

t f f
β α

⎡ ⎤−
= − −⎡ ⎤⎢ ⎥ ⎣ ⎦−⎣ ⎦

,      (3) 

where βc0 and αc0 are mode propagation constant and 

amplitude loss coefficient of the passive straight MZI 

waveguide, respectively. 

For the splitter and combiner, define φd as the angular 

coupling coefficient. Then the amplitude transfer matrix 

of the splitter and that of the combiner can both be writ-

ten as  

( ) d d

DC,1 DC,2 c0 1

d d

cos jsin
exp

jsin cos
L

ϕ ϕ
α

ϕ ϕ
−⎛ ⎞

= = − ⎜ ⎟−⎝ ⎠
T T .  (4) 
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The transfer function of the lower passive MZI arm is  

( )
und C0 C0 pha

exp j jT Lβ α⎡ ⎤= − −⎣ ⎦ .               (5) 

Let the light with an original amplitude of A0=R0 input into 

the upper waveguide only, namely, 
2 2

10 0 0 0
P P A R= = =  

and
2

20 0
0P B= = . Combining Eqs.(2)-(5), we can obtain 

the output power as 

( ) 2
in1

out1 0
dB 10lgP A R= , ( ) 2

in1

out2 0
dB 10lgP B R= , (6) 

with 

( ) ( )
0 c0 1 arc1in1
exp 2 exp j4A R Lα Ψ= − − ⋅  
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( )
C0 C0 pha

exp j j }Lβ α⎡ ⎤− −⎣ ⎦ ,                   (8) 

( )( )
arc1 arc1 arc1

π 2 jRΨ β α= − ,                  (9) 

where βarc1 and αarc1 are the mode propagation constant 

and mode amplitude loss coefficient, respectively. 

By using our presented analysis theory in Refs.[5,14], 

the waveguide parameters are optimized at 1 550 nm 

wavelength, which are listed in Tab.1.  

 

Tab.1 Optimized parameters of the switch 

Parameter 
Optimized 

value 
Parameter 

Optimized 

value 

r 19.49 µm n4 1.0 

Core thickness t1 1.7 µm α4 0 

Core width wc 1.85 µm R 40 µm 

Core width wr 1.7 µm L2, L3 20 µm 

Buffer thickness t2 2.5 µm 
Ring waveguide mode 

effective index 
R

n  
1.518 9 

Resonance order m 120 
waveguide mode loss 

coefficient 
C

α ,
R

α  
0.256 dB/cm

Coupling gap d 0.8 µm 
CR
h  0.14 µm 

Electrode thickness b3 0.2 µm 
RR
h  0.68 µm 

Coupling length L0 1 547.88 µm 
Amplitude coupling 

ratio 
RR

κ  
6.85×10-3

Coupling region 

length L1 

773.94 µm 
Amplitude coupling 

ratio 
CR

κ  
1.25×10-1

 

Based on Eq.(6), the relations between the output 

powers from the devices with different M and U are in-

vestigated, as shown in Figs.2(a)-(d). Fig.2(e) shows the 

curves of Pout2−Pout1 versus U. One can observe from 

Fig.2(e) that though the devices with even M (cross state) 

and those with odd M (bar state) are under different op-

eration states at U=0 V (the reason can be attributed to 

difference between the phase-shift resulting from 

odd-number of rings and that from even-number of rings 

when U is not sufficiently large), the curves will finally 

turn out to be the same operation state (e.g. cross-state) 

as U gets sufficiently large, as also proven by 

Figs.2(a)-(d). As the increase of M from 2 to 10, the 

switching voltages for the 9 devices are 0.84 V, 0.82 V, 

0.52 V, 0.5 V, 0.37 V, 0.36 V, 0.29 V, 0.28 V and 0.24 V, 

respectively; whereas the crosstalks under bar state are 

within −20.79-−6.53 dB and those under cross state are 

within −20.36-−5.29 dB.  

 

   

(a)                          (b) 

   

(c)                          (d) 

 

(e) 

Fig.2 Curves of the output powers Pout1 and Pout2 ver-

sus the applied voltage U under 1 550 nm wavelength, 

where the light is input into the upper port only: (a) M 

= 1, 2, 3, (b) M = 4, 5, (c) M = 6, 7, (d) M = 8, 9, 10; (e) 

Curves of Pout2−Pout1 versus U for the MZI EO switches  

 

For the 3 devices with M=1, 3, 5, Fig.3 shows the 

spectral responses under both operation states. The re-

sults in Figs.3(a)-(c) indicate that the 3 switches perform 

good switching functions at 1 550 nm wavelength under 

the corresponding two applied voltages. Except for the 

situation of M=1, under the selection of operation states 

for each switch, we can notice the effects of M on the 

spectrum property, crosstalk and driving voltage. Fur-

thermore, we can also conclude that the EO switch will 

experience 2M exchanges between the two output pow-
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ers. For example, when M=1, the curve of Pout2−Pout1 

firstly decreases and then increases, and two exchanges 

are found between Pout2 and Pout1.  

 

 
(a) 

   
(b)                           (c) 

Fig.3 Spectral responses of the EO switches under 

both operation states: (a) M=1; (b) M=3; (c) M=5 

 

Since the switch is driven in lumped manner, under the 

operation of a square-wave switching signal (e.g. 

U=ug(t)), the electrical response can be calculated by 

( ) ( ) ( )1

e g
,u f t F U Hω ω− ⎡ ⎤= ⎣ ⎦ ,               (10) 

where ( ) ( )
g g

=U F u tω ⎡ ⎤⎣ ⎦ is the Fourier transformation of 

the applied square-wave signal, ( ) ( )-1g e
1 jH R Cω ω= + is 

the transfer function of the equivalent driving circuit, Ce 

is an equivalent capacitance including the electrode ca-

pacitance and the distributed capacitance, and Rg=50 Ω is 

the output resistance of the driving source. The 

time-dependent optical responses in non-dB form can be 

expressed as 

  ( ) ( ) 2
in1

out1 ein1
, ,P f t A u f t= ⎡ ⎤⎣ ⎦ ,  

( ) ( ) 2
in1

out2 ein1
, ,P f t B u f t= ⎡ ⎤⎣ ⎦ .                 (11) 

Using Eq.(11), under the operation of a square-wave 

signal (|U×−U=|/2-Vpp, (U×+U=)/2-Vbias, f-frequency), the 

normalized optical response amplitudes and electrical 

response amplitude versus switching frequency are 

shown in Figs.4(a)-(c), where the capacitance of each 

microring electrode is calculated to be 6.11×10-4 pF, and 

the distributed capacitance is assumed to be 10 times of 

the capacitance of each microring electrode. It can be 

found from Figs.4(a)-(c) that the increase of M will lead 

to the decrease in optical bandwidth because of the in-

crease of distributed capacitance, and the increase of M 

will slightly increase the electrical bandwidth (at least in 

trend). 

The dynamic switching power of the device can be 

evaluated by the power consumption of the output resis-

tance of the driving source, which is expressed as 

( ) ( ) ( ) 2

g e

g

1
d

T

PC f f u t u t t
R

⎡ ⎤= −⎣ ⎦∫ ,           (12) 

where T=1/f is the period of the switching signal. The 

switching energy per bit can be calculated by 

( ) ( ) ( ) 2

g e

g

1
d

T

Q PC f f u t u t t
R

⎡ ⎤= = −⎣ ⎦∫ .       (13) 

With Eq.(12), the influence of M on the switching power 

is shown in Fig.4(d). One can observe that the increase 

of M will drop the power consumption (e.g. from 63.2 

mW under M=1 to 0.08 mW under M=9, at 10 GHz). 

 

   
(a)                           (b) 

   
(c)                            (d) 

Fig.4 (a) The normalized electrical response ampli-

tude and (b, c) optical response amplitudes of the five 

switches (M=1, 3, 5, 7, 9) under the operation of a 

square-wave signal (|U×− U=|/2-Vpp, (U×+ U=)/2-Vbias); (d) 

Curves of switching power versus switching fre-

quency f of the five switches (M=1, 3, 5, 7, 9) 

 

As a conclusion, a kind of novel MZI EO switch is 

proposed, where M-serial-coupled EO micorings are 

side-coupled with one arm of MZI. Using the derived 

formulas and expressions, design, optimization and 

simulation are performed. The insertion losses and 

crosstalks at both operation states almost show the same 

trend as M changes, and a smaller M is preferred for 

dropping the insertion loss and crosstalk. However, in 

order to increase the optical bandwidth and minimize the 

switching energy, M should be selected as large as possi-

ble. The proposed multifunctional device shows potential 

applications in optical networks-on-chip. 
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