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Operation Principles for Optical Switches Based on
Two Multimode Interference Couplers

Junhe Zhou and Philippe Gallion, Senior Member, IEEE

Abstract—In this paper, the operation principles for optical
switches based on two multimode interference (MMI) couplers
are discussed in detail. Based on the analytical expressions of
transfer matrix of the MMI couplers, the control mechanism
and principles of the two-stage MMI coupler based switch are
derived. The device can be controlled by proportionally adjusting
the interstage variable phase shifter array. different switching
states can be realized on this device.

Index Terms—MMI coupler, optical switch.

I. INTRODUCTION

O PTICAL communication networks have evolved into the
era of all optical switching and various approaches to

realize all optical switches have been proposed. The MEMS
switch [1], the liquid crystal based switch [2], the directional
coupler based switch [3], the thin film based switch [4] and the
MMI coupler based switch [5]–[7] have been either commer-
cially available or realized in laboratories. In comparison with
other optical switches, the MMI coupler based switch has the
advantages of smaller size, greater feasibility for integration,
and the capability of thermal-optical and electro-optical tuning.
More attentions have been placed on this novel switching tech-
nology and recently there have been significant progresses in
this field. In [5], F. Wang et al. proposed a 2 2 optical switch
based a MMI coupler and realized it experimentally. L Cahill
proposed the generalized structure for a cascaded-MMI-coupler
based switch in [6], [7]. different states of the switch were dis-
cussed in detail when equals 4. In [8], a 4 4 MMI coupler
based switch was experimentally fabricated and demonstrated.

Despite these pioneering works, the development of MMI
coupler based switch still requires a comprehensive theoretical
model in order to characterize its operation principles. With
such a model, we will know how to operate the device in an
optimal manner.

In this paper, based on the theory of the transfer matrix of the
MMI couplers [9]–[12], the operation principles of MMI cou-
pler based switches will be provided with the assistance of the
analytical expressions. Totally different states of the switch
can be realized by proportionally tuning the variable phase
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shifter array in the middle of two MMI couplers. Simulations
are performed to verify these operation principles. It is worth
mentioning that the number of the states can be increased if the
switches are operated in a cascaded manner, as is indicated by
[7]. Detailed numerical simulation will be provided to verify
our proposals.

II. THEORY

A. MMI Coupler Transfer Matrix Theory [9]–[12]

MMI coupler works as a self-imaging device and can be
characterized by the transfer matrix theory [9]–[12]. With this
theory, the analytical relationship between the input vector and
the output vector can be obtained.

To achieve the required transfer matrix, the positions of the
input and output ports of the MMI coupler should be set care-
fully, so are the length and the width of the MMI coupler. Like
[9], [10], the center of the input/output waveguides are placed
at the position of

(1)

where is the effective width of the MMI coupler, the
number of input/output. The length of the MMI is set to
be [10]

(2)

where is the effective index of the MMI coupler, the free
space wavelength. With the above configuration, the transfer
matrix, which indicates the relationship between the input
vector and the output vector, can be derived as [9], [12]

(3)

where stands for the entry of the transfer matrix. The
validity of the transfer matrix theory can be proved by the com-
parison with the results obtained by [12], which gives the accu-
rate information of the phase difference between the input and
output signals and only differs from (3) by a few constant phase
terms.

B. MMI Coupler Based Switch Optical Schematic

The optical schematic of the cascaded MMI coupler based
switch has been introduced in [6], [7]. The basic structure com-
poses of two cascaded MMI couplers with phase shifters em-
bedded in the middle of them. The phase shifters can be tuned
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either thermally or electronically and the tuning mechanism is
dependent on the materials of the phase shifters.

However, according to (3), the adjustment of the phase shifter
will be extremely complicated. Each of phase shifter within the
array will require an individual phase tuning device, which will
result in very high cost. Also, the mechanism of tuning is quite
complicated, especially when the number of input is large.

To avoid this, we try to simplify the phase tuning principles.
If the phase shifters in the middle of the two MMI couplers can
be tuned proportionally, the tuning procedure will be greatly
simplified, which means the whole array can be tuned using one
thermal or electro process, e.g., one electro-voltage controlling
circuit which could provide proportional voltages to each of the
electrodes. In order to realize this, the schematic is changed into
three fixed phase shifter arrays before, between and after the
cascaded MMI couplers together with one variable phase shifter
array added in the middle of the two MMI couplers. With this
approach, we are able to achieve the proportional tuning of the
phase shifters within the variable phase shifter array.

It is worth mentioning that the switching device with two
MMI couplers and phase shifter arrays can only provide
switching states, and is an -port selection switch with input
ports, which is different from the traditional by matrix
switches. To realize a real by matrix switch, multiple de-
vices should be used in a cascaded manner. An example of cas-
caded MMI switch is presented and discussed in the Appendix.

C. Working Principle for the Switch

We place the fixed phase shifter array whose phase shift is
for ith shift element of the array before and

after the MMI couplers. The transfer matrix in (3) will be mul-
tiplied by two diagonal matrixes and the updated matrix should
have the entry of

(4)

We can neglect the common phase term and (4) becomes

(5)

Hence, the phase difference between the columns of the ma-
trix and their complex conjugates is the odd multiple of the fol-
lowing vector or its complex conjugate

(6)

If we add the variable phase shifter array whose phase shift
can be tuned as the negative odd multiple of (6), we can generate
a matrix whose rows correspond to the complex conjugate of the
columns of matrix in (5). The row position within the ma-
trix can be adjusted by proportionally tuning the variable phase
shifters, and therefore change the state of the switch. As stated
in above, the tunable phase shifters should have the phase-shift
proportional to

(7)

where the positive phase shift can be changed into the negative
one via the following relationship:

(8)

By tuning the effective index of the phase shifters, the state of
the switch is changed accordingly. The contribution of the vari-
able phase shifter array on the transfer matrix can be described
by a diagonal matrix with the diagonal entries as

(9)

where is an integer. The total transfer matrix of the switch is

(10)

The matrix can be regarded as a new matrix
with the entry of

(11)

The and have the relationship seen in (12) at the bottom
of the page, where denotes the transpose of the complex con-
jugate of . Equation (12) indicates that the columns of are
actually the transpose of the corresponding rows of matrix
(by a phase difference of if is odd and or

is even and ). Since is a unitary matrix, if one of
its rows is multiplied with one of the columns of its transpose,
the result will be one if the number of the row and the number
of the column are the same, and will be zero otherwise. This is
obvious, because transpose of the transfer matrix indicates ex-
change of input and the output vectors. During the operation

(12)
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Fig. 1. Optical schematic of the two-stage MMI coupler based switch.

of the device, is a fixed matrix, while is a variable ma-
trix whose rows are interchanged with the change of . Their
product matrix will change accordingly with the element of
(13), shown at the bottom of the page, where is 1 when
and is 0 when . According to (13), is a matrix with only
one nonzero element in one row or one column. By tuning , the
element of and the state of the switch is changed.

It can be concluded that if the signal is injected into the th
input port of the first MMI coupler, the output wave will be
expected to appear at the output port of the second MMI coupler
whose port number is indicated by the subscript in (12)–(13).
By adjusting the integer , total states of the switch can be
realized.

The optical schematic of the device is illustrated in Fig. 1. It
should be noted that the fixed phase shifter array at the output
port of the first MMI coupler and the one at the input of the
second MMI coupler can be combined as one fixed phase shifter
array in manufacturing process, as is illustrated in Fig. 1.

D. Example of a 8 8 Switch

As an example, we analyze an 8-port selection switch with
8 input ports using the principles described above. According to
(5), the transfer matrix for one MMI coupler with two fixed
phase shifter arrays is shown in (14) at the bottom of the page.

If the variable phase shifter array is placed between the two
MMI couplers (both with two fixed phase shifter arrays), the
corresponding transfer matrix of the whole system can be cal-
culated according to (10). When the phase of each phase shifter
within the variable phase shifter array is varying, i.e., the integer

is varying, the matrix will vary accordingly. We calculate
the matrix using (15) with

(15)

The matrix with can be derived in the
same approach. It can be seen from these equations that there
are totally states for the switch. If the signal is injected
into one of the input port and is required to be switched to one
specific output port, there exists one state that could switch the
signal to that output port. Also the results shown in the above
equation verify the correctness of (11)–(13), which means that
the output port number can be calculated using the subscripts in
(13).

III. SIMULATION RESULTS AND DISCUSSION

We perform numerical simulation to verify the theoretical
predications. The aim of the simulation in this section is to
demonstrate the validity of the results discussed in the previous

(13)

(14)
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Fig. 2. (a) Input wave amplitude and (b) wave amplitude at the output of the
first MMI coupler with the input vector of (1 0 0 0 0 0 0 0).

section, to investigate the MMI coupler fabrication error tol-
erance and to verify the new formulas derived for the phase
shifter array fabrication error tolerance analysis. Therefore, the
8 8 optical switch example discussed in the previous section is
simulated using 2-D beam propagation method (2DBPM). The
switch is composed of six parts: the fixed input phase shift array,
the first MMI coupler, the middle stage fixed phase shift array,
the middle stage variable phase shift array, the second MMI cou-
pler and the fixed output phase shift array. The phase shift arrays
are assumed to be able to provide the exact phase shift described
in the previous section and can be realized using the waveguides
with different core index. The two MMI couplers are identical
with the length of 72 m. Their core indexes are 3.3989 and the
background index is 3.1645, which is from [13]. The effective
width of the MMI coupler can be calculated according to [14]
with the value of 72.4 m. The input and the output ports of the
MMI coupler are eight identical waveguides with the width of
2.6 m. The waveguides are connected with the phase shifter
arrays. In simulation, the variable phase shifter array is consid-
ered to have an equal length of 20 mm, but with slightly different
refractive index, which could be induced by the electro-optical
or thermal-optical effect. This is in alignment with the configu-
ration mentioned in [8], [15]. It is worth mentioning that, if the
phase shifters can be tuned separately, the length of the variable
phase shifter could be reduced to a shorter one such as 5 mm,
because this length can already provide a phase tuning of [8],
[15].

A. Verification of the Operation Principle Proposed in
Section II

First of all, we assume the signal is launched to the input port
1 of the device (the input vector is (1 0 0 0 0 0 0 0)). The injected
wave amplitude is plotted on the Fig. 2(a). After the interference
in the first MMI coupler, the amplitude evolves into the curve
in Fig. 2(b). The amplitudes at each of the output ports of the
first MMI coupler are equal, which is in accordance with the
transfer matrix in (13). The variable phase shift array is tuned to
have the odd multiple of the phase shift vector in (5).
With the different odd number , the switch is in a different
state accordingly. The wave will appear at the different output
port of the second MMI coupler when the state is different, as is

Fig. 3. Wave amplitudes at the output of the second MMI coupler with different
middle stage control (with � value varying from 0 to 7) with the input vector of
(1 0 0 0 0 0 0 0).

Fig. 4. (a) Input wave amplitude and (b) wave amplitude at the output of the
first MMI coupler with the input vector of (0 1 0 0 0 0 0 0).

indicated by Fig. 3. Fig. 3 is a good illustration for the equations
of matrix with different values which were discussed in
the previous part. Their first columns indicate the output vectors
with the input vector of (1 0 0 0 0 0 0 0) under different tuning
number of . The results match the theoretical prediction
in a very precise manner.

Secondly, the input vector is changed to (0 1 0 0 0 0 0 0),
which is plotted on the Fig. 4(a). Similar to the previous case,
the amplitudes have equal amplitudes at each output ports of the
first MMI coupler. The variable phase shift array tunes the state
of the switch with the change of the tuning number . The
wave at the output ports of the second MMI coupler are plotted
on Fig. 5, which agrees with the states of the switch. The direc-
tivities of the waves were indicated by the second columns of
the matrix with different values. Again, the theory matches
the simulation in a very close manner.

B. Fabrication Error Tolerance Analysis of the MMI Coupler

Afterwards, we analyze the fabrication error tolerance of this
device. During the analysis, we assume the input vector to be
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Fig. 5. Wave amplitudes at the output of the second MMI coupler with different
middle stage control (with p value varying from 0 to 7) with the input vector of
(0 1 0 0 0 0 0 0).

Fig. 6. Output wave amplitude at the output of the second MMI coupler with
the input vector of (0 1 0 0 0 0 0 0) and index variation of 0.001.

(1 0 0 0 0 0 0 0). The core indexes of the MMI couplers are as-
sumed to have a variation of 0.001, which could usually happen
due to the vertical inaccuracy in the fabrication process. The
resulting output curves are shown in Fig. 6. The inaccuracy is
about 10% in this case. Furthermore, it can be seen from the
figure that the inaccuracy will introduce the crosstalk between
the different ports. This phenomenon, however, could be miti-
gated by making the MMI couplers themselves tunable. Hence,
in order to realize a functional MMI coupler switch, thermal or
electro tuning materials should also be used for the MMI cou-
pler fabrication as well. The impact of the inaccuracies of the
width and length is similar to that of the index deviation. The
relationship between them can be derived according to (2) as is
indicated in [10].

C. Fabrication Error Tolerance Analysis of the Phase Shifter
Arrays

During the fabrication of the device, the inaccuracy may
also arise from the phase shifter arrays, which can be analyzed
via BPM simulation. However, it is quite a time-consuming
task, especially if we consider the manufacturing error to be a

random process and want to obtain the important parameters,
such as the mean value and the variance of the output error
vector. Therefore, an analytical expression describing the
impacts of the power imbalance and the phase error of the
phase shifter array is presented in this section. The theoretical
formula will be verified with the BPM simulation results.

Without loss generality, we focus on the variable inner phase
shifter array between the two MMI couplers. The discrepancies
arising from the fixed phase shifter arrays can be derived in a
similar way and share the similar expressions. The transfer ma-
trix of a device with power balance discrepancy and phase error
is

(23)

where is a diagonal matrix with the diagonal elements whose
amplitudes are in the form of , and are
positive independent identically distributed random variables
indicating the losses of the phase shifter array. is a diag-
onal matrix indicating the phase error of the phase shifter array
whose phases of the diagonal elements are independent iden-
tically distributed random variables with the mean value of 0.
In order to verify the proposed model, BPM simulation is per-
formed.

We assume the amplitude vector and phase error vector to
be (0.7486 0.994 0.796 0.886 0.751 0.849 0.787 0.871) and

(the units for the phase error vector are degree). The input vector
is (1 0 0 0 0 0 0 0) and the controlling parameter . Ac-
cording to (23), the calculated output error vector (which is ob-
tained by subtracting the two vectors with and without error) has
the amplitudes of (0.067 0.170 0.024 0.029 0.036 0.022 0.041
0.023). From the BPM simulation, the output error vector am-
plitudes are (0.065 0.166 0.028 0.029 0.035 0.024 0.043 0.022).
The results match each other very precisely.

Afterwards, impacts of power imbalance and phase error are
studied analytically using (23). Assuming that the input vector
is , the output vector is , the error vector is , and we have

(24)

In order to clearly identify which deviation impacts more on
the output vector, the impacts of power imbalance and phase
error are discussed separately.

Firstly, we consider power imbalance. Since
are positive independent identically distributed random vari-
ables, we have , for all and , and the error
correlation should be zero when the variables are not identical.
Also, it can be derived from (4) that the absolute square of the
elements of are . Based on these assumptions as well
as (23) and neglecting the phase error term, the following equa-
tion to calculate the mean value and variance of the output error
vector can be derived
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...
. . .

...
... (25)

where denotes the expectation, denotes the variance,
denotes the mean value of matrix . Monte Carlo simulation
is performed to verify (25). 10 000 random samples are gener-
ated and the resulting output error vectors are calculated using
(23). The elements of the power imbalance vector
are assumed to be uniformly distributed between the interval [0,
0.3]. The controlling parameter is assumed to be 4. With the
input vector to be (1 0 0 0 0 0 0 0), the output error vector should
have the mean value of and variance of
(0.00094 0.00094 0.00094 0.00094 0.00094 0.00094 0.00094
0.00094 0.00094) according to (25). The Monte Carlo simula-
tion match it with the results of and
(0.00093 0.00094 0.00094 0.00093 0.00096 0.00094 0.00093
0.00096).

Afterwards, the phase error impact is focused. Similarly,
we consider the phase error to be independent identically
distributed random variables. They have the same probability
distribution function and are not correlated. Neglecting the
power imbalance term, the mean value and variance of the
output error vector are

...
. . .

...
... (26)

If the phase deviation is uniformly distributed between the
interval , expressions in (26) can be further simplified
as

(27)

Again, Monte Carlo simulation is performed to verify (26),
(27) with 10 000 random samples. The phase errors are assumed
to be uniformly distributed between the interval [ ].
The controlling parameter is still 4. With the input vector to
be (1 0 0 0 0 0 0 0), the output error vector should have the
mean value of , and variance of (0.074
0.074 0.074 0.074 0.074 0.074 0.074 0.074) according to (26),
(27). The Monte Carlo simulation matches it with the results of

and (0.074 0.076 0.074 0.073 0.074 0.074
0.073 0.075).

From the simulations, it can be seen that the mean value of
the output error vector is proportional to the output vector, which
means the mean value of the output error vector can be regarded

Fig. 7. Optical schematic of the cascaded MMI switch.

as a loss term on the output vector. The real distortion of the
input vector can be evaluated by the variance. It can be con-
cluded from simulations that the phase error plays a more sig-
nificant role. One more significant factor to enhance the phase
error impact is that it increases with the increase of the control
parameter . In comparison, the power imbalance impact is less
significant in the simulations. Also, it can be seen from (24) that
the more the port number is, the lower variance value of output
error vectors is. This is because the error has been averaged at
the different ports. According to the above analysis, carefully
tuning of the phase shifter array is required to achieve the de-
sired performance.

Finally, based on (23), and taking into consideration of the
contributions of the fixed phase shifter arrays, we simulate the
wavelength dependency, which plays a critical role in the device
bandwidth evaluation. The center wavelength used in the de-
vice design is 1550 nm and in real applications, the wavelength
could vary within the C band, i.e., 1530–1565 nm. The simula-
tion shows that wavelength variation within this range will in-
troduce at most dB crosstalk (at the wavelength of 1530 nm
and the control parameter ) due to the wavelength/phase
variation. How to reduce the wavelength dependency remains
an important issue to be studied.

IV. CONCLUSION

We have analyzed the optical switch based on the MMI cou-
plers and proposed the operation principles for this device based
on an analytical transfer matrix theory. An 8 8 MMI cou-
pler based switch is analyzed in detail, which demonstrates the
feasibility of the proposed operation principles. The theoretical
prediction is verified by the numerical simulations. Fabrication
error tolerance analysis is provided afterwards. The design prin-
ciples presented here can be used for the design of the inte-
grated MMI coupler based switches with either thermal-optical
or electro-optical index tuning.

APPENDIX

In real applications, switches are usually required to be used
in a hitless fashion, which means the switching of two input sig-
nals should not affect the directivity of others. In this Appendix,
we present an example of realization of a hitless switch using the
cascaded structure. The optical schematic is illustrated in Fig. 7.

The structure is analogous to the structure proposed for the
4 4 hitless MMI switch proposed in [7]. It is composed of
two 8-port MMI switches, four 4-port MMI switches and four
2-port switches. The corresponding controlling parameters are
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TABLE AI
CONTROL PARAMETERS SET TO ACHIEVE SWTICHING

BETWEEN PORT 3 AND PORT 5

p8 1, p8 2, p4 1, p4 2, p4 3, p4 4, p2 1, p2 2, p2 3, and p2 4.
The total transfer matrix of the switch can be written as

(A1)

There are totally ten control parameters to con-
trol the state of the switch. Assuming that the input
port number is and the output port number is

and the control parameters set is a vector
,

the directivity of the switching matrix can be described by the
following formula:

(A2)

where is the function converting an integer number between
[1, N] to another integer within the interval. The function oper-
ates according to (13) and (A1). If one needs to find a configu-
ration of , which switches input and in a hitless manner,
the following equation needs to be solved:

(A3)

By solving from (A3), the control parameters are known.
By using the exhaustive searching method to solve (A3) (via

a computer program), we have verified that there is always a

control parameters set that allows the switching of the two input
signals while others remain unswitched. For instance, if we want
to switch input port 3 and input port 5, we can set the control
parameters as seen in Table AI.

It is worth mentioning that the structure proposed here might
not be the optimal configuration to realize a hitless switch. The
research on the method to simplify the structure and a faster
algorithm to solve (A3) is under way.
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