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Abstract In this paper, we theoretically propose and
demonstrate a non-unitary beam-splitter (BS) by intro-
ducing coupling losses at the interface of the plasmonic
waveguide and multimode dielectric waveguide (DW). The
coupling losses enable us to modify the reflection and
transmission factors, which can result in arbitrary shift of
interference curves of two outputs. Specially, the lossy
non-unitary BS can tune the amplitudes and phases of two
outputs, even making them change synchronously,
regardless of input phase differences. After a 7/2 phase
delay in one arm, these two outputs are fed into another
multimode DW. This DW is a normal unitary BS, working
like the Michelson interferometer, where anti-synchronous
interference can take place. At last, the whole device out-
puts an invariant zero energy state in one port, exhibiting a
phase-insensitive performance. Our study provides a ver-
satile design platform to realize non-unitary/unitary BS and
construct more multi-functional devices.

Keywords Beam-splitter - Interference - Plasmonic
waveguide - Coupling losses

< Yulin Wang
yulinwang @njtech.edu.cn

Department of Physics, Nanjing Tech University,
Nanjing 210009, China

College of Engineering and Applied Sciences, Nanjing
University, Nanjing 210093, China

Introduction

Beam-splitter(BS) is a fundamental component of infor-
mation optical systems. Usually, in a geometrically optical
scale typical BS is in macroscopical scale. With the
improvement of micro-nano fabrication methods, the scale
of beam splitters has been developed from macroscopic to
on-chip integration, it is usually used in silicon-based
waveguides [1-3], photonic crystals [4-6], plasmonic
systems [7—10], metamaterials [11-14], etc. Functionally,
BS is generally used for splitting optical beams [15-18]and
classical optical interference [19-22]. In recent years, some
quantum interferences [23-26] and PT symmetric systems
[27, 28] have also been reported taking advantage of BS.
Among all the usages, BS is more commonly used for
interference purposes.

Typically, Michelson interferometer is a lossless system
with a BS featuring unitary transformation and Hermitian
evolution of light. While considering losses in BS, it may
enable us to modify the phase factors of the reflection and
transmission coefficients, and the BS is non-unitary
[28, 29]. Recently, an unconventional anti-coalescence has
been demonstrated for interference between two single
plasmons in a non-unitary BS system [29]. Besides, the
non-unitary BS system has also been realized in magnon-
photon interference in an atomic ensemble [30]. In previ-
ous work, two kinds of classical optical BSs have been
realized in a plasmonic switch (2 x 2 inputs and outputs)
composed of metallic strip waveguides [31]. A conven-
tional interference pattern was observed as a complete
oscillation due to the energy conservation law (two outputs
exhibit sinusoidal curves with maximum intensity in one
output and minimum intensity in the other). We call it anti-
synchronous interference. Besides, a non-unitary interfer-
ence pattern was also observed, where the two output
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curves show an arbitrary phase shift. In one special case,
two outputs are correlated that their amplitudes tend to
reach extreme values simultaneously, and the phase dif-
ference is zero, which is named as synchronous interfer-
ence. In such synchronous interference, the amplitudes
change synchronously, and the phases keep locked. Com-
pared with the anti-synchronous interference, the syn-
chronous one is more critical and difficult to obtain.

In this work, we theoretically propose and demonstrate a
synchronous interference in a 2 X 2 hybrid plasmonic
waveguide with directional coupling function, which
extends non-unitary BS to a more general waveguide sys-
tem. Any splitting ratio with one input can be achieved
according to multimode interference (MMI) theory.
Moreover, the coupling losses enable us to modify the
reflection and transmission factors, which can result in
arbitrary shift of interference curves of two outputs, even
make two interference curves change simultaneously.
When cascading it to another 2 x 2 dielectric waveguide
(DW), which provides a unitary BS with an anti-syn-
chronous interference, we finally achieve a favorable
phase-insensitive interference device, where one of the
outputs maintains zero energy state. Since the device still
has a non-zero output for the single input, which indicates
it may work as a phase-insensitive XOR logical gate. Our
study provides a versatile design platform to realize non-
unitary/unitary BS and construct multi-functional devices.

Anti-synchronous interference in lossless unitary
BS

Here, we would like first to introduce the anti-synchronous
interference device, which can be easily realized in a
transmission-reflection process with a half-to-half unitary
BS [19, 20, 31]. Now, we extend it to a more integrat-
able DW system with 2 x 2 input and output ports. For
simplicity, all the waveguides are designed as the dielectric
planar waveguide of Al,O3 (nao = 1.7). The center
waveguide is thick enough to accommodate more than two
transverse magnetic (TM) modes to support MMI [32, 33],
exhibiting self-imaging property of the optical field. Based
on the MMI theory, the field amplitudes and phases will

recover with a period of % X 35 Here, L. = n/Ap is the
beat length of two lowest-order modes, Af is the corre-
sponding mismatch of the propagation wave-vector. M and
N are any positive integers without a common divisor, N is
the number of self-images, and M defines several possible
device lengths with N images. Especially, a 2 x 2 restricted
MMI coupler has a = 3. Thus, when the center waveguide
length is set as M x L., the single input signal will trans-

port to one of the two output ports, revealing cross coupling
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and corresponding to directional coupling function. If the
length is M/2 x L., the optical field from the single input
will generate double images in the two outputs, inducing a
half-to-half splitting.

Full wave simulations are carried out by a commercial
FEM solution of COMSOL (v4.2a) with the working
wavelength of 850 nm. Besides, all the design solutions
here are also suitable to other wavelengths. Considering the
applications of optical communication, the working
wavelength of 850 nm is applied. The thickness of center
waveguide is defined as 520 nm with Al,O3 (nao = 1.7),
and four-port parts are 260 nm thick for single mode.
Waveguide modes from boundary mode analysis are inci-
dent into the input ports. The TM polarized wave incidents
one of the input ports. According to our calculations, the
coupling length L, is about 1.02 um. Then, a directional
coupling function can be realized with the center waveg-
uide length of 6.1 pm (6 x L.), as shown in Fig. la. If
selecting waveguide length of 4.6 um (9/2 x L), we will
find a considerably good half-to-half beam splitting effect
(see Fig. 1b), which agrees well with our theoretical design
based on 2 x 2 restricted MMI. Moreover, in this situation
the BS can be considered as lossless, and the phase dif-
ference between two outputs is approximately equal to 7/2.
So when two inputs are excited simultaneously, it follows
that a maximum in one channel while minimum in the
other channel as expected from the energy conservation
law, exhibiting a unitary BS with an anti-synchronous
interference. Output interference intensities can be calcu-
lated by varying the phase difference of the two input
signals, and the results are depicted in Fig. 1d, which
definitely shows an obvious anti-synchronous feature with
a deep interference depth of about 94.7%. However, for the
case of directional coupling, we will find the interference is
very weak (see Fig. 1c). It is acceptable that in a self-
imaging condition, the input ports will be both re-imaged,
and the optical field from different input ports will be well
separated, and the overlap is very small. In this regard,
using such kind of dielectric MMI waveguide system is
impossible to reach a synchronous interference with a
directional coupling property.

Synchronous interference in lossy non-unitary BS

In DW system, a lossless BS has been established, which
features unitary transformation of light and results in an
anti-synchronous interference. On the contrary, a lossy BS
may enable us to modify the reflection and transmission
factors. A previous study experimentally demonstrated a
classical plasmonic synchronous interference depending on
the conversion of surface plasmon polaritons (SPPs) from
the strip mode into strongly coupled slit-mode [31].
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Fig. 1 The calculated MMI
results for the interference (a)
distance of a L =6 X L. and b
L=9/2 x L., showing
directional coupling and half-to-
half beam splitting properties,
respectively. ¢, d show the
corresponding interference
curves of two outputs

Besides, an unconventional anti-coalescence with Hong-
Ou-Mandel peak has also been observed in quantum pro-
cesses [29]. It provides us a clue to find a solution to realize
synchronous interference in a more generalized waveguide
system with losses. In the following, we design a lossy BS
by introducing an interface with a controllable coupling
loss according to different mode mismatches.

Required by the synchronous interference, a non-unitary
BS is designed with two combined waveguides with an
interface of controllable coupling loss, where the in-phase
signals can pass through while the anti-phase ones cannot.
For this purpose, each of two combined waveguides has
two eigenmodes. Two eigenmodes in the first waveguide
are designed with a big difference in mode index. Mean-
while, one matches the connective guided mode in the
second waveguide, while the other does not match and has
a large coupling loss. Figure 2a schematically shows a
proper mode design with two kinds of waveguide system
separated with an interface. When two inputs are in the
same phase, the in-phase mode (black line) Mgpps can
smoothly transfer to another waveguide mode My, while
the anti-phase mode (red line) Mspps Will be blocked by the
interface due to the large mode mismatch. The average of
the effective index of Mspps and Msppa is the beating mode
Mye,e With single port excitation, indicated by the center
blue line, which has relatively small mode mismatch to
both Mtyve and Mty modes. Therefore, it will be con-
siderably transferred into another waveguide, possibly
leading to a certain beating mode. It is a reasonable

Nor. Int. (a.u.)

Nor. Int. (a.u.)

Phase tuning (rad)

directional coupling function with synchronous interfer-
ence in MMI waveguide.

Based on this theoretical scheme, we need to find out
proper waveguide systems and interface with such kinds of
mode properties. According to the analyses in section II, it
is proved to be very difficult to realize this function in a
lossless DW system. However, hybrid plasmonic and
dielectric waveguides would provide a possible solution, as
shown in Fig. 2c. The first metal-insulator-metal (MIM)
plasmonic waveguide can support two strongly split eigen-
modes, which is exactly the same as the first part of
Fig. 2a. The second waveguide is a multimode DW, cor-
responding to the second part of Fig. 2a. The mode curves
of the MIM waveguide and DW are plotted in Fig. 2b as a
function of center dielectric layer thickness. The eigen-
equation of the TM mode in MIM waveguide is similar to
three-layer dielectric slab waveguide [34]. The formula is:

N2 . 1/2
ko (81 — Nz) 1/2h = mn + 2 arctan [8—1 < 82)

(1)

& \& — N?

Here 4 is the thickness of the center dielectric layer with
permittivity of ¢, & is the permittivity of the metal layer.
ko is the wave vector of the vacuum, N is the effective
mode index. When m = 0 and 1, the effective mode index
of Mgpps and Mgsppa can be obtained. According to the
mode dispersion, appropriate structural parameters of two
cascaded waveguides (MIM and DW) can be found to meet
the requirements of the design in Fig. 2a. With the
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Fig. 2 a Assumption of mode
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optimized parameters (the middle dielectric layer of MIM
is defined as SiO, with ngo = 1.44 and d; = 262 nm; the
DW is defined as Al,O3; with nao = 1.7 and d» = 450 nm),
we performe a full wave simulation. Fig. 2d shows a
considerably good synchronous interference. The outputs
simultaneously show on-states with zero phase difference
for in-phase inputs and off-states for anti-phased inputs, as
depicted in the top two figures in Fig. 2e.

When two inputs are anti-phase, there will be Mgppa
mode in MIM waveguide. It will be prevented from
propagating through the interface due to large vector mis-
match between Msppa and Mty . So, destructive interfer-
ence happens. While for two in-phase inputs, Mgspps can
smoothly transfer to Mty in the next DW, resulting in
constructive interference. To confirm that, we calculate the
coupling efficiency # [35] based on the mode overlap
integral of Mgpps/Mrmo (for in-phase) and Msppa /Mty
(for anti-phase), respectively:

| JEsmEDw dXd)’|2
I‘EMIM|2 dxdy [|Epw | dxdy

where Eyqpv and Epw are the electric fields of MIM and
DW waveguides, respectively. The XOY plane is coupling
interface of the waveguide. The coupling efficiency is
61.2% for in-phase inputs, while 4.2% for anti-phase.
Besides, the transmittance is also evaluated according to
the S-parameter in simulation models. The transmittance
are 60.3 and 4.1% of two cases. It is coincident well with
coupling efficiency. Therefore, a BS of controllable loss
with synchronous interference is obtained. While in the
single input case, the beat mode My, will propagate
through the interface and go to one of outputs with self-

(2)

]/I:
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image property of a MMI waveguide, exhibiting a direc-
tional coupling function (see the bottom one in Fig. 2e).
Thanks to directional coupling property, some logical
functions may be realized.

Phase-insensitive interference in cascaded system

Based on the study on unitary/non-unitary BS, it is more
interesting what will happen when we use both two kinds
of BS to construct some functional devices. Figure 3a
schematically illustrates the synchronous (red) and anti-
synchronous (blue) interferences in a 2 x 2 optical sys-
tems. In the synchronous case, two output ports have
simultaneous same output signals. Consequently, two
equi-amplitude coherent sources with the same phase are
available for the next functional process, defined by
operator B,,. After a 2 phase delay in one branch (op-
erator D), they enter into the second anti-synchronous
interference part (illustrated as B,). As for the anti-syn-
chronous one, when the input signals have a phase delay
of £7/2, one of the modulated secondary output signals
will maintain destructive interference, as schemed out in
Fig. 3b. At last, the whole device outputs an invariant
zero energy state in one port, exhibiting a phase-insensi-
tive performance.

The whole transmission process of the cascaded systems
can be described by transmission matrix, and the final
output ports have the field intensity as follows:
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Fig. 3 a Scheme of two ( a)
cascaded systems of anti-synchronous
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Typically, the transmission matrix can be given by trans-
mission and reflection coefficients. For non-unitary BS
(Bu)s|t] = |r| = o« owning to the coupling losses and phase
difference is zero or n (t = £r). While for the unitary one
(B, |t = |r| :‘/75 , and the phase difference is +7/2
(t = %ir). So according to transmission matrix analysis, it
is easy to find that one of the outputs keeps a phase-in-
sensitive zero energy state, as shown in Fig. 3b. Moreover,
a functional device (i.e., the logic gate XOR) still demands
a non-zero output (Op) with a single input (/; or ;). For-
tunately, our previous demonstration of the synchronous
interference indicates a directional coupling property. If
there is only one input, the single signal passing through
the first part will be half-to-half split into two in the next
part of the cascade device, resulting in a non-zero output in
O;. If two inputs are excited simultaneously, O; will ulti-
mately construct a phase-insensitive output regardless of

n/2 phase delay

1 2

3 4 5 6 7 8 9

Phase tuning ¢ -o, (rad)

the input phase differences. So we could possibly construct
a phase-insensitive optical logic gate by interference
process.

Based on the theoretical analysis, we are going to per-
form a full-wave simulation. Figure 4a schematically
shows the cascaded waveguide design. It should be noted
that we use a segment of curved waveguide in one branch
of the DW part as a phase retarder to produce n/2 phase
delay. The final interference result is shown in Fig. 4b,
where the port O, still presents an oscillation feature. In
contrast, the port O; shows an invariant low intensity that
is independent of the input phase tuning, thus indicating a
phase-insensitive property. Figure 4c displays the electric
field distributions in this phase-insensitive device for three
input phase differences of 0, /2, and =, respectively. It is
clearly demonstrated that the output of O; remains at a low
intensity all the time, which can be treated as a zero state.

Conclusion

In summary, a cascaded phase-insensitive interference
waveguide device is theoretically proposed based on
elaborately designed cascaded systems of non-unitary and
unitary BSs. An invariant low energy output is achieved
independent on the input phase tuning. Compared with the
anti-synchronous interference in unitary BS based on a
common MMI effect, the non-unitary BS with synchronous
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Fig. 4 a The schematic (a)
structure of the phase-

insensitive device. b The

normalized intensity of the

output ports O; and O, with

input phase tuning. ¢ The field

distributions in the cascaded
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tunings of 0, 7/2, and ©

(b)

Phase retarder

1.0

0.8F

0.6F

Nor. Int. (a.u.)

0.2F

00 1 1 1

Phase tuning (rad)

interference is rather difficult to access. Here, we introduce
an interface between two segmental waveguides of MIM
and DW with well-designed mode properties to satisfy the
requirements of synchronous interference and directional
coupling property. The full-wave COMSOL simulations
show considerably good performance of the phase-insen-
sitive effect. Since the device still has a nonzero output for
the single input, which indicates it may work as a phase-
insensitive XOR logical gate. Our study discovers an
interesting optical process and would possibly inspire more
robust optical designs for new types of photonic integrated
devices.
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