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Abstract—The nonideal integrated optical V' x N generalized ~schemes, with applications in multifrequency lasers [10], flat-
Mach-Zehnder interferometer (GMZI) employing multimode in-  response wavelength demultiplexing [11], and wavelength-
terference (MMI) couplers is analyzed using transfer matrix gajactive switching [12]. Recently, the functioning of the

techniques. Deviations in the phase relations and the power . - - .
splitting ratio of the MMI couplers are included in the theory, GMZI as an active variable-ratio power splitter has been de-

along with the effects of phase errors in the interferometer arms. Scribed [13]. This device has interesting potential applications
The predictions of the theory are compared to the response for emerging optical networks, where the nodes must optimally
of a 4 x 4 GMZI which has been fabricated. The device is allocate and distribute signal power to numerous paths based
operated as both a variable-ratio power splitter and a switch on span length and/or changing demand.

by compensating for the phase errors in the interferometer arms, - . . . . .
but the performance is ultimately limited by the nonideal imaging Since the GMZI is an interferometric device, its perfor-

in the MMI couplers. The practicality of these applications is Mance depends upon the accuracy of the amplitudes and
investigated by performing a tolerance analysis for the operation phases of multiple beams within the device. This places

of 1 x N power splitters and switches forV' up to 10. strict requirements on the performance of the constituent
Index Terms—Multimode interference, optical couplers, optical MMI couplers. In practice, errors in the phase relations and
switches, optical waveguide components. power splitting ratio of MMI couplers are present and can

significantly degrade the performance and complicate the
active control of devices based on the GMZI [9], [14], [15].

Furthermore, imperfect waveguide fabrication is known to
ULTIMODE interference (MMI) couplers, based on thecause additional phase errors [9], [16]. Since the arms of
self-imaging effect [1] in slab waveguides, are keyhe GMZzI are often relatively long to accommodate efficient

components in integrated optics. They function as efficiehase shifting, the cumulative effects of these errors can be
splitters and combiners of optical beams, while possessingignificant.

host of advantageous characteristics, such as low excess 10Ss@g the number and complexity of applications using the

and low crosstalk [2], [3], accurate splitting ratios [4], [5]GMzI continues to expand, it becomes increasingly important
small device sizes [6], and good fabrication tolerances [%b identify the limitations of these devices. In this paper, we
Furthermore, it has been shown that these features Canqmntify a number of nonideal performance parameters and
maintained independent of polarization, and for operation ov@étermine their effect on the performance of the GMZI. In
a broad range of wavelengths [2], [7]. Section II, transfer matrix methods previously reported [9],

Owing to their superior performance, MMI couplers haver 3] to describe the general power splitting capabilities of the
been utilized as building blocks in more complex devices sugbMmz| are extended to include the effects of phase deviations
as generalized (multiple-arm) Mach—Zehnder interferometghd imbalance in power splitting ratio in the MMI couplers.
(GMZI) switches [8], [9]. The GMZI has subsequently beefrhe resulting model describes the characteristics of fabricated
used in a number of wavelength division multiplexing (WDMJsMzI's and more accurately explains the difficulties in op-

erating the GMZI. In Section Ill the general power splitting
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Fig. 1. Schematic diagram of a generslx N MMI coupler.

Il. THEORY OF NON-IDEAL GMZI OPERATION

A. Transfer Matrix of ¥ x N MMI Coupler

Consider theN x N MMI coupler in Fig. 1. The coupler

length L is given by [4]
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Fig. 2. General layout of aivV x N generalized Mach—-Zehnder interfer-
ometer. Identicalv' x N MMI couplers are used as splitter and combiner.
The armsj are of the same length and have active phase shifting regions
indicated by the shaded areas.

where Ei™ is the complex optical field amplitude at input port
¢ and Ef“t is the optical field at output porf. The output
intensities arel £5*|* and the imbalance in an output port
(measured in dB units) is given by

(1)

Imbalance= 20-10g10< %ij ) 7)
ires

where j..r IS a reference output port.

3L,
L="%
where L, is the beat length of the coupler, defined as [3]
w
L=
Bo— A

where /3, and 3; are the propagation constants of the fun-
damental and first-order modes supported by the multimode

region, respectively.

The phase associated with imaging an inptd an output
4 in an MMI coupler has been derived by Besseal. [8],
[17] and can be recast into a simpler form [18], yielding th

relative phasesp;;

w it r w
Yij = — 5(—1) AEARE S IN

i+ — 4% — j2 4 (=1)EN <2'Lj—z—j + =

Let us denote the transfer matrix for thé x N MMI by
Secoupler- The element in rowi and columnj of this matrix,

sij, IS given by

()
B. The GMZI Transfer Matrix

The basic layout of th&/ x N GMZI is shown in Fig. 2. The
Stfucture consists of three componentshar N MMI splitter,
an active phase shifting region with arms and associated
phase shifters, and a®v x N MMI combiner. The phase
shifters are indicated by shaded regions, and can be operated
By applying a driving signal (voltage, current, etc.) to shift the
phases of the light in the arms by virtue of any of a number of
effects, such as the electrooptic or the thermooptic effect [19].
The transfer matrix of the GMZI consists of the matrix

with input ports;j and output ports. The active phase shifts
(3) are applied independently and simply shift the phase in a given
armyj by an amounithy;. The effect of phase errors in an arm
caused by imperfect waveguide fabrication can be incorporated
by introducing a phase errd@rp; in the arm. The arms in a
GMZI can therefore be described by the diagodalx N
transfer matrix

)} Seplitter With input portsé and output portg and Scompiner

g e (P tEe)
8;5 = ajje 4) I(aiton) . . .
where J = /—1,q;; is the (real) field amplitude transfer 0 o (Apatoes) 0
coefficient from inputi to outputj, and &p;; is the phase Sarms = 0 0 0
deviation of the image at output pgjtfor an input into port 0 0 0 ol (Bentoeon)

7. In a lossless device, the optical power at the output ports

is conserved, i.e.

N

2 _
E a; = 1.
i=1

8
The total transfer matrix of the GMZI is then given by

(5)
T= Scombiner : Sarms : Ssplitter- (9)

The output field distribution emerging from the MMI cou-c. output Intensity Expressions

pler is given by the following matrix equation:

out, in
By Ei

ou in
E2 E2

. = Scoupler

out in
B Fop

The elements of the transfer matfix are denoted by;z,
and are found by substituting (4) and (8) into (9)

(6) al ,
tin = Z aija;,keJ(9¢fj+‘59¢7'j+A%+‘5%+%k+‘5%k) (10)

=1
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where the primed notation is used to distinguish the parameters 1ll. CHARACTERIZATION OF A FABRICATED GMZI
of thﬁ[ I\(/lelt corr}biner ffr_fgm tr:at O'II t:;ef splitt(;:-r. rI]n gegeral;he In an ideal GMZI,8p;; = 0, §p; = 0, anda;; = d
amplitude transfer coefficients will differ and phase deviations, - 12 m

will vary from coupler to coupler and arm to arm. With asingle/\/_’ S0 (12) becomes

J

input beam of optical intensity, into port:, the intensity at , 1 N-l N
an output portk is given by [til” = 72y V +2 Y coslleip — @ig)
r=1 g=p+1
out __ 12
M =t Io (11) + (Ap, — Apy) + (pr — (qu)]] } (13)
where Choosing an arbitrary input port and setting all but one
phase shift to zero, the power in th€ output ports can

N N1 N be plotted as a function of a single phase shift. This is
[t |? = Z aijaﬁ 42 Z Z akpa;n‘akqa;i achieved experimentally by monitoring the optical intensity in

= =1 q=pt+1 the output ports as the power applied to a single phase shifter

is continuously varied. In this manner, a “cross section” of
the response of a fabricated GMZI is obtained, and can be
compared to that of an ideal one. The deviation between the
theoretical and the experimentally obtained functions indicate
(12) the degree to which phase deviations and imbalance are present
in the fabricated device.
To illustrate this concept, we have fabricated a 4 GMZI

andp andgq refer to the internal armg. Analytic expressions in PECVD silicon oxynitride (SiON) waveguide technology
for the intensities at the various outputs in terms of th@0]. A schematic diagram of this device is shown in Fig. 3.
applied phase shifts, amplitude transfer coefficients, and phd$e rib waveguide cross section is given in the inset, and
deviations can be derived from (11). If these parametersnsists of a Ism thick core layer of SION(n = 1.559)
are known, (11) containg’ equations (one for each desiredsurrounded by upper and lower cladding regions of ;SiO
output power) andNV unknowns (the applied phase shifts)(n = 1.459), each 3um thick. The PECVD core and cladding
and can be solved numerically to determine the phase shifigers were grown on thermally oxidizé#i00) oriented silicon
necessary to operate the GMZI as a generalized power splittgfers, and the waveguides were defined by a reactive ion etch
[13]. (RIE). A 200 um thick layer of chromium metal is deposited

In practice, however, these parameters are not knowam top of each arm to serve as the thermooptic heater elements
resulting in2/N? 4+ 4N unknowns in (11). Determination of for phase shifting. The arms are separated by a lateral distance
these parameters is exceedingly difficult unless the GMagf 250 m to increase the thermal isolation between them. The
is physically separated into its splitter, arm, and combindrx 4 MMI coupler dimensions are 1& 259 um.
regions, which is impractical. The result is that the responseTunable laser light with a wavelength of 1550 nm is
of the GMZI to various applied phase shifts has not bedaunched into an input port using a lensed single-mode fiber,
predictable [9], [15], so optimization schemes or iterativand the light emerging from an output port is focused into
methods are needed for the GMZI to be useful in optical multimode fiber using microscope objectives. The fiber is
switching or power splitting applications. Furthermore, theerminated in a photodetector, and the output is electrically
presence of imbalance and phase deviations in the Miinplified and displayed by a multimeter. The thermooptic
couplers and GMZI arms increase the crosstalk and reduteaters are operated using four independent voltage sources.
the extinction ratio attainable in the GMZI. An input port(i = 2) was arbitrarily chosen and the optical

Improvement of waveguide fabrication technology can ipower in the output ports has been monitored while increasing
principle solve these problems. For example, it is knowthe electrical power supplied to each single phase shifter while
that small variations in the width of MMI couplers resultgnaintaining a zero applied power to the remaining three phase
in imbalance and phase deviations among the output imagifters. Four sets of sinusoidal curves are obtained. One such
[7]. Furthermore, imperfect waveguide fabrication can residet is shown in Fig. 4, where the relative intensity in the output
in local variations in the waveguide width and core/claddingorts is plotted as a function of the electrical power applied
refractive indices, thereby introducing additional phase erraxs the phase shifter on arm = 4 (arbitrarily chosen). The
[16]. Since the arms of the GMZI consist of long, narrowgurved lines are fitted to the data points. The periodicity of
single-mode waveguides, the phase errors manifest themsehlhes optical output is characteristic of an interferometer, and
principally in the GMZI arms. enables the calculation of the efficiency of the phase shifter.

The analytic result (12) provides us with a model to ddé-rom Fig. 4, an applied electrical power of 204 mW results
termine the effects of imperfections on the performance of a complete period or 8r phase shift, for an efficiency of
the GMZI. We now use this model to compare the predict&82.5 mW / radian.
response of the GMZI under various nonideal conditions with The experimental curves of Fig. 4 are reproduced for a
the measured behavior of ax4 4 GMZI. single period in Fig. 5 (dashed lines) along with the theoretical

~cos[(@ip — @iq) + (Sprp — Sprg) + (A — Apy)

+ (6pp — 60q) + (Ppr — Pai) + (600 — 6]
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Fig. 3. General layout of the 4 4 GMZI which has been fabricated, showing the single-mode waveguide cross section (inset). The arms are separated
by a distance of 25Qum and the thermooptic phase shifters are 3 mm in length.
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intensity and plotted as a function of the electrical power applied to the ph gshe ine) response of Fig. 4.
shifter on arm 4, and a zero applied power elsewhere. Inputiper2 has
been used. . . Lo

imaging length variation oL = +3 pm. Values fora, a’, 6¢,

andéy’ are chosen randomly with upper limits corresponding

response of an ideal 4 4 GMZI (solid lines) calculated to the imbalance and phase deviation levels for three different
using (13). The fabricated device response is in general phgggues ofSL as shown in Fig. 6. These correspond to worst-
shifted, the amplitude of intensity variations is diminishesase values from choosing each output port as a reference, and
and the level about which the intensity varies sinusoidally e introduced into (12), ensuring that the maximum imbalance
offset with respect to the ideal device. These results are evidgati phase deviation are always present in at least one output
from the form of (12), which contains terms which affecport. The theoretical curve for an arbitrarily chosen output port
the amplitude, phase and offset of the sinusoidal variation @f = 2) of the GMZI from Fig. 5 is then modified as shown in
intensity with the applied phase shift. Fig. 7(a). Imbalance and phase deviations in the MMI couplers

We now use our model (12) to demonstrate how varioygsult in a slight shift in the phase of the theoretical response
nonideal effects result in our observed device response. Figeive, and a slight change in both the offset level and the
the model is used to determine the effects of imbalance aaghplitude.
phase deviations in the MMI couplers. These effects have beemext, we use the model to determine the effects of phase
introduced by first performing a modal propagation analységrors in the arms of the GMZI. Introducing random phase
(MPA) simulation [3] of the 4x 4 MMI coupler using the errors with various upper limits into (12), the theoretical curve
waveguide design shown in Fig. 3. The result in Fig. 6 shoviisr output port 2 from Fig. 5 is modified in the manner
the maximum imbalance and phase deviation in the imagsisown in Fig. 7(b). Phase errors in the arms of the GMZI
for various MMI coupler lengths, using port 2 as a referencignificantly alter the phase, amplitude and offset level of
(arbitrary). A given level of imbalance and phase deviatioile theoretical response. Observing the results of Fig. 7(b)
can be associated with an equivalent length deviattdn, and the experimental result in Fig. 5, there is strong evidence
which can arise from the finite resolution of the lithographithat phase errors are present in the fabricated device and are
fabrication techniques used. For example, a deviatioft@fL  distributed approximately randomly among a range of values
#m in the width of our MMI couplers results in an optimunmbetween 0 and2 These errors are approximated by random
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Fig. 8. Superimposed line scans of the four switch states oka#4GMZI
measured using an infrared camera. The phase shifter voltages were adjusted

Fig. 6. MPA simulation results for out x 4 MMI coupler, indicating the  manyally using an iterative technique to maximize the output light emerging
maximum imbalance and phase deviation that result when the MMI coupigsm each port.

length varies from the optimum imaging lengtf. = 0. Input port: = 2

and a reference pont = 2 have been used. Levels of imbalance and phase

deviation (worst-case from all reference ports) corresponding to three differ
values of6 L are chosen as benchmarks for a tolerance analysis of the GM

%Ttbias component to compensate for the phase errors in the
arms. Since the bias values needed are not known beforehand,
we use the procedure outlined in the next section to determine
these values experimentally.

= Theoretical (ideal coupler)
60 ~3— 8L= Opm
IV. 4 x 4 VARIABLE-RATIO POWER SPLITTER
50 & —&— SL=+5um
—¢ 8L=:10um Using the 4x 4 GMZI we have fabricated, we can demon-
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Applied Phase Shift on Arm 4 (degrees)

@)
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strate its operation as a variable-ratio power splitter. To
compensate for the phase errors in the GMZI arms, the device
is first brought into a switching state, where ideally all of the
output light emerges from a single port. This has been done in
our 4 x 4 device by adjusting the voltage applied to the four
thermooptic phase shifters while the optical intensity emerging
from the output ports was monitored using an infrared camera.
The camera signal was sent to a computer, where image
processing software was used to provide a line scan of the
image. An iterative manual adjustment technique was used
to bring the device to the four switch states. Line scans

—H—15deg . . .
80 —o—45deg of these states are shown superimposed in Fig. 8. Though
70 —¥—50deg compensation of the phase errors in the arms is possible, the
60 ‘A‘:ngg imbalance and phase deviations of the MMI couplers cannot in
—— eg

Intensity (%)
3

—4—270deg

360

Applied Phase Shift on Arm 4 (degrees)

(b)

Fig. 7. Deviation of the theoretical response of pbrt= 2 from Fig. 5
calculated using (11) for various (a) equivalent length deviations in the Ml\f
couplers, and (b) phase errors in the GMZI arms distributed randomly between

0° and various upper bounds.

general be compensated by the applied phase shifts, resulting
in increased crosstalk and nonuniformity in the switch states.
The measured crosstalk values were typicallydB and a best
result of —11 dB was obtained. Measured extinction ratios for
all ports were between 15-18 dB.

The set of voltages corresponding to a switch state in our
device were recorded, and the theoretical voltages needed to
bring the switch into that state were subtracted from the set
to arrive at a set of bias voltages. This set of bias voltages
varied with each switch state, indicating imperfect imaging in
he MMI couplers and partially uncompensated phase errors
in the GMZI arms. Using the bias voltages and (13), the
voltages necessary for a given variable-ratio power splitting

values because material and waveguide parameters will vatste were calculated numerically. When these voltages were
locally from point to point in a given waveguide and armapplied, the power splitting states varied slightly from the
to arm in a given device. If the magnitude of these randodesired distribution, however, tuning of the voltages by a small
errors is limited to small fluctuations as shown in Fig. 7(bpmount from the predicted values often improved the splitting
the device response agrees reasonably well with the theastio. The reason for this is that (13) describes an ideal device
In practice, the phase shifts applied to the arms can included is therefore only an approximation. The results of this



LAGALI et al. ANALYSIS OF GMZI'S FOR POWER SPLITTING AND OPTIMIZED SWITCHING 2547

TABLE |
SIMULATED TOLERANCES OF N = 4 VARIABLE-RATIO POWER SPLITTER FOR POWER
SPLITTING RATIO (14), INCLUDING A £3% INACCURACY IN THE APPLIED PHASE SHIFTS

MMI coupler deviation Upper limit for Deviation in variable-ratio power splitting state
(Fig. 6 - worst case using all ports as a reference) uncompensated (% of total output intensity) above (+) and below (-) desired value
Equivalent Imbalance Phase Deviation phase error in Port Port Port Port
AL (dB) (degrees) interferometer arms k=1 k=2 k=3 k=4
(degrees)
Ideal coupler 0 0 0 - 0.04 - 0.37 + 0.71 - 0.30
6L =0 um 04 1.5 0 - 0.11 + 1.17 + 0.54 - 1.60
5 + 0.07 - 1.10 + 3.49 - 246
SL=15um 1.0 35 0 - 0.38 + 1.34 - 3.17 - 413
5 - 2.80 + 4.57 + 1.53 - 3.29
SL=110um 2.0 9.0 0 - 1.33 + 4.10 + 8.13 - 1091
5 - 3.07 + 6.08 + 8.79 - 11.80
0.16 power splitting state of
~——MPA Simulation
014+ ... Experiment a 0.10
0.12 + : out 0.30
ot 0.20

corresponding to the state in Fig. 9(a). The required phase
shifts are calculated from the theoretical result (13) which are
used along with various values for nonidealities in (12), to
calculate the resulting splitting ratio. The table lists the devia-
tions of this ratio from the desired ratio given in (14). Various
levels of imbalance and phase deviation in the MMI couplers

Intensity (a.u.)
[
3

o o
]

Distance along output plane have been introduced as an equivalent deviation in imaging
(@ length 6L using the simulated results from Fig. 6. All values
0.16 in the table include an inaccuracy component#% of the
———— MPA Simulation value of the phase shift, which allows for the combined effects
QT Experiment : of a finite precision with which phase shifts can be applied,
012 + phase shift deviations due to wavelength variations in a 60-nm
% o1l wavelength region around the center wavelength of 1550 nm,
8 and fluctuations in the power applied to the phase shifters.
2008 + It is seen in Table | that a degradation in the power splitting
§O.06 1 ratio occurs as the imaging in the MMI couplers worsens.
- In this case, an acceptable level of deviation in the power
0047 splitting ratio is achieved if the equivalent deviation in imaging
0.02 1 length of the 4x 4 MMI couplers is kept belowt5 xm. As
o . i | the level of uncompensated phase errors in the GMZI arms

<

Distance along output plane increases from Oto 5°, the effect on the deviation in the

power splitting ratio is small when the MMI couplers are close
(b) . ; )

) ] o ) ] to ideal, however, as the MMI coupler imaging degrades, the

Fig. 9. Theoretical (solid line) and experimental (dashed line) output fromﬁ t f in th b iqnifi tF

a 4 x 4 variable-ratio power splitter for (a) the ratio given by (14), and (b? ects o grrors In the arms _ecome. more signitican " or

the ratio [0.00 0.33 0.33 0.34]. Theoretical results were found using the vMrae operation of the power splitter it is therefore of prime

technique [3]. importance to ensure that the MMI couplers perform well.

To investigate larger devices, a similar tolerance analysis is
method are shown for two power splitting ratios in Fig. 9. Iperformed for¥ = 5 up to N = 10 using an equal power
Fig. 9(a), the best experimental result differs significantly fromplitting state in every case, i.e.,
the theoretical prediction while the distribution in Fig. 9(b) I
closely matches the theoretical result. The power splitting Y= -0
ratio in Fig. 9(b) is one which can be accurately obtained N
in our fabricated GMZI, while the ratio in Fig. 9(a) cannotwherek = 1,2,---, N. The results are shown in Table II.
This behavior is expected since the finite extinction ratido simulate the parameters of real devices, a maximum MMI
and crosstalk level in the fabricated device reduce the setamfupler imbalance of:1.0 dB and phase deviation €f3.5°
available power splitting ratios. are used forV = 5,6, 7 and maximum imbalances and phase

Table | summarizes the results of a tolerance analysisviations of+2 dB and +9°, respectively, are used for
of variable-ratio power splitting with¥V = 4, using a N =8,9,10. Low imbalance values such as these have been

(15)
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TABLE 1l
SIMULATED TOLERANCES OF VARIABLE-RATIO POWER SPLITTER FORIN = 5 UP TO N = 10 FOR POWER SPLITTING
RATIO (15), INCLUDING A £3% INACCURACY IN THE APPLIED PHASE SHIFTS. THE IMBALANCE AND PHASE DEVIATION
FORN = 5,6,7 ARE £1.0 dBAnD +3.5° aAND FOR N = 8,9,10 THEY ARE 2.0 dB AND +9°, RESPECTIVELY

N Upper limit for Deviation in equal power splitting state (% of total output intensity)
uncompensated above (+) and below (-) desired value
phase error in Output Port &
interferometer arms
(degrees) 1 2 3 4 5 6 7 8 9 10
5 0 - 053 [ - 236 [ -216 [+ 326 | + 1.80
5 - 017 | - 222 [ - 140 [+ 252 [ + 1.27
6 0 +012 [ +099 [ -131 [+319]|+072 [ -371
5 +058 [ +230 [ -195 [ +045 [ +024 [ - 162
7 0 -207 [ +235 [ - 111 | -098 | - 212 [+ 234 | + 1.58
5 -095 | +292 [ -035 [ -124 | -177 | - 1.00 [+ 239
8 0 -214 [+ 115 [ -215 [+215] -060 [ - 097 [ -195 [ + 452
5 -206 | + 1.60 [ -280 [+ 1.84 | -070 | - 1.00 [ + 063 [ + 2.49
9 0 -210 [ -315 [ -062 [ - 105 [+ 1.61 [+ 1.83 [ - 019 [+ 1.29 [ + 247
5 -013 | - 281 [+ 126 ] -2.80 | +203 | + 021 [ + 014 | + 095 | + LIS
10 0 -274 | -005 [ - 138 | -366 | - 165 | - 175 { + 024 | + 0.19 | + 574 | + 5.05
5 -245 | + 187 [ -284 | -494 | -003 [ -230 [+ 071 [ + 025 | + 647 [ + 3.26
measured in MMI couplers with larg¥ [4], [5]. Table 1l also TABLE Il
includes the phase shift inaccuracy values used in Table |, SIMULATED TOLERANCES FORN = 4 GMZI SwiTcH PERFORMANCE
The deviation in power splitiing ratio is s in Table Il ASSUMING FuLLY COMPENSATED PHASE ERRORS IN THEARMS, FOR
] € viatl ! p. W_ pli _' g ! g I ) gen n fa .e VARIOUS LEVELS OF INACCURACY IN THE APPLIED PHASE SHIFTS
to increase slowly with increasingy. Maintaining a certain VYT P : T
. o coupier eviation naccuracy Ypica
level of' mbalance gnd phase dey@hons, however, becomes (Bquivalent 1) Allowance (2 %) | Crosstalk (dB)
more difficult asN increases. This is because the tolerable 0 T oo
length deviatior$ L required for a given level of imbalance and Ideal coupler 1 -44.8
phase deviation in the MMI coupler shrinks as N increases. 2 -38.6
This effect is partially taken into account in the analysis by P (1) '32‘2
. B . n = m - .
using larger imbalance and phase deviationsNot= 8,9, 10 a 3 270
than for N = 5,6,7. It is also seen in Table Il that partially 0 2229
uncompensated phase errors in the GMZI arms have a small L =1%5pum 1 -224
effect on the power splitting ratidv, sometimes improving g ﬁf
the ratio due to partial compensation of the inaccuracies in the 8L =+ 10 um i - 39
applied phase shifts. 2 138

The poor performance of the switching function in the
GMZI shown in Fig. 8 is investigated by using our model
(11) to perform a tolerance analysis for the switch. A similagquations in (13) is numerically solved for the phase shifts,
procedure as for the power splitter is used, but replacing (1&)set of switching phase shifts is obtained. By adding or
by an arbitrarily chosen switch state. In this case, we usabtracting a constant phase factor and using the mdiulo
Ipv = Iy whenk = 4, and It = 0 otherwise. The crosstalk operation, this set of phase shifts can be optimized, in the
for various MMI coupler deviations and inaccuracy allowancesense that the magnitude of the maximum difference among
are shown in Table lll, assuming the phase errors in the arithe phase shifts is minimized. Repeating this process for switch
are fully compensated. Degradation in the imaging of thetates corresponding to alV output ports, the resultingv
MMI couplers is seen to significantly increase crosstalk in treets of optimum switching phase shifts form the columns of a
switch. If we add to this a small amount of uncompensatedatrix, called the optimum switching matriX. For a given
phase errors in the arms, the result is the poor performanpput port:, the desired output port is selected by the column
we have measured. k, and the element in roy gives the phase shift that must

From the trend in Table Ill, we observe that the imaging ihe applied to arny in order to route the light from input port
the MMI couplers must first be improved to lower the crosstalkto output portk. Using a different input port amounts to
level. As the imaging approaches that of the ideal couplénterchanging the columns of the matrk.
however, the sensitivity of the crosstalk to the accuracy For example, the following optimum switching matrix is
of the phase shifting increases, indicating that simultaneciasind for the 3x 3 GMZI for ¢ = 1:
improvement of both the fabrication and control are needed to 1 -1 1
obtain good switch performance. 1 1 1 (16)

-1 1 1

™

X =
3
V. OPTIMIZED GMZI SWITCHING

If for a given input porti the desired output distribution of which demonstrates that th%y = 3 GMZI switch can be
the GMZI is set to a switch state and the idealized system afiven with phase shifters controlled by binary logic. If a13
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Fig. 10. Variation in the number of discrete phase shift control levels afdd- 11. Crosstalk in GMZI switches as a function &t for various MMI

the maximum phase shift required for optimized GMZ| switch operation withoupler performances and inaccuracy levels in the applied phase shifts. The
the number of portsV. dashed, solid, and circled lines are for inaccuracy levels of §&, and

+4%, respectively.

MMI coupler is used as the splitte is further simplified,
though this is not true for a general value &t The phase
shifters in Fig. 2 can be designed such that the application
a voltage with magnitude of-V volts induces a phase shift
of magnitude2=/3. The voltage levels 0 and-V therefore
represent the digital logic levels 0 and 1, respectively.
Binary driving conditions are unique for th®¥ = 3 GMZI
switch. Generally, agV increases, the driving conditions for
the phase shifters increase in complexity. Forihe- 5 GMZI
switch, however, the optimum switching matrix is given b)Z
the simple result

have added an additionat1% to the inaccuracy allowance
igfthe analysis.

In Fig. 11 three levels of MMI coupler performance are
used. If a certain level of MMI coupler performance can
be maintained agV increases (usually resulting in tightened
fabrication tolerances), the level of crosstalk will remain
relatively constant. For perfect imaging in the MMI couplers
(no imbalance or phase deviation) low crosstalk values are
ossible, but even slight inaccuracies in the applied phase
hifts can degrade the crosstalk significantly. For example,
a +£2% inaccuracy in the applied phase shifts increases the

-1 0 1 -1 1 crosstalk from—cco (with no inaccuracy) to about40 dB.
o -1 1 0 1 -1 For a maximum imbalance af1.0 dB and phase deviation
X=—11 1 -1 -1 0 (17) of 45°, the crosstalk is limited to about28 dB, while
211 -1 1 o0 -1 increasing these values t42.0 dB and £10° limits the
0o -1 -1 1 1 crosstalk to about-20 dB. Again as in Table lll, the sensitivity

. . . . .. of the crosstalk to the accuracy of the applied phase shifts
Wh'Ch agan (_jemons_trgtes .that. the switch can in principle B%creases as the imaging in the MMI couplers degrades.
driven with simple digital circuitry.

As N increases, the number of discrete phase shift (logic)
levels increase, while the maximum phase shift magnitude
required to operate the switch approacBes A summary of We have developed a comprehensive model to simulate
the results obtained for switches with values/¥fup to ten the behavior of nonideaN x N generalized Mach—-Zehnder
are shown in Fig. 10. It should be mentioned that these resutigerferometers. By including effects such as variations in the
are idealizations, assuming the nonideal effects in a fabricatddil coupler imaging characteristics and phase errors in the
GMZI can be overcome. Even slight fabrication imperfectiorsrms, the predicted response of the nonideal GMZI resembles
have been shown to result in nonideal behavior. While thlee response of a 4« 4 GMZI we have fabricated. The
GMZI can be used as a variable-ratio power splitter in the§€&MZ| can operate as both a variable-ratio power splitter and
cases, the switching requirements are far more stringent. &gwitch, and a tolerance analysis has been performed for both
exploit the symmetries in the GMZI for switching, it isfunctions, including errors in the MMI couplers and arms, and
imperative that the device response is as close as possi@éations in operating parameters such as wavelength and
to the ideal response. stability in the applied phase shifting voltage. The variable-

A tolerance analysis similar to the variable-ratio powematio power splitter can be operated even if the GMZI is
splitter has been performed for GMZI switches fd5fr = 4 nonideal and the splitting ratio remains stable and tolerant even
up to N = 10, using a range of MMI coupler performancedor moderate values ofV. The requirements for optimized
and inaccuracy allowances and assuming compensation of $hdtching using the GMZI, however, are far more stringent.
phase errors in the GMZI arms. The results are shown Te ultimate performance of these switches is determined by
Fig. 11. Since optimum switching demands that the phaee imbalance and phase deviations in the MMI couplers.
shifts are exact values, an additional inaccuracy resulting frobhe switches provide crosstalk levels in th0 to —30 dB
fluctuations in the parameters of fabricated phase shifters suahge, and can only be improved with very accurate device
as resistance must also be included, and for this reason fakrication and control methods.

VI. CONCLUSION
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