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Abstract

A novel form of Mach-Zehnder interferometer based on multimode interference (MMI) phenomena in multimode wave-
guides is predicted and demonstrated. The interferometer is based on symmetrically feeding fundamental mode fields from two
square waveguides, 2aX 24, in cross section, into a multimode rectangular guide, 2aX2b, (b>a). As a result of multimode
interference phenomena, depending on whether the input fields are “in” or “out of” phase, two completely different forms of
resultant field pattern are produced at a distance of 2b2/4,, along the multimode guide. The predictions are verified experimen-
tally at 10.6 um with hollow dielectric guides, but the underlying design concepts are considered to be much more broadly

applicable.

1. Introduction

Rivlin et al. [ 1] predicted interesting transmission
properties for coherent light in multimode wave-
guides and demonstrated that multiple images of an
illuminated slit could be produced by a suitable choice
of guide geometry. Bryngdahl [2] suggested that
multimode waveguides might be used to create both
single and multiple self-images of symmetric objects
illuminated with coherent or incoherent light. Ulrich
[3] explained the formation of single self-images in
terms of the superposition of harmonic modes and
demonstrated single order self-imaging of a coher-
ently illuminated slit in a planar liquid guide. Ulrich
and Ankele [4] described the formation of multiple
self-images ray optically and demonstrated double
order self-imaging again with a liquid guide. Al-
though Ulrich et al. [3,4] undertook their experi-
ments with symmetric images their theoretical work
assumed the more general case of asymmetric images
which resulted in the excitation of both symmetric

and antisymmetric waveguide modes. They pre-
dicted that an N-fold replication of an image in the
input plane of a multimode waveguide would be
achieved at a guide length of 4(2b)?/NA,, for a planar
guide of width, 2b, where A, was the wavelength of a
plane wave in the core.

Based on earlier studies of multimode interference
phenomena in circular cross sectioned waveguides
[5], we have proposed and demonstrated, symmet-
rically fed rectangular guides as the basis of funda-
mental mode beam splitters [6-9]. These provide a
function similar to a cascade of “Y” junctions but
have advantages in terms of length, efficiency and ease
of manufacture. In such splitters a square sectioned
waveguide, 2a X 2a, carries a fundamental mode field
symmetrically into a multimode rectangular guide,
2ax 2b. Because of the symmetric form of this type
of multimode interference (MMI) splitter, it relies
solely on the excitation and propagation of symmet-
ric modes. Numerical field calculations [6~9] sup-
ported by a modal analysis [ 10], have shown that in
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such configurations, the waveguide length required
to achieve an N-way fundamental mode replication
is given as (2b)2/NJ.. This guide length is one quarter
of that predicted for the same order of splitting in
mixed mode (symmetric plus antisymmetric mode)
splitters; as a result symmetric mode splitters should
have advantages in both manufacture and use. A 1-
to-2-way splitter has been demonstrated with hollow
dielectric guides and 10.6 pm radiation [§] and a 1-
to-20-way splitter with GaAs ribbed guides and 1.06
um radiation [9].

In addition to self-imaging, Simon and Ulrich [11],
suggested that multimode guides with offset inputs
and outputs might be used as the basis of fibre optic
Mach-Zehnder interferometers. More recently, Pen-
nings et al. [121], have realised this form of interfer-
ometer in InGaAsP rib guide technology and have
noted a number of potential uses, including: power
division, modulation and switching. Soldano et al.
[13] have proposed a variant on Simon and Ulrich’s
[11] design where the input guides have been posi-
tioned to limit the set of modes excited in the multi-
mode guide. More sophisticated forms of interfero-
meter based on multimode interference phenomena
are also possible. Niemeier and Ulrich [14], have
predicted and demonstrated that phase quadrature
information can be obtained with interferometers
based on 4-to-4-way splitters/mixers with offset in-
put guides. Interferometer designs with multiple in-
put and output arms have been postulated as the ba-
sis of N-to-N-way image switches [15]. 1-to-N-way
and N-to-N-way optical switches based on funda-
mental mode input and output guides have also been
proposed [16]. 1-to-10-way and 10-to-10-way ver-
sions of these devices have recently been demon-
strated in GaAs rib guide technology [17].

In our earlier work [8], we noted and demon-
strate, that symmetric mode splitters could be used
in reverse to recombine or mix fundamental mode
input fields. We suggested that such mixers could be
the basis of useful interferometers and modulators,
in that the result of the mixing process is critically
dependent on the relative phases of the fundamental
mode input fields. In this paper we apply the concept
to the design and demonstration of a novel form of
MMI Mach-Zehnder interferometer which has not
been previously reported in the literature and which
has potential advantages over interferometers de-

scribed in earlier work. The basic form of the device
is illustrated schematically in Fig. 1 in terms of a low
loss hollow waveguide structure created in a suitable
dielectric substrate. Although the schematic diagram
and the theory outlined, specifically relate to hollow
guides of the form used in our experimental work,
the underlying design concepts are more generally
applicable to step index waveguides capable of sup-
porting the required degree of muitimode propaga-
tion. In suitable semiconductor integrated optic tech-
nologies the symmetric MMI interferometer could
have considerable potential as an alternative to “Y”
junction and evanescent wave based interferometers
and modulators.

The interferometer illustrated in Fig. 1 is com-
posed of a symmetric splitter, of the form described
earlier [6-10], linked via two mid-way guides, to a
symmetric mixer. The mid-way guides act as the arms
of the interferometer with optical path differences
between them causing changes in the resultant field
coupled to the output guides. The interferometer has
five distinct waveguide regions: a square input guide,
a rectangular splitter guide, two square mid-way
guides, a rectangular mixer guide and three square
output guides. The structure as illustrated requires a
lid which forms the fourth wall of all the guides in
question.

The square guides of the structure are all 2aX 2z in
cross section, and are capable of supporting funda-
mental mode propagation. Their length is arbitrary.
The two rectangular guides are 2aX 2b in cross sec-
tion. They are capable of supporting multimode
propagation and have a length L=2b2/4. This value
of multimode guide length arises from the more gen-
eral design criteria for an N-way symmetric splitter,
Ly=(2b)?/NA,, where we chose N=2 for a two-way
splitter [6-10]. Here, 4. is the wavelength of a plane
wave in the core of the rectangular guide, i.e. A.=
A/n, where n is the refractive index of the core and 4
is the vacuum wavelength. For hollow guides, where
n=1, A.=A. The single input guide, the two rectan-
gular guides and the centrally located output guide all
lie on the same axis whereas the mid-way guides and
the two offset output guides are displaced from the
axis by +b/2 respectively. This assumes, as illus-
trated in Fig. 1, that the sides of the rectangular guide
are defined by walls at —b and + b, respectively.

The first rectangular guide serves to split the fun-
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Fig. 1. Schematic diagram of a hollow waveguide MMI Mach-Zehnder interferometer based on the use of a symmetric multimode wave-

guide splitter and mixer.

damental mode input field equally between the two
mid-way guides, whilst the second rectangular guide
serves to mix the fields from the mid-way guides and
direct the resultant field towards the output guides.
The resultant field produced is critically dependent
on the relative phases of the fundamental mode fields
from the mid-way guides. Although the illustration of
the interferometer, and the preceeding description,
emphasise the use of three output guides, in a wide
variety of applications a single axial output guide
should suffice. In such designs, as the rectangular
mixer guide only has to accommodate the two mid-
way guides, it can be made correspondingly nar-
rower, and, as a result considerably shorter.

In this paper, we describe the underlying theory of
the interferometer in terms of the propagation and
interference characteristics of the modes of the hol-
low multimode rectangular waveguides which form
the splitter and mixer sections and discuss the details
of practical designs. The experiments undertaken with
a CQO, laser source in conjunction with an interfero-
meter based on hollow alumina waveguides are then
described. Finally, there is a discussion and conclu-

sion section, where comparisons with earlier pub-
lished designs are described and concepts for other
devices based on multimode interference phenom-
ena are outlined.

2. Mode propagation theory

The muitimode propagation characteristics of the
rectangular guides of the interferometer are ex-
tremely important as far as its performance is con-
cerned. With this in mind we start by reviewing the
multimode properties of such waveguides. For the
general case of a rectangular cross-sectioned hollow
waveguide of height 2a, and width 25, surrounded by
a homogeneous dielectric material of complex dielec-
tric constant, €. The normalised linearly polarized
EH,, modes, with their time dependency omitted, can
be approximately described by the field expression
[18,19]:

E (x,yz)= (\/E))“ cos(pmx/2a) cos(qny/2b)
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X exp(—¥,2), forp,qodd,
=(/ab)~!sin(pnx/2a) sin(qny/2b)
X exp( —¥,,2), forp,geven, (1)

where p is the mode number relating to the field de-
pendency along the x-axis, ¢ is the mode number re-
lating to the field dependency along the y-axis, z is
the axial variable, and y,, is the propagation constant
of the EH,,,th mode; y,,=a,,—1p,,. Laakmann and
Steier [19] give the phase coefficient, §,, of the
EH,th mode as

Boo=(21/2){1 =3[ (pA/4a)*+ (gA/4D)*]},  (2)

where, A is the vacuum wavelength. It should be noted
that the expression predicts that the phase coeffi-
cients of the modes are independent of the wall ma-
terial and is referred to as the “paraxial approxima-
tion”. Laakmann and Steier [19] also give the
attenuation coefficient of the y polarised EH,, mode
as

A%p? 1
Yy
Hre= 16a3R°<(e—1)'/2)
A2q? €
* 16b3Re((e—l)‘/2>]' G)

Egs. (1)-(3) are based on two important assump-
tions: (i) (4a/pA)> 1, and, (4b/gA) > 1, (ii) for x-
polarised modes, (4a/pA)(|e—1]|'%/¢)>1, and,
(4b/gA)(le—~1]"?)>1, and that for y-polarised
modes, (4a/pA)(|le—1]|Y?)>1, and (4b/ql)
(le—=1]'2/€)>> 1. The first assumption relates to the
fact that the guide cross-section should have dimen-
sions that ensure that the grazing angle between the
plane wavelet associated with the EH,,;th mode and
the wall of the guide is much less than a radian [19].
Under these conditions the second assumption en-
sures that the wall complex dielectric constant has a
value such that the EH ,,th mode propagates with low
attenuation.

For a given waveguide, where a, b, € and 4 are fixed,
Egs. (1)-(3), will only been valid up to a given mode
number. This is an important issue. For the multi-
mode splitting and mixing processes to be perfectly
achieved the propagating modes must have phase
coefficients exactly dictated by Eq. (2). Deviations
in the form of the phase coefficients will result in less

efficient splitting and mixing, as will any differences
in the relative attenuation of the modes in propagat-
ing through the splitter and mixer guides. The two
effects are clearly linked. In this respect the orders
and amplitudes of the modes excited are important
variables. Their values will depend upon the geome-
tries of the multimode guides, the positions and
numbers of input guides and the nature of the fields
which they carry. For the case of a symmetrically fed
splitter, i.e. the first stage of the interferometer shown
in Fig. 1, Figs. 2a and 2b illustrate how the mode cou-
pling coefficients, relating to mode amplitude |A4,,|
and intensity |4,,|?, respectively, vary as a function
of the ratio of the rectangular guide width, 25, to the
square input guide width, 24, under the assumption
that the square input guide carries a fundamental
mode field. The plots were generated by numerical
calculations of overlap integrals of the form

+b +a

Apgree = f J’ EH,\,, EH,, dydx. (4)

—b —a

In Eq. (4) the subscripts “rec” and “squ” refer to
modes of the rectangular and square guides, respec-
tively. In relation to Figs. 2a and 2b, three points are
noteworthy: (i) because of the symmetry of the ex-
citation geometry only the symmetric EH,,, modes are
excited (i.e. modes with p and ¢ odd); (ii) because
the height of the rectangular guide is equal to that of
the square guide, when the latter is carrying a funda-
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Fig. 2. Mode coupling coefficients: (a) amplitude, {4,,|, (b)
intensity, | 4,,]2, for the splitter section of the interferometer, as
a function of the ratio of the rectangular guide width to the square
guide width b/a, under the condition that the square cross sec-
tion input guide is carrying a fundamental mode field.
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mental mode field, only the EH,, modes of the rect-
angular guide are excited - essentially the mode ex-
citation process in the two spatially orthogonal planes
is decoupled; (iii) over the range of b/a illustrated,
the number of modes excited by the input field is, to
a good approximation, directly proportional to the
ratio, b/a, e.g. if b/a has an integer value N then first
N+1 odd modes contain > 99% of the fundamental
mode input field power (see Fig. 2b).

The minimum rectangular guide width, 2b, re-
quired for an N-way splitter is 2b=NX2a. This cre-
ates a useful rule of thumb for the purpose of design
and theoretical consideration in that the minimum
number of symmetric modes required for an N-way
splitter becomes N+ 1. This assumes a zero wall
thickness between the output guides. Practical de-
signs might be based on separating the output guides
by their own width, i.e. by 2a. On this basis an N-way
splitter would require a rectangular guide width,
2b=2X Nx 2a, which would need to support the first,
2N+ 1, symmetric modes, the highest order symmet-
ric mode being EH, gn 4 1.

Figs. 3a and 3b illustrate mode amplitude cou-
pling coefficients [A4,,] for the case of a mixer guide
(i.e. the second stage of the interferometer) under
conditions where the two input guides (the mid-way
guides in Fig. 1) are offset from the guide axis by
+b/2, respectively. Figs. 3a and 3b relate to the sit-
uation where the fundamental mode input fields are
“in” and “out of” phase, respectively. Fig. 3a reveals
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Fig. 3. Mode amplitude coupling coefficients, | A,,,|, for the mixer
section of the interferometer, as a function of the ratio of the rect-
angular guide width to the square guide width b/a, under the

ISt

condition that input fields are: (a) “in” phase, (b) “out of” phase.

that, as with Fig. 2a, only the symmetric modes are
excited, with the magnitudes of the coupling coeffi-
cients in both cases being the same. It shouid also be
noted that some of the coefficients have become neg-
ative, with the changes in sign representing the only
difference between the mode excitation caused by the
two completely different forms of input field. Fig. 3b
highlights how a 180° phase shift between the inputs
causes only the antisymmetric (even) modes to be
excited, i.e. the EH,, modes where ¢ is an even inte-
ger. Because of the lateral symmetry of the input
guides all the EH,, modes, where g=/x4, and / is an
integer number, remain unexcited.

The establishment of the correct phase relation-
ships between the excited modes at the point 2b%/4
along the axes of the rectangular guides is fundamen-
tal to the performance of both the splitter and mixer
guides. In this respect, the unique nature of the mode
dispersion in multimode rectangular waveguides is
extremely important. This was first noted by Rivlin
and Shul’dyaev [1]. It is useful to predict how the
phase difference between two hollow guide modes,
EH,,and EH,,, at some point, L, along the guide axis,
depends on the guide geometry. As a starting point
we will assume that the approximate form of the phase
coefficient expression given by Eq. (2) is justified,
and establish the practical range of its validity at a
latter stage. On this basis we can write the phase dif-
ference at the axial point L as

Yig—is=L(Big—Bi) =L(7i/166) (s*~q*) . (5)

For the case of an N-way beam splitter, where
L=(2h)?/NA, we can write

Xis—14=(1/4N) (s’ =) . (6)

For a two-way splitter the phase difference between
any two modes at the two-way split point simplifies
further to: m(s2—g?%)/8. As this is a symmetric split-
ter only the symmetric modes are excited. At this
value of L the modes: EH,;, EH,s, EH,,, EH,, etc,
will have phase differences of: 7, 37, 6%, 107, etc.,
with respect to the fundamental. The modes are either
“in” phase with the fundamental, as was the case at
the guide entrance, or exactly “out of” phase with it.
Comparison with Fig. 3a reveals that the ratios and
signs of the mode amplitudes are exactly those pro-
duced by two “in phase” fundamental mode input
fields off set by *5b/2 from the guide axis, respec-
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tively. Thus we can conclude that a two-way replica-
tion of the fundamental mode input field will be es-
tablished at this point in good agreement with earlier
numerical predictions and experimental results [6-
10].

It is possible to extend this form of modal analysis
to the recombination of two fundamental mode in-
put fields in the mixer guide. When the inputs are
“in” phase, from Fig. 3a, the initial phase offsets of
the: EH,;, EH,s, EH,4, and EH,, modes, with respect
to the fundamental are: &, n, 27, 27, etc. Propagation
by a further distance 252/, results in all modes being
brought back in phase with one another, hence repro-
ducing, in agreement with the values predicted in Fig.
2a, a single on-axis fundamental mode field. An anal-
ogous argument is possible for the “even”, antisym-
metric modes, excited in the mixer guide when the
fundamental mode inputs are “out of phase™. In this
case, from Fig. 3b, the lowest order mode is EH,,,
and its phase differences with respect to the other
higher order anti-symmetric modes excited: EH,g,
EH, 10, EH;,14, EH, 13, etc., following propagation
through a distance 252/4, are all integer multiples of
2x. This once again leads us to conclude that the in-
put field should be regenerated at this guide length,
i.e. two, “out of phase” fundamental mode fields off-
set by * b/2 from the guide axis should be produced.
This condition is also achieved following propaga-
tion through b2/4.

It is interesting to note that for a similar geometry
to the one considered, if we had an N-element input
array with a periodic spacing, d, each carrying a fun-
damental mode field with relative phases alternating
between 0 and 7, then the array input field would first
be reproduced at a distance d2/A. This form of peri-
odic reproduction is the waveguide analogue of the
Talbot effect [20] which is used extensively as the
basis of phase locked resonator designs [21]. For the
case where the N fundamental mode inputs from the
array were all “in phase” field reproduction would
occur at an axial distance of (Nd)?/A.

3. Prediction of transverse field intensity profiles in
the splitter and mixer guides

Assuming the use of multimode waveguides where
the phase coefficients have a form dictated by Eq. (2)

and the attenuation coefficients are very small (and
can be taken to be zero), we now predict the trans-
verse field intensity patterns that will occur in the
splitter and mixer guides. Figs. 4a—d illustrate calcu-
lations of the transverse field intensity and phase at
incremental steps of 52/34 (in terms of integer mul-
tiples of A where 1=4,,...) along the axes of the split-
ter (Fig. 4a) and mixer (Figs. 4b—d) guides where
the aspect ratio b/a=4. The calculations were based
on a transverse field amplitude expression of the form

qgmax
E,= Zl A grec EH g, €XP(i714ec2) - (7)
q=

From the criteria established earlier for the maxi-
mum number of modes needed to be supported, we
used a value of ¢, =9. The magnitudes of the com-
plex amplitude coefficients, 4,,, of the EH,, modes
at, z=0, were calculated from overlap integrals of the
form given by Eq. (4). The transverse intensity pro-
files in Figs. 4a—d, were obtained by calculating the
square of the modulus of the complex field amplitude
from Eq. (7) as a function of y, from —b to +5, for
x=0, i.e. at the half height of the rectangular guide
(see Fig. 1).

Fig. 4a indicates that a perfect two-way replication
of the fundamental mode input field is formed at a
distance of 2b%/4, along the guide axis with the rep-
lications offset from the axis by +b/2, respectively.
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Fig. 4. Predicted transverse field intensity profiles, I{x=0, y) from
—bto +b, in steps of b2/34, along the rectangular guide axis, in:
(a) the splitter guide with a single symmetrically injected fun-
damental mode input field, (b) in the mixer guide with a single
offset fundamental mode input field, (c) the mixer guide for two
offset “in” phase fundamental mode input fields, (c) the mixer
guide for two offset “out of” phase fundamental input fields.
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Higher order N-way replications can also be observed
at axial positions (2b5)2/NA [6-9]. At the replication
points the wavefronts are plane. The numbers under-
neath the replications are the relative phases in de-
grees, with respect to fundamental mode of the rect-
angular guide, at the relevant axial points. The phase
values have been rounded up to the nearest whole
number of degrees as the limited number of modes
considered, although adequate in producing inten-
sity profiles of almost perfect fundamental form, re-
sult in some small phase errors ( +0.5°) across each
replicated fundamental mode phase front. The N-way
replications are symmetric in intensity and phase
about the multimode guide axis. The lateral offsets
from the guide axis of the components of an N-way
replication are given by y,,=b— (b/N)(2m—1), for
m=1, .., N[8].

Fig. 4b illustrates the resulting field intensity pat-
tern in the mixer guide for a single offset input at — b/
2. In this case the input field power is divided be-
tween the output guides in the ratio 1:2:1. With a
single offset input guide at +5/2, the relative field
intensities in the output guides and the phase of the
on axis component would be the same, but the phases
of the fields in the two offset output guides will have
flipped sides. Figs. 4c and 4d illustrate what happens
following the injection of two fundamental mode
fields for the two extremes of relative phase differ-
ence that can exist between them, i.e. 0° and 180°.
When the two inputs are “in” phase (Fig. 4c) they
recombine to form a single on axis fundamental mode
field, when they are “out of” phase (Fig. 4d) they
replicate their input form.

Consideration of the resultant field intensities due
to superposition of field output components of the
form illustrated in Fig. 4b, for simultaneous input at
—b/2 and +5/2, but with different relative phases
established between them, provides an alternative
approach to understanding the operation of the inter-
ferometer. With two fundamental mode input fields
of amplitudes 4, and A,, respectively, the intensity
profile across the central output guide is given by

2
I(x,p)= (% EHI.(x,y)) + (% EH“(x,y))

A, A
+27‘5722£H%1(x,y) cos g, (8)

2

where EH,, (x, v), is given by Eq. (1) for z=0, and
@ is the phase difference between the inputs. The
power P, carried in the central output guide is given
as

+a +a

Pau= | [ 1y dxay. (9)

—a —a

Assuming the individual fundamental mode input
fields with associated amplitudes 4, and A4,, each cor-
respond to an input field power P;,, the output power
in the central output guide is given as

Pim Pin YA Pim \/Pinz
P = 3 +Tz+2~7—§—— (10)

ﬁ cos ¢,

where the subscripts “1”” and ““2” correspond to the
individual input guides. From Eq. (10), and sup-
ported by Figs. 4c and 4d, it is clear that the power
falling onto a detector positioned at the exit of the
central output guide would be directly related to the
relative phase difference produced between the two
mid-way guides. If a phase modulator was integrated
into one of these guides this could be used to provide
modulation of the power in the on axis output guide.

Assuming the input guides to the mixer were them-
selves multimode, as could be the case in practice, it
is interesting to consider the result of mixing input
modes of different order. For example, lets assume
that the lefthand input guide to the mixer carried a
fundamental mode field of amplitude 4, whilst the
righthand guide carried the mode EH,; with an am-
plitude 4,. From Eq. (8), it is clear that as the phase
offset between the inputs changes, corresponding
variations in the intensity profile in the central out-
put guide are produced. However, because of the or-
thogonal nature of the modes, evaluation of the inte-
gral in Eq. (9) leads us to conclude that no power
variation is produced in the central output guide.
Power modulation s only caused as a result of phase
changes between like (non-orthogonal ) modes prop-
agating in the input guides. This is not a unique char-
acteristic of this form of interferometer. If we con-
sider field mixing in free space Mach-Zehnder or
Michelson interferometers in terms of the propaga-
tion of orthogonal sets of free space modes (e.g. as a
sets of Hermite~Gaussian modes in a rectangular co-
ordinate system ), we come to similar conclusions, i.e.
power variations are only produced when the fields
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carried in the arms of the interferometers take the
form of, individual, or sets of, non-orthogonal
modes *!,

Returning to the waveguide interferometer oper-
ating with fundamental mode inputs, from Eq. (10)
if the inputs are “in> phase the mixer guide displays
“AND” gate characteristics in the manner that the
resultant power in the central output guide is dic-
tated by power levels in the input guides. With a
power level P;, at one of the single offset input guides,
a level of P;,/2 is achieved at the output. With two
simultaneous inputs of P,,, a power level of 2P, is
achieved at the output. By modifying the mixer guide
geometry in order to derate the output coupling effi-
ciency, for example by making its length 1.75%/4, it
is possible to make the resultant outputs for single
and double inputs P,,/4 and P,,, respectively. With
such a design, a truth table for the case where P,=1,
would have an end column: 0, 0.25, 0.25, 1. Multiple
input “AND” gates could be achieved by concatena-
tion of the basic design element in a suitable semi-
conductor technology [9]. Multiple input “AND”
gates of this form might be useful in realising optical
neural networks where phase modulators could be
used to provide weighting of the inputs [17]. In this
context, it should be noted from Fig. 4c, that with the
correct phase offsets, multiple fundamental mode in-
puts can be recombined to a sole output simply with
a multimode mixer guide.

4. Validity of approximations and minimum practical
guide cross-sections and lengths

In the discussions and calculations so far, we have
assumed that all the excited modes in the splitter and
mixer guides propagate with phase coefficients given
by Eq. (2) and that they suffer no attenuation in
travelling to the axial point, (2b)2/2A. In the limit of
very large guide widths compared with the propagat-
ing wavelength this situation can always be very
closely approached. However, as the required lengths

# In this context it is interesting to note that when such interfer-
ometers are used to form coherent radar systems (rangefiders,
vibrometers etc) based on the use of fundamental mode (TEMy;)
lasers, only the fundamental component of the return field can
be coherently detected.

of the splitter and mixer guides scale with the squares
of their widths, this can also lead to devices with im-
practical lengths. If we decided to base a two-way 10.6
um splitter or mixer on a hollow rectangular guide of
width 26=5.0 mm, it would need to be (2b)2/24
=117.9 cm long. Practical designs must be a com-
promise between minimising the multimode guide
width, and hence length, and simultaneously achiev-
ing propagation coefficients close to the desired form.
Such a design philosophy will mean that the atten-
uation in the multimode guide might be significant
with the result that both phase and amplitude errors
will be produced between the excited modes at the
point where they couple into the square section out-
put guides. The overall result will be a reduction in
the efficiency of the splitter or mixer.

In order to create a sound basis for the design of
practically useful interferometers we must calculate
the trade offs between multimode guide width, and
hence length, and overall efficiency. In order to
achieve this goal we start by assessing how the phase
and attenuation coefficients in practical waveguides
vary with guide width. For the case of a hollow guide
with complex dielectric walls we can extend Marca-
tili’s [22] analytical result to give the complex prop-
agation constant for the y-polarised EH,, mode of a
rectangular multimode guide as

2 -2
np A
Vra = l:}’—(z) (1 + ——_Zﬂa(l—e))
nq ’ €l . e
'(ﬁ) (”m) ] : (11)

The variables are analogous to those used in Egs. (1)-
(3). Assuming that, 2b=4 X (2a), and that the com-
plex dielectric constant of the wall at 10.6 pm is given
as, e=(0.65-10.135) #¥2, Eq. (11) was used to cal-
culate values of y,, as a function of 25 for the first five
symmetric modes excited in the rectangular splitter
guide. These five (2N+1 where N=2) modes con-
tain 99.35% of the power coupled to the multimode

#2 This being the value for the form of polycrystalline alumina
(Deranox 975 - a 97.5% pure polycrystalline alumina produced
by Morgan Matroc, Surrey, England) that we intended to use in
our experiments and whose complex refractive index properties
we have measured at 10.59 pm in unpublished work. The stated
value is also good agreement with results given by Khelkhal and
Herlemont [23] for a 99.9% pure alumina.
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guide. The fractional powers carried by each mode
(EH;,—EH,4) are: 0.39, 0.31, 0.19, 0.08 and 0.02,
respectively. These correspond to fractional ampli-
tudes of: 0.63, 0.56, 0.43,0.29, and 0.15. In conjunc-
tion with these amplitudes the respective values of
¥, Were used to predict the field at the limit of the
rectangular splitter guide and the efficiency with
which it would couple to fundamental mode fields in
the two square section output guides. Values of 24 of:
1.6 mm, 1.2 mm, 0.8 mm and 0.4 mm, yielded total
fundamental mode power coupling coefficients of:
0.9447,0.9288, 0.9003 and 0.8230, respectively.

Non-unity fundamental mode power coupling
coefficients can result for two reasons. Firstly, prop-
agation along the multimode guide to the point of en-
try into the square cross section guides results in at-
tenuation. Secondly, any changes in the relative
amplitudes of the modes caused by this attenuation,
and any phase changes brought about by modal dis-
persion not of a form dictated by Eq. (2), will result
in imperfections in the field replication process. In
turn this results in a reduction in the efficiency with
which fundamental fields are excited in the output
guides. Our calculations revealed that the biggest in-
fluence on the fundamental mode coupling efficiency
was the attenuation in the multimode guide. Frac-
tional power transmissions of: 0.9448, 0.9296, 0.9014
and 0.8242 were predicted for the four different guide
widths. Consideration of the differences between the
two sets of figures leads to the conclusion that the
phase and amplitude errors had little impact on
efficiency.

For completeness, with the phase error established
between the EH,, and EH,, modes defined as

_(2b)?
="

—[BisEq.(11) - BsEq.(11) 1}, (12)

we calculated values for y of: 3.1°, 4.3°, 5.0°and 5.7°
for the four multimode guide widths. We also calcu-
lated that propagation through the guide results in the
relative amplitudes of the EH,, and EH,; modes being
reduced by the following factors: (EH,,/EH;,), 0.98/
0.97,0.97/0.96, 0.96,/0.94 and 0.93/0.79. The much
smaller reduction in efficiency caused by the phase
and amplitude errors is related to the small relative
changes produced between the excited modes.

{[P1sEq.(2) —B11Eq.(2)]

We concluded from these calculations that with
predicted power splitting/mixing efficiencies of
~95%, hollow alumina guides of width 2b=1.6 mm
and length 121 mm would be practical both as split-
ters and mixers. Scaling from the rectangular guide
width, the square cross-section input, mid-way and
output guides would need to be 0.4 mm in width. With
2b=4X%2a only a single discrete axial output guide is
possible from the mixer. The square guide dimen-
sions are very large compared with the propagating
wavelength with the result that they will not be single
mode guides. However, with careful lateral and an-
gular alignment of a TEM, input field, as proved in
earlier work [8], efficient excitation of the funda-
mental mode can be achieved. In practice measure-
ments suggest that in excess of 95% of the power car-
ried in the TEM,, input field can be coupled to the
fundamental waveguide mode. A design close to the
one described above was used as the basis of the ex-
perimental work which is described in the following
section,

5. Experiment work and results

The hollow waveguide version of the MMI Mach-
Zehnder interferometer was proved experimentally
with a combination of hollow alumina waveguides
and hollow core silica fibres in conjunction with a 10.6
pum CO, laser source. The experimental configura-
tion is illustrated in Fig. 5. Two hollow rectangular
guides acted as the splitter and mixer regions, these
being interconnected by two hollow core silica fibres
which acted as the mid-way guides, i.e. the arms of
the interferometer. There were no input or output
guides of the form indicated in Fig. 1, instead, the
TEMy laser field was coupled directly into the first
splitter guide and the field output from the mixer
guide was observed directly. This had the advantage
that the true form of the output field could be ob-
served without it being filtered by single mode out-
put guides or fibres.

Each rectangular guide was fabricated from four
pieces of polycrystalline alumina, two which were “T”
shaped in cross section, and two which were square
in cross section. When formed, the holiow rectangu-
lar guides were each 0.75+0.05 mm high, 1.5+0.05
mm wide and 212.0+ 1.0 mm in length. From the de-
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Fig. 5. Schematic diagram of the experimental configuration, highlighting the use of hollow core fibres and hollow core rectangular
waveguides in the practical demonstration of the MMI Mach-Zehnder interferometer. The phase adjuster works by accurately varying
the separation between the mid-way brake in the fibre, hence changing its overall optical path length.

sign expression, L= (2b)?/2A, the required active
length of the rectangular splitter and mixer guides for
10.6 um operation is, 106 mm. The additional 106
mm length present in both the splitter and mixer
guides was used for fibre guidance purposes. The
guide cross sections were designed to provided a good
fit for the pair of 40 cm long 0.70+0.05 mm OD,
0.50+0.05 mm ID, hollow core silica fibres.

The characteristics of the fibres had been studied
experimentally in unpublished work. Although they
exhibited a large attenuation coefficient even when
held straight (= 10 dB/m), their fundamental mode
fidelity was very good even with 50 ¢cm radii of cur-
vature bends. Although the fibres are multimode, any
higher order mode excitation appeared to be com-
pletely suppressed as a result of the much greater at-
tenuation of the higher order modes compared with
the fundamental. As a consequence no problems were
anticipated with regard to the fidelity of the funda-
mental mode beams entering the mixer guide as a re-
sult of fibre curvature or of input field misalignment
from the splitter.

A means of achieving phase offsets between the
outputs of the two fibres on entry to the mixer guide
was established as follows. One of the two fibres was
cut into two half lengths, each half then being ap-
proximately 20 cm long. The “cut ends™ were care-
fully clamped in “fixed”” and “computer controlled”

stepper motor mounts. The computer controlled
mount, allowed both accurate alignment of the fibre
ends with respect to one other, and their accurate ax-
ial separation. In this manner, the relative phase be-
tween the fields entering the mixer guide from the two
fibres, could be varied in steps of ~36° (=1.0 um
path difference), with accuracies of ~9° (=0.25 um
path difference). Having set up the electro-mechani-
cal phase modulator as described, the ends of the
fibres were accurately positioned in the splitter and
mixer guides, respectively.

The resulting configuration deviated a little from
the proposed design in that the rectangular guide
width was only a factor of three larger than the fibre
ID whilst its height was somewhat greater than the
fibre ID. In the splitter this should result in a reduc-
tion in the efficiency with which the replicated input
field can be coupled to fundamental mode fields in
the fibres. In addition these modifications have two
different effects on the performance of the mixer. The
former would result in both a reduction in the physi-
cal separation of the lobes of the resultant “out” of
phase output pattern, and in a small reduction in the
degree of higher order mode excitation in the hori-
zontal plane of the multimode guide. Conversely, the
latter deviation should result in an increase in the
higher order mode excitation in the vertical plane of
the mixer guide, e.g. some excitation of the EH,, and
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EH;, modes should occur. This is associated with the
fact that smaller dimensioned fundamental mode
fields will be injected into the mixer guide than had
been originally predicted. However, with the wave-
guide having a height 2a=0.75 mm, the active length
of 106 mm equates 1o 2 X (2a)?/NA, where N=1. As
far as the vertical component of the field is concerned
this guide length is double that which would pro-
duced input field regeneration [8,10]. As a conse-
quence the overall effect of the deviations from the
proposed design should be small distortions of the
output field patterns compared with those predicted
in Figs. 4¢ and 4d, and a slight increase in attenua-
tion in both the splitter and mixer guides.

The experimental measurements were based on the
use of a CO, laser which was grating tuned to give an
output on the P20/10 transition at 10.59 um. This
was checked on an optical spectrum analyser. With
an optogalvanic stabilisation system in operation the
laser had a long term (tens of minutes) frequency
stability of better than =5 MHz, i.e. a wavelength
stability of +1.9x 10~% um. Following spatial filter-
ing, which ensured a high fidelity TEMy, beam
(=95% power in TEM,, ), the horizontally polarised
output was projected into a telescope which was ar-
ranged to produce a well aligned beam of waist,
w=0.7a, at the splitter guide entrance. This choice of
beam waist led to an input field which was a very good
approximation to the fundamental mode field from
a 2aX2a square guide (~98% of the energy in a
TEM,, beam of this waist size would be coupled into
the fundamental mode of a guide 2a square [19]).

The general goal of the alignment procedures was
to make the input beam and the axis of the rectangu-
lar splitter guide coaxial. With this situation closely
achieved, a pyroelectric vidicon camera was used to
directly study the output profile at a distance of 10
cm from the mixer guide. This allowed more accu-
rate alignment to be established. Once this process
was completed, the output field from the mixer guide
was recorded as a function of the relative optical path
difference between the two fibres. Figs. 6 and 7 illus-
trate the two normalised (peak power equalized) ex-
tremes of the measured output profile in terms of 2D
intensity contour, and 1D intensity profile, plots. The
coordinate system utilized in these figures is com-
mensurate with that used in Figs. 1 and 4. Owing to
limitations in the gray scales available for the con-

Y

Fig. 6. One extreme of the measured output intensity profile from
the mixer guide, in 2D contour and D profile form (corre-
sponding to the position indicated by the horizontal line across
the contour plot), correlating well with the “in” phase field in-
tensity prediction in Fig. 4c.

tour illustration, pure “white” was used to represent
both the lowest and highest powers, i.e. the back-
ground and the peak power, respectively. The true
form of the transverse nature of the intensity profiles
is clarified by the 1D intensity profiles. These corre-
spond to positions represented by the horizontal lines
across the contour plots.

Fig. 6 illustrates a single on-axis output field of
quasi-gaussian form in good agreement with the field
predictions of Fig. 4c for the case where the mixer
guide input fields are “in phase”. Conversely, Fig. 7
shows two offset lobes, each of quasi-gaussian form,
in good agreement with Fig. 4d, under the condition
where the inputs to the mixer guide are “out of”
phase. Both sets of profiles show some slight elonga-
tion along the x axis. In separate experiments the
power transmission of the mixer guide under both
extremes of input phase was measured as 87 +0.5%.
Although the absolute phase difference between the
input fields to the mixer guide could not be asser-
tained, a change in the axial separation of the
“halved” fibre ends of ~ 5.0 pm caused the resultant
intensity pattern to change from one extreme to the
other, confirming the theoretical predictions. In
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Y

Fig. 7. The other extreme of the measure output intensity profile
from the mixer guide, in 2D contour and 1D profile form (cor-
responding to the position by the horizontal line across the con-
tour plot ), brought about by a= 5.3 pm change in the optical path
length of the fibre compared with that needed to achieve the pro-
file in Fig. 6 and correlating well with the “out of”* phase field
intensity prediction in Fig. 4d.

comparison with the theory both the elongation of the
output field profiles, and the slightly higher than pre-
dicted attenuation, are explicable in terms of the
modifications to the theoretical design and diffrac-
tion effects.

6. Comparisons of MMI Interferometer designs

MMI interferometers should have a number of ap-
plications in a wide range of step index waveguide
technologies, both as sensors, and in conjunction with
suitable phase transducers, as intensity modulators.
In terms of such applications a comparison with other
forms of multimode interferometer that can be con-
ceived, in terms of their functionality and design is
worth while. Some of the possibilities are illustrated
in Figs. 8a—d. All are assumed to be based on input,
midway and output guides of width 2a, with spacing
such that their outer walls are separated from one an-
other by 2a. All are assume to have symmetric input
splitters to achieve a two-way split of the source [6-

— output guides

muitimode mixer —

guide .
—— mid-way guides

muitimode splitter —

guide — input guides

T
@ (b © @

Fig. 8. Comparison of geometries (plan views) for four potential
MMI interferometer/modulator designs all with symmetric 1-to-
2-way MMI splitters as the input stage and with recombiner/mixer
stages as described in: (a) and (b) this paper, (¢) by Simon and
Ulrich [11] and Pennings et al. [12], and, (d) by Soldano et al.
[13]. All have square cross section fundamental mode, input,
mid-way and output guides, and, rectangular cross section mul-
timode, splitter and mixer guides.

10]. Figs. 8a and 8D, illustrate the interferometer de-
scribed in this paper with, one and three output
guides, respectively. We refer to them as “symmet-
ric” interferometers, because they always produce re-
sultant output fields which are symmetric about the
mixer guide axis. Figs. 8c and 8d illustrate asymmet-
ric interferometers with mixer sections postulated by
Simon and Ulrich [11] (and demonstrated by Pen-
nings et al. [12]) and by Soldano et al. [13], respec-
tively. In both these designs there are two output
guides and the resultant field swings between them.
The axial separation of the midway and output guides
in design 8¢ are arbitrary whereas those in 8d must
be positioned at *+5/3, in order to suppress excita-
tion of the EH, ,.; modes, where ¢ is and integer
number.

Figs. 9a—d illustrate the resultant field patterns in
the mixer sections of designs 8¢ and 8d under condi-
tions where the phase offsets between the inputs are
chosen to produce the two extremes of the output field
patterns in each, The axial separations between the
intensity profiles are shown in terms of the multi-
mode guide half width b. Figs. 9a and 9b relate to
design 8¢ and highlight how single fundamental mode
field output patterns are produced at the left and right
output guides of the mixer section for input phases
(from left to right) of 0° and 90°, and 0° and 270°,
respectively. Figs. 9c and 9d relate to the design 8d,
this performs in a similar way to design 8c but for a
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y . y - than half the length of all the other designs. However,
A designs 8¢ and 8d are useful as variable beam split-
U )\ *ZSL o i ters or as balanced mixers where signal to noise re-
Z | A ARl ? A ‘ duction operations could be performed. In this case
1 A ) ) Simon and Ulrich’s [11] design is a little shorter than
|2 e 2] | 8B/ T ‘8b/3k that proposed by Soldano et al. [13], and consider-
VAVNINPVAVE ‘ ] ably shorter than the “three output guide” version of

| T A Ay ' the symmetric interferometer design.

Sl o B o o M From Figs. 9a and 9b, a further design based on the

(@ (b () (d)

Fig. 9. Predicted transverse field intensity profiles, /(x=0, y),
from —b to +b, for the designs illustrated in Figs. 8c and 8d.
Figs. 9a and 9b relate to design 8c whilst Figs. 9c and 9d relate to
design 8d. The figures show the resultant field intensities in each
of the two designs for the two extremes of input phase difference.

given set of input phases the output intensity profiles
have flipped sides.

Bearing in mind our design criteria for input and
output guide separation, we now consider the geo-
metric trades offs between the different designs. The
single output guide version of the symmetric interfer-
ometer, illustrated in Fig. 8a, requires a rectangular
guide width, 2b=4(2a), and a length L= (2b)2/2A
=8(2a)?/A. The three output guide version illus-
trated in Fig. 8D, requires a rectangular guide width
of 8(2a), and a mixer guide length L=32(24)%/A.In
this design the width and hence length of the splitter
guide also has to be scaled in order to form a com-
plete interferometer. In design 8c, as long as the input
and output guides are symmetrically offset from the
mixer guide axis, the magnitude of the offset is arbi-
trary. In order to minimise the rectangular guide
width we can chose, 2b=3(2a), and position the in-
put and output guide axes at * 2a from the rectan-
gular guide axes as Pennings et al. [12] have sug-
gested. With this design the required mixer guide
length is given as L= (4b)2/21=18(2a)>. In the de-
sign illustrated in Fig. 8d the mixer guide has to have
a length of 2(25)2/34. In this design the input and
output guide axes have to have a separation 4a, how-
ever, this also has to equate to one third of the rect-
angular guide width. As a result we need to make
2b=6(2a), the required mixer guide length then be-
comes, 24(2a)?/A.

From these considerations, the mixer stage of the
“single output guide” version of the “symmetric
mode” interferometer, illustrated in Fig. 8a, is less

field patterns formed at the mid-way point 452%//, can
be considered. Although the minima is finite, rather
than zero, the fact that the multimode guide length
can be halved will be attractive for devices based on
lossy waveguides. It should be appreciated that the
transverse field patterns produced at the axial point
2b%/4 in Figs. 9a and 9b, for input phases, from left
to right, of 0° and 90°, and 0° and 270°, respectively,
are the mid-cycle points between the phase offset ex-
tremes of Figs. 4¢ and 4d. Starting from the funda-
mental mode output field in Figs. 9a or 9b counter
propagation by a distance of 4b?/4 highlights a po-
tentially useful asymmetric splitter with a ratio of
~6:1 [24]. As a consequence the 452/ design also
has potential as a bi-directional coupler.

Although symmetric 1-to-2-way splitters are advo-
cated as the basis of the input stages to all the inter-
ferometers shown in Fig. 8 the use of more than one
nput creates interesting possibilities. Simon and Ul-
rich [11] have suggested an interferometer design
with a 2-to-2-way splitter of length 2(25)%/4 as the
input stage and with a mixer of the same length. As
there are two possible input positions either could be
switched to either output. Simon and Ulrich [11]
hinted at extending this concept to devices with larger
numbers of input and output ports whilst Ulrich [15]
has suggested designs which can facilitate N-to-N-way
image switching. We have proposed designs where
symmetric I-to-N-way splitters of length (2b)2/NA or
offset splitters of length 4(2b)%/NA are coupled via
fundamental mode mid-way guides incorporating
electro-optic phase transducers to N-to-N-way re-
combiners of length 4(25)2/N4 [16]. We have shown
that such designs allow point to multi-point as well as
point to point switching and have recently demon-
strated 1-to-10-way and 10-to-10-way devices in GaAs
rib guide technology [17].
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7. Discussions and conclusions

In this paper a novel form of a Mach-Zehnder in-
terferometer has been postulated and demonstrated
based on multimode interference phenomena in rect-
angular multimode waveguides. In the limit, the mul-
timode guides only need to support the first half-
dozen or so higher order waveguide modes. In a wide
range of waveguide technologies, this form of inter-
ferometer could form the basis of sensors and inten-
sity modulators. In semiconductor technologies the
interferometer could be important for OEICs whilst
in its hollow waveguide format it could be a basis for
gas sensors and spectrometers where the gas to be
studied was flowed through, or allowed to permeate
into, the midway guides. In conjunction with a suit-
able phase modulator, integration of the interfero-
meter into a laser cavity could provide a novel means
of providing Q-switching and “cavity dumping”
functions.

Current work is aimed at proving the underlying
interferometer concepts in semiconductor, step in-
dex, waveguide technologies and extending the con-
cepts to 1-to-N-way and N-to-N-way optical routing
devices. The significantly lower attenuation coeffi-
cients achievable with waveguides based on total in-
ternal reflection phenomena allow the design of split-
ters and mixers based on input and output guides of
a few wavelengths in width. This in turn leads to a
pro-rata reduction in the width and length of the
multimode guide required for a given order of split-
ting. We have demonstrated a 1-t0-20-way splitter in
GaAs rib guide technology based on fundamental
mode input and output guides of 2.6 pm in width,
where the multimode guide was 120 pm wide and 2.37
mm long [9]. On this basis we could create interfer-
ometers of an analogous design to the one described,
where the splitter and mixer guides were 10 um wide
and less than 200 pm in length #,

The realisation of the growing range of device
functions made possible by multimode interference
phenomena, in the right integrated optic technolo-
gies, could form the basis of a new generation of in-

%3 In an analogous manner to our studies of MMI splitters [6—
9], since the work described in this paper was undertaken, the
concepts have also been successfully proved in GaAs rib guide
technology [25].

tegrated optic devices and provide scope for new ar-
chitectures for OEICs and for I.O. optical computing
and optical signal processing systems. Although the
potential in semiconductor 1.O. technologies is very
important, the broad applicability of the underlying
concepts, in terms of both waveguide technology, and
operating wavelength, are also worth noting. The
symmetric mode splitters are and excellent example
of this point, where the underlying concepts have been
proved at 10.6 um, with millimeter cross section,
hollow guides, of centimeters in length, and at 1.06
pm, with GaAs rib guides of tens of um in width and
hundreds of um in length [6-10].
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