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Hybrid Three-Arm Coupler Consisted of Long Range
Surface Plasmon Polariton and Dielectric Waveguides

Fang Liu, Ruiyuan Wan, Yi Rao, Yuxin Zheng, Yidong Huang, Wei Zhang, and Jiangde Peng

Abstract—The hybrid three-arm coupler, which consists of the
middle long range surface plasmon polariton (LRSPP) waveguide
and two outside conventional dielectric waveguides, is proposed
and analyzed numerically with finite element method. The charac-
teristics, including coupling length, coupling loss, extinction ratio
and frequency dependence, are discussed in detail with different
structure parameters. Compared with the two-arm hybrid coupler,
the coupling loss of the three-arm hybrid coupler based devices
can be reduced, especially with wider middle LRSPP waveguide.
Extra transmission loss on the metal strip can be avoided because
of the lossless input and output arms. Furthermore, different
from conventional three-arm dielectric coupler, we find that the
three-arm hybrid coupler with asymmetric structure can reach a
much higher extinction ratio by introducing a middle arm offset.
Since the middle arm can only transfer the TM mode from one di-
electric arm to the other one within the TM mode coupling length,
this structure is promising for realizing integrated polarization
splitter or other functional devices.

Index Terms—Hybrid coupler, long-range surface plasmon po-
lariton (LRSPP), polarization splitter.

I. INTRODUCTION

S URFACE Plasmon Polariton (SPP) is transverse-magnetic
surface electromagnetic excitation that propagates in a

wave like fashion along the metal and dielectric interface [1].
For a thin metal film, the SPP on the two interfaces couple and
form the long-range surface plasmon polariton (LRSPP) mode
[2], which has very low loss and can propagate longer distance
than the conventional SPP. The characteristics of the LRSPP
mode were analyzed carefully at the end of last century [3], [4]
and its applications in sensing area were also reported [5], [6].
Furthermore, the two dimensional confined LRSPP supported
by the metal strip, which is a new kind of waveguide-LRSPP
waveguide with low loss, has been predicted [7] and verified
experimentally [8], [9]. In recent years, LRSPP based devices,
including coupler [10]–[12], modulator, switch, bragg gratings
[13]–[15], and etc., have been reported and show their potential
applications of integrated optical circuit because that they not
only provide an approach to carry optical signals and electrical
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signals simultaneously [13], [16], [17], but also can be fabri-
cated easily by using convenient planar technique. Meanwhile,
the combination of the SPP with the conventional optical de-
vices [18], [19] is worthy of expectation in the communication
and sensor fields.

Both integrated plasmon-dielectric waveguides [18] and SPP-
single mode dielectric waveguide polarizer [19] have shown the
conversion between SPP and dielectric waveguide mode and
the intention to realize integrated dielectric-plasmon circuits.
However, high transmission loss of the SPP makes them im-
practical. We have demonstrated theoretically that the hybrid
coupler, which consists of dielectric waveguide(s) and metal
strip, has a high efficient coupling between LRSPP and dielec-
tric waveguide mode with significantly reduced loss [20], [21].
Besides providing an approach to couple the signal among inte-
grated devices and realizing polarization control, just like what
was realized in the pure LRSPP coupler [10]–[12] and two-arm
hybrid coupler [20], the proposed three-arm hybrid coupler has
two dielectric arms for coupling to avoid the extra transmission
loss on the metal strip [21]. Different from the conventional
three-arm dielectric coupler [22], it is shown that the asym-
metric structure for the three-arm hybrid coupler can improve
the extinction ratio remarkably by introducing an offset of the
middle arm. In this paper, the characteristics of the three-arm hy-
brid coupler with different structure parameters, including cou-
pling length, coupling loss, extinction ratio, and frequency de-
pendence, are discussed carefully. A guiding principle is given
here for designing the three-arm hybrid couplers with required
performances, fabrication tolerance and bandwidth.

The paper is organized as follows. Section II describes the
structure of the three-arm hybrid coupler and the modeling
method. In Section III, the simulation results are given for
symmetric structure (part A), asymmetric structure (part B),
and the structure with different width of middle LRSPP arm
(part C). The frequency dependence of the hybrid coupler is
also analyzed (part D). Section IV compares the characteristics
of the three-arm hybrid coupler with the two-arm one and
proposes some potential applications. In Section V, some
conclusions are given.

II. STRUCTURE AND MODELING METHOD

The proposed three-arm hybrid coupler and the coordinates
are shown in Fig. 1(a). The propagation direction is along
axis. Different from the conventional three-arm dielectric cou-
pler [22], the middle arm is replaced by a metal strip (LRSPP
mode waveguide) with thickness and width . The two
thick and width outside arms are the same dielectric waveg-
uides with distance between them. Fig. 1(b) shows the cross
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Fig. 1. (a) Parallel three-arm hybrid coupler, dark arm (middle) stands for the
metal strip and white arms (left and right) stand for the dielectric waveguides.
(b) The cross section of the three-arm hybrid coupler with � standing for the
middle arm offset.

section of the hybrid coupler in the - plane, and stands for
the offset of the middle LRSPP arm. When , the hybrid
coupler is symmetric, otherwise, it is asymmetric. Both sym-
metric and asymmetric structure will be discussed in Section III.

Coupled eigenmodes supported by the hybrid coupler were
calculated directly to analyze the coupling characteristics
among the three arms instead of solving the coupled mode
equations [23]. The electromagnetic fields and propagation
constants of coupled eigenmodes supported by the three-arm
hybrid coupler were solved by using the software FEMLAB
[24], which implements the Finite Element Method (FEM) to
solve the Maxwell’s equations and can be adopted to calculate
the SPP mode. The energy transfer among the three arms
results from the different field patterns and phase speeds [23].
Therefore, coupling of dielectric modes and LRSPP mode can
be revealed by the three coupled eigenmodes.

With two single-mode dielectric waveguides and a LRSPP
waveguide, the proposed hybrid coupler also has three trans-
verse magnetic (TM) polarized eigenmodes (mode A, B, and
C), similar to the conventional three dielectric waveguides
coupler [22], but two transverse electric (TE) polarized eigen-
modes (even and odd). This will be discussed carefully later
in Section III. Discussion will be focused on TM mode here
because coupling of TM mode is much stronger than that of TE
mode.

It is easy to know that any TM mode supported by the hybrid
coupler can also be expressed in terms of a linear superposition
of eigenmodes, A, B, and C [22], [25]

(1a)

(1b)

where and are the magnetic and electric fields of eigen-
mode A, B, and C when respectively,

are the corresponding complex propagation constants, and
are the corresponding mode amplitudes. Then

the individual TM mode of the left or right dielectric

arm is considered as the input applied on the corresponding arm
[20]. With the fields normalized for all modes

(2)

the amplitudes of three eigenmodes can be derived from [23]

(3)

Therefore, the intensity of the magnetic field supported by the
three-arm hybrid coupler can be expressed as

(4)

Similar to the conventional three-arm dielectric coupler [22],
the coupling length of the hybrid coupler is defined as

. When , the intensity of the magnetic
field is

(5)

in which

(6)

is the phase match factor (PMF).
The coupling loss (C.L.)

(7)

describes the loss of the hybrid coupler at propagation distance
. Another important characteristic of the coupler is extinction

ratio (E.R.), which is defined as the ratio of the output power
from the output dielectric arm and the residual power re-
mained in the input arm [23]

(8)

The energy proportion of each eigenmode at the input end is
defined as

(9)

III. SIMULATION RESULTS AND DISCUSSIONS

In the first three parts (part A, B, and C) of this section,
the wavelength is fixed at 1.55 to discuss the charac-
teristics of the three-arm hybrid coupler. We assume that the
two outside dielectric waveguides and the Au
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Fig. 2. (a) The� component of magnetic fields of three TM polarized eigen-
modes supported by the hybrid coupler in the �-� plane. (b) The� component
of magnetic fields of two TE polarized eigenmodes.

( at ) strip are sur-
rounded by [26]. The thickness and width of
the dielectric arms are fixed at and ,
respectively. With the above dielectric waveguide size, the 1/e
spot sizes of the TE and TM dielectric waveguide modes are
rather close to each other (about 3.5 ). Of course, the middle
LRSPP arm can have different width and thickness. In part A
and B of this section, the width of the Au arm is fixed
at 2 with different thickness for symmetric and asym-
metric structure. In part C, is also changed. Part D is de-
voted to the frequency dependence of the hybrid coupler.

A. Symmetric Structure

Similar to the conventional three dielectric waveguides cou-
pler [22], the proposed hybrid coupler also has three TM polar-
ized eigenmodes, two symmetric modes A and B, and an anti-
symmetric mode C. Their main component of magnetic fields

are shown in Fig. 2(a), where and
. For mode A, the magnetic field has the same direction

in all the positions. For mode B, the field direction around the
middle arm is opposite from that around outside arms. While
mode C has opposite field direction around the two outside arms.

selected here is much thicker than that in [8] and [9]. The
reason is that we look for LRSPP mode with similar size along

and axis, and smaller metal strip width corresponds to
thicker metal thickness [27]. An initial value is around
80 nm, and finer selection of should also consider the cou-
pling efficiency and losses, which will be discussed later in the
paper.

For TE polarized eigenmodes, their main component of mag-
netic fields are shown in Fig. 2(b) with different situation.
Only two eigenmodes, even and odd, are existent just as there
is no middle LRSPP arm. This is because LRSPP mode sup-
ported by the middle arm is TM polarized [7], [8]. In principle,
TE polarized electromagnetic field can also couple between two
outside dielectric arms. However, without the help of the middle
arm, the coupling length of TE mode is two orders of mag-
nitude larger than that of TM mode because of the comparative
large distance between the two outside arms. Therefore, it can
be considered that there is no coupling for TE mode within the
TM coupling length and the following discussion is focused on
TM mode.

Fig. 3. (a) Effective index �� �� � and coupling length � versus � with
	 � � 
� and different � . Mode B is cutoff when� is small, and thinner
� corresponds to larger cutoff distance �. (b) Normalized attenuation con-
stants �� �� � of mode A and B with different � . The loss of mode C is
much lower than those of mode A and B, thus it is not shown in the figure.

Fig. 3(a) shows the effective indices of three eigen-
modes and the coupling length as a function of for dif-
ferent LRSPP arm thickness . For mode C, changes
little with varying . This is because there is little field sur-
rounding the middle arm, as shown in Fig. 2(a), for mode C to
feel the changes of Au strip. For mode B, cutoff occurs as arm
distance decreases, and thicker middle arm has smaller cutoff
distance. Near the cutoff point, the coupling length for different

is rather close and shorter than 350 . This is of great
potential for realizing compact optical components. Fig. 3(b)
shows of mode A and B, which determines the propaga-
tion loss. It can be seen that, as increases, of mode A in-
creases while that of mode B decreases. This is because that cou-
pling between LRSPP arm and dielectric arms becomes weaker
when increases. Therefore, mode A (B) has larger (smaller)
field peak on the middle LRSPP arm with larger . Considering
the field pattern of mode C in Fig. 2(a), which has little field in
the middle, it can be known why the of mode C is less
than and can be neglected compared with those of mode
A and B.

With the eigenmodes field pattern and propagation constant,
then according to (4), we can depict how TM polarized electro-
magnetic field couples among three arms. Taking ,
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Fig. 4. Intensity of magnetic field (TM polarized) sampled along the dashed
line in the inset, where � � � ��, � � �� ��, � � � ��. Energy
couples from left dielectric waveguide (left) to the right dielectric waveguide
(right) through the LRSPP waveguide (middle) along propagation direction �.
The inset shows the �-� plane cross section of the hybrid coupler and the dashed
line rather near the top surface of strips.

Fig. 5. Intensity of magnetic field (TE polarized) sampled along the dashed line
in the inset. TE energy propagates directly through the input dielectric wave-
guide within the TM coupling length � .

for example, Fig. 4 shows the intensity of the mag-
netic field along the dotted line in the inset, rather near the top
surface of the strips, since LRSPP mode has its maximum field
value on the surface [7]. It is shown that energy transfers gradu-
ally from the left dielectric arm to the middle LRSPP arm, then
the right dielectric arm. With the same structure parameters and
similar calculation method, it can be seen in Fig. 5 that TE mode
propagates directly through the input arm within the TM mode
coupling length.

Equation (8) describes how much energy has been coupled
to the output arm. If we assume the eigenmodes are lossless
( , ), the calculated extinction ratio is
shown as the dotted line in Fig. 6(a). In this case, the extinc-
tion ratio is consistent with the phase match factor (PMF) shown
in Fig. 6(b), and the largest extinction ratio points correspond
to the zero points of PMF. For thin LRSPP arm ( ,
81 nm), the largest extinction ratio near was obtained.
While for thick middle arm , mode B is cutoff
before reaching the largest extinction ratio point. In reality, the

Fig. 6. (a) Extinction ratio versus� when considering eigenmode losses (solid
line) or ignoring their losses (dashdotted line) with� � ��� and� � ��,
81, 86 nm. (b) The absolute value of phase match factor (PMF) with different
� . When ignoring the losses of eigenmdoes, the extinction ratio [dotted line
in (a)] is mainly decided by PMF.

loss difference of the eigenmodes results in the bad extinction
ratio shown by the solid line in Fig. 6(a).

According to above results, we know that there are two fac-
tors, phase match factor and loss of eigenmodes, which de-
cide the extinction ratio of the hybrid coupler. This can also
be known by analyzing (5) as follows. With considering the
field pattern shown in Fig. 2(a), it is clear that the combination
of mode A and B, , forms the even
mode of the two-arm coupler [12]. Mode C corresponds to the
odd mode and has a phase difference compared with the even
mode. Thus the first term of (5) indicates that most of the en-
ergy has been coupled to the right dielectric arm when .
If eigenmodes are lossless ( , ), extinction
ratio can be very high. The last two terms of (5), which are de-
cided mainly by the phase match factor, worsen the extinction
ratio. It is clear that, when ,
the last two terms are rather small and high extinction ratio can
be achieved, which is consistent with the conventional three-arm
dielectric coupler [22].

We calculated the coupling loss (C.L.) defined by (7) and
showed the results in Fig. 7(a). When is small, it is can be
seen that thinner LRSPP arm has lower coupling loss for the
corresponding smaller attenuation constants of mode A shown
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Fig. 7. (a) Coupling loss of hybrid coupler as a function of � with � �

� �� and � � 76, 81, 86 nm. (b) Taking � � �� �� for example, the
energy proportion of the three eigenmodes defined by (9) vary with�.

in Fig. 3(b). When increasing , it seems that the C.L. will in-
crease quickly for increased coupling length [shown in Fig. 3(a)]
according to (7). However, C.L. has the maximum value and
will decrease when further increasing . This can be explained
by considering the field pattern and energy proportion of the
three eigenmodes. When increasing , mode A (B) has larger
(smaller) field peak near the middle arm, and the energy guided
by mode B increases as shown in Fig. 7(b). Therefore, the in-
creased proportion of energy and decreased loss of mode B re-
sult in the decrease of coupling loss.

B. Asymmetric Structure

For conventional dielectric coupler [22], symmetric structure
always has high extinction ratio. Whereas for the three-arm hy-
brid coupler, the symmetric structure cannot reach a high extinc-
tion ratio no matter how the structure parameters are adjusted
due to the much higher loss of eigenmode A and B than that of C.
Fortunately, we find that by adjusting the position of the middle
LRSPP arm, the extinction ratio can be improved remarkably.
This is different from the conventional three-arm dielectric cou-
pler.

The reason why the middle arm offset is introduced to im-
prove extinction ratio can be analyzed as follows. Eigenmodes
A and B can be considered together as an even mode, like that of
two-arm coupler [10]–[12], with high loss. While eigenmode C
corresponds to a lossless odd mode. Fig. 8 depicts qualitatively

the even (dashed line) and odd modes (dotted line) of symmetric
(a) and asymmetric structure (b) to illustrate the extinction ratio
of the structure. For symmetric structure, even or odd mode is
symmetric or antisymmetric. Therefore, the input mode (solid
line) can be decomposed to even and odd mode with equal en-
ergy at . After propagation distance , different transmis-
sion loss of even and odd mode results in unequal energy and
thus low extinction ratio [23]. On the other hand, for asymmetric
structure, even and odd mode have larger peak on different sides
as shown in Fig. 6(b). Therefore, to form the input, even mode
should have more energy at . When , because of
larger loss for even mode, the fields of even and odd on the left
side can have almost equal amplitude with a phase difference .
Therefore, high extinction ratio can be achieved with the cost of
increasing even mode loss.

Fig. 9 shows the extinction ratio of the asymmetric structure
with different middle arm thickness . The distance between
two dielectric arms, , and the corresponding PMF value (in
the bracket) when offset are marked near the curve. In
Fig. 9(a), is fixed at 86 nm with different . We find smaller

corresponds to higher extinction ratio. This is because that
the PMF is cutoff before decreasing to zero as shown by the
dashed line in Fig. 6(b), and smaller corresponds to smaller
PMF. Since PMF cannot be zero, extinction ratio can only reach

when , .
When , the PMF crosses the zero as shown by

solid line in Fig. 6(b), and is near the zero point. So
the solid line in Fig. 9(b) illustrates that by adjusting the position
of middle LRSPP arm to , extinction ratio as large
as can be obtained. But the unsuitable with large
PMF will worsen the maximum extinction ratio. For example,
the dashdotted line with , and results
in maximum extinction ratio. While for the case of

(the dotted line with ), the maximum
extinction ratio can only be with a larger offset

.
In the case of , the ideal is about 9.3

with according to the dotted line in Fig. 6(b).
With the ideal , the theoretical results in Fig. 9(c) show ex-
tinction ratio can be larger than when near 290 nm.
And structures with other can not reach such high extinction
ratio by adjusting offset due to their larger PMF value. Since
PMF changes little with , the same conclusion in (a), (b), and
(c) is that small PMF value of symmetric structure
corresponds to high maximum extinction ratio of asymmetric
structure.

Therefore, the simulation results in Fig. 9 prove the discus-
sions about Fig. 8. Namely, by introducing the asymmetric of
the eigenmodes and utilizing their different transmission loss,
high extinction ratio can be achieved by asymmetric structure.
Although thin LRSPP arm ( shown in Fig. 9(c))
can also reach high extinction ratio, the larger and means
larger coupling length and coupling loss. On the other hand,
thick LRSPP arm ( shown in Fig. 9(a)) cannot
reach high extinction ratio before cutoff. So should be well
selected [i.e., in Fig. 6(b)] to match the phase
of three eigenmodes and let the corresponding
close to the cutoff point.
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Fig. 8. Consider even and odd mode to illustrate why asymmetric three-arm hybrid coupler can reach higher extinction ratio than the symmetric. Even (dashed
line), odd (dotted line) mode and their combination (solid line) when � � � and � for symmetric structure (a) and asymmetric structure (b).

Fig. 9. Extinction Ratio of asymmetric structure with (a) � � �� ��. (b) 81 nm. (c) 76 nm when � � � ��. The dielectric arm distance � and the
corresponding PMF value in the bracket are labeled near each curve.

From the results in Fig. 9, we can also estimate the fabrication
tolerance of , and for the three-arm hybrid coupler with
the other two parameters fixed. For realizing an extinction ration
of , for example, with fixed and
[solid line in (b)], has the tolerance from 70 to 270 nm. And
if fix and , will have the tolerance
from 6.6 to near 8 by observing the dashdotted, solid,
and dotted line. If fix , , the tolerance
of may be from 78 to 86 nm when noticing the three solid
lines in (a), (b), and (c).

The input is applied on the left dielectric arm when we discuss
the extinction ratio of the coupler. There is no difference if input
is moved to the right dielectric arm if the structure is symmetric.
However, for the asymmetric structure, the asymmetric eigen-
modes result in different situation. As shown in Fig. 10, with the
input applied on right dielectric arm, which is equal to the case
of keeping the input to the left arm and moving the middle arm
to the right , the extinction ratio goes bad with increased

. Therefore, besides the increased coupling loss, asymmetric
structure with (middle arm moves away from the input
arm) has worse extinction ratio than the symmetric case .

Fig. 10. When the input is applied on the right dielectric arm, the extinction
ratio worsens with increased middle arm offset. Different lines correspond to
different arm distance �.

We suppose this unsymmetrical feature of the extinction ratio
may have some applications in special situations.
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Fig. 11. The contour of phase match factor with different� . Within the re-
gions between two thin sold lines of each group, the PMF value is less than 5%
and can reach relative high extinction ratio.

C. LRSPP Arm With Different Width

In part A and B, the characteristics of symmetric and asym-
metric structure have been analyzed with fixed width of middle
LRSPP . In this part, the characteristics of the
three-arm hybrid coupler with different middle arm width will
be discussed, and it will be found that improved performance
can be obtained by optimizing .

The results similar to those shown in Fig. 9 can be derived
with different , where better (smaller) PMF also corre-
sponds to larger maximum extinction ratio. For estimating
the extinction ratio and deriving the corresponding structure
parameters more simply and directly, the contour of PMF for
symmetric hybrid coupler is revealed in Fig. 11. The four
groups of curves correspond to , and 5 , re-
spectively. By the way, for the metal strip design in Fig. 11, no
higher order long range modes (e.g., as [7]) can be supported.

According to the thick solid lines, it is known how to select
with different to realize . For example, when
is widened from 2 to 3 with , the should

decrease from 81 to 55 nm to match the phase and achieve high
extinction ratio. If changes to 4 , can be reduced by
near 50%. Results in Fig. 11 show that wider corresponds
to thinner .

The curves in Fig. 9 have shown that, to reach an extinction
ratio of , PMF should be better (smaller) than 5%. In
Fig. 11, the region between two thin solid lines of each group
has PMF value better than 5% and can have high extinction ratio.
With fixed dielectric arm distance , the fabrication tolerance of

can be estimated. To find out the trend of more
clearly, the exact values corresponding to the curves in Fig. 11
are listed in Table I. It is found that wider corresponds to
smaller , except the case of small with large . The
exception may result from the too small distance between the
dielectric arms and metal arm.

TABLE I
�� WITH PMF BETTER THAN 5% (BETWEEN THE TWO DASHED LINES OF

EACH GROUP IN FIG. 11) WITH DIFFERENT � AND �

Since smaller corresponds to shorter coupling length
and larger fabrication tolerance , as shown in Fig. 11, we
fix at 7 to compare the characteristics with different .
According to the thick solid line in Fig. 11, central can
be selected for with different , 3, 4 and
5 , then find out their corresponding optimized for high
extinction ratio. The extinction ratio of asymmetric structure
as a function of was calculated and the results are shown
in Fig. 12(a). The exact fabrication tolerance (with E.R.
better than ), which are a little larger than those in
Table I, are listed in the inset table. Therefore, we cannot only
get the approximate value of by the PMF value in Fig. 11,
but also the exact value by the above method.

Fig. 12(b) and (c) illustrates the coupling length and coupling
loss within the range shown in the inset table of Fig. 12(a).
It can be seen in Fig. 12(b) that wider middle arm can shorten
the coupling length. When , the coupling length

is near 400 . While for , is less than
300 . The decrease of the coupling length should result from
the closer distance between middle arm and dielectric arms with
wider . Commonly, shorter coupling length results in lower
coupling loss according to (7). This can be seen in Fig. 12(c)
when comparing the coupling loss corresponding to , 3
and 4 . Nevertheless, when , the coupling loss
does not decrease continuously in spite of the shortest coupling
length.

This abnormal phenomenon is due to the increased loss of
mode C. For 2 wide middle arm, the loss of mode C is
neglectable compared with those of mode A and B. When
widening the middle metal strip, metal strip extends grad-
ually into the field of mode C. As shown in Fig. 13, where

, there exists field of mode C surrounding the
metal strip and the loss of mode C cannot be neglected. Since
the coupling loss is determined by both coupling length and
losses of the three eigenmodes according to (7). Thus, the
increased loss of mode C for results in the above
abnormal coupling loss.

D. Frequency Dependence

The frequency dependence of the asymmetric hybrid coupler
is discussed in this part. Here, we assume the refractive index
of the dielectrics dose not change with the frequency (vacuum
wavelength ) of input light. However, noble metal Au is a
kind of dispersion material and its dielectric constant changes
with wavelength [26].

Taking for example, Fig. 14 shows how
extinction ratio changes with for different arm distance
( ) with proper middle arm thickness according
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Fig. 12. (a) Extinction ratio versus middle arm thickness � with different
� and corresponding � when � � � ��. The inset table shows the fabrica-
tion tolerance �� , within which the extinction ratio is better than ��� ��.
(b) and (c) illustrate the coupling length and coupling loss with different �
within the range of �� , respectively.

to Fig. 11. It can be seen that the bandwidth for extinction
ratio higher than is about 70–100 nm with different

. For smaller , the cutoff of mode B is easier to occur
when increasing the wavelength, while, the bandwidth for E.R.

is larger if there is no cutoff.
Fixing the outside arm distance at 7 with different

middle LRSPP arm width , the frequency dependence was
calculated. As shown in Fig. 15, where for different with se-
lected for (thick solid line in Fig. 11) to reach high
extinction ratio, it is found the bandwidth for E.R.
can be extended to 100 nm or even 168 nm

by widening the LRSPP arm width. There-
fore, for smaller and larger , the hybrid coupler has larger

Fig. 13. Normalized attenuation constants 	� �� 
 of the symmetric structure
for three eigenmodes when � � � ��. Field distribution of mode C in the
inset indicates that the large loss results from the extending of metal strip into
the field.

Fig. 14. Extinction ratio vs wavelength 	 when fix � at
2 ��, with 	�
� 
 �
 � 	� ��
 �� �
���� �
 (dotted
line), 	�
� 
 �
 � 	� ��
 �� �
���� �
 (solid line), and
	�
� 
 �
 � 	� ��
 �� �
���� �
 (dashdotted line). The ��� ��
bandwidth is shown in the inset.

bandwidth for high extinction ratio. This can be considered as
the results of the smaller gap among three arms and relative
stronger coupling.

The extinction ratio calculated here is all for their corre-
sponding coupling length. Namely, for different parameters
(i.e., ), the coupling length is different and the extinction
ratio is derived at the corresponding coupling length. For actual
devices with fixed length, the extinction ratio should go bad
when parameters changes. Fortunatelyôthe effect of the
frequency change to the extinction ratio is not too large. For
example, the solid line (fix at ) in
Fig. 16 is rather close to the dotted line in spite of the variation
of .

IV. ADVANTAGES AND APPLICATIONS

In this section, the characteristics of the three-arm hybrid cou-
pler are compared with those of the two-arm hybrid coupler, and
the potential applications are discussed.

In three-arm hybrid coupler, energy first couples from input
dielectric arm to middle LRSPP arm and then to output dielec-
tric arm. Its coupling length is somewhat larger than that of the
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Fig. 15. Extinction ratio vs wavelength � when fix � at 7 ��,
with �� �� � �� � �� ��� �� �����	
 ��� (dotted line),
�� �� � �� � �� ��� �� ������� ��� (dashdotted line),
�� �� � �� � � ��� 	 �����

 ��� (solid line), and
�� �� � �� � �� ��� 	 ����	
 ��� (dash dot dot line). The ��
 ��
bandwidth is shown in the inset.

Fig. 16. Extinction ratio vs wavelength � with fixed � � 
� �� at � �
�	�� �� (solid line) and with different � (dotted line).

two-arm hybrid coupler [comparing in Fig. 3(a) with the
Fig. 3(b) in [20]]. With similar attenuation constants of
mode A and B to those of even and odd modes of two-arm hybrid
coupler, intuition may tell us that larger coupling length results
in larger coupling loss. However, the reality is that three-arm hy-
brid coupler has lower coupling loss than that of the two-arm one
[20]. Taking the symmetric three-arm structure with ,

and for example, the coupling
length and coupling loss is 1.62 dB. While for
the two-arm hybrid coupler, with corresponding arm distance of
2.5 , the coupling length is 308 and coupling loss is
1.82 dB [20]. The reason is that, in the case of three-arm hybrid
coupler, near half of the energy is guided by mode C with very
low loss. From Fig. 12(b) and (c), it can be seen that the coupling
length and loss can be further reduced by widening the middle
LRSPP arm. More importantly, for two-arm hybrid coupler, TM
light coupled to LRSPP arm guided by the Au strip with compar-
ative high loss. Therefore, the total loss of the two-arm coupler
includes not only the coupling loss within the coupling length
but also the extra transmission loss on the metal strip. However,

in the three-arm coupler, the right lossless dielectric arm guides
the TM light at last and all of the losses only result from the
coupling loss.

In Section III, we have discussed that, without the help of
middle LRSPP arm, the distance between the two outside arms
is too large for TE mode coupling compared with TM mode. It
can be considered that there is almost no coupling for TE mode
within the TM coupling length. Thus, TE and TM mode can be
separated with high extinction ratio at proper coupling length.

For the conventional polarization splitter, whose coupling
length of one polarized mode is twice that of the other polarized
mode [28], [29], the unsuitable structure parameters would af-
fect the extinction ratio of the two kinds of polarization modes.
While based on this hybrid coupler, the output mode from
the right arm is pure TM polarized light due to too large
difference between TM and TE mode. The structure parameters
will only decide the residual TM light in the input dielectric
arm and the purity of TE mode. Compared with the splitter
with ARROW structure [30] and bragg reflector waveguides
structure [31], the proposed polarization splitter with hybrid
coupler has the advantages of compact and simple structure.
Further more, when signals are applied on the metal arm, it has
the potential to easily control the TM mode coupling efficiency
by electric signals, while TE mode is not affected.

With the characteristic of supporting the optical and electric
signals simultaneously by the middle LRSPP arm [13], [16],
electric controlled polarization combiner, modulators, and
switches may also be realized based on this three-arm hybrid
coupler.

V. CONCLUSION

We have investigated numerically the high efficiency cou-
pling of TM mode on the three-arm hybrid coupler, which is
consisted of middle LRSPP waveguide and two outside dielec-
tric waveguides. Different from the conventional three-arm di-
electric coupler, we find that symmetric structure cannot reach
high extinction ratio no matter how parameters are adjusted,
while asymmetric structure can reach a much higher extinction
ratio (as large as ) by selecting a suitable middle arm
offset.

When the three arms have the same width, the three-arm
hybrid coupler has the similar coupling loss with that of the
two-arm hybrid coupler. While, extra transmission loss on the
metal strip can be avoided in the three-arm one because of
the lossless input and output arms. Furthermore, by widening
the middle arm, the coupling length and coupling loss can
be shortened and reduced. However, since wider middle arm
corresponds to smaller thickness fabrication tolerance, the
characteristics of the coupler (coupling length, loss and metal
strip thickness) and fabrication tolerance should be considered
comprehensively. The frequency dependence of the three-arm
hybrid coupler is also investigated and shows the relationship
between the bandwidth and the structure parameters.

Since the coupling of TE mode can be neglected within the
TM mode coupling length, pure TM mode is derived from the
output dielectric arm. Therefore, the three-arm hybrid coupler is
promising for realizing high performance TE/TM mode splitter
or combiner. By applying electric signals on the middle LRSPP
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arm, electric controlled polarization splitter/combiner, modula-
tors and switches may also be realized.
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