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Abstract—A novel hybrid coupler based on the antiresonant re- between two waveguide channels, and thus the device length
flecting optical waveguides (ARROW'’s) is presented. This device s difficult to reduce.
cqnsists of two parallel antiresona_nt reflecting optical wav_eguides The antiresonant reflecting optical waveguides (ARROW's)
with a tapered outermost cladding layer. Such a device can . . .
provide advantageous features of low radiation loss, low crosstalk are prom's'”g to rgplace C_Onvem'onal hybrid couplers _be'
at the output end, and compatible core dimensions and indexes cause of their flexible design rules of core and cladding
with single-mode optical fibers. The staircase approximation dimensions [7]. In comparison with conventional waveguides,
and the eigenmode expansion analysis are used to analyze an\RROW waveguides utilize antiresonant reflection as the
B S e et s v e 3 e QUding mechanism instead of ol nternal reflection. Wit
waveguide channels are achieved. The beam propagation methodthis structure, ARROW devices can guide waves in low-index
(BPM) is also used to verify our design and analysis results. cores with large core sizes such that their core indexes and
Index Terms—ontical b it tical i tical sizes can be compatible with single-mode fiber indexes and
pucal beam splitting, optcal coupling, opucal . . . —_ . . .
power dividers/combiners, optical resonance, optical waveguides. diameters, which provide efficient connections with fibers. In
addition, the coupling length of a dual ARROW waveguide
is not increasing but varies as a periodic function with the
increasing waveguide separation such that a remote coupler
EAM splitters and beam combiners are basic elementsaan be realized [8], [9]. Based on our previous investigation,
construct various optical circuits. Optical hybrid couplerst is found that the maximum coupling efficiency of a dual
which can provided both of these functions in integrateghrallel ARROW waveguide can be controlled from 100 to
optics, have been proposed and demonstrated [1]-[6]. SW& by simply varying the outermost cladding thickness to
versatile devices are attractive for applications in opticahange their symmetry [10]. In this paper, we present a novel
communications, optical signal processing, optical networlsybrid coupler based on ARROW waveguides to provide the
and optical microsensing systems. A conventional waveguidame functions as a conventional hybrid coupler [11]. The
hybrid coupler consists of a symmetric and an asymmetric ¥utermost cladding layer is tapered from the exact symmetric
junctions connected directly. In each Y-junction, there existructure to the extremely asymmetric one, so that the fields
two normal modes, even and odd modes, traveling along thiethe symmetric and extremely asymmetric sides are similar
propagation direction. For the input symmetric Y-junction, th those in the input and output Y-junctions of a conventional
amplitudes of the fields for both modes in two individuahybrid coupler. Compatible core dimensions and indexes with
waveguides are the same; on the other hand, in the outpifgle-mode fibers and a large separation thickness can be
asymmetric Y-junction, the field of the even mode is mainlgchieved by utilizing the periodic property of antiresonant
confined in the wide-arm and the odd mode mainly in theonditions. The input and output coupling efficiency are thus
narrow-arm, respectively. The branching angles of two ‘ignificantly improved. In addition, by an optimum design of
junctions are designed to be small enough so that the devine outermost cladding thickness at the input and output ends,
is adiabatic. The input conditions of the optical fields wilequal excitations of two normal modes at the input end and
determine the outputs of the wide- and narrow-arms in tkelow crosstalk at the output end can be achieved. Moreover,
asymmetric Y-junction. However, for a conventional hybrighe surface scattering is relieved because only the thickness of
coupler, there exist inherent disadvantages of difficult aligifhe outermost cladding layer is changed along the device and
ment and low coupling efficiency when connected to opticgihe fields are mainly confined within the cores.
fibers due to their incompatible core dimensions or indexes.|n Section II, the basic structure of an ARROW hybrid cou-
Moreover, the separations between two arms at the input ajlélr and its operation principle are discussed. In Section I,
output ends must be wide enough to reduce the crosstgdé continuous tapered structure is modeled by dividing them
into various segments with small step discontinuities [12].
Manuscript received May 12, 1997; revised October 15, 1997. This wo-rrhe (.:har.aCte”StIC matrix r.nethOd IS applleq o (:)bt{.;lln .the
was supported by the Nationél Sciehce Council of the F’erublic of Chi@jfecuve indexes, propagation losses, and field distributions
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[13]. In Section IV, a design example and the simulation Index
results using the eigenmode expansion analysis are given and ~ —> Air
the beam propagation method (BPM) is used to verify the n, input end tapering region output region
theory and design [14]-[16]. Finally, a brief conclusion isd;, ™ 4
given in Section V. ghl Iy f
gl g upper core
d, ny :
ll. BASIC STRUCTURE AND OPERATION sep Dy separation layer
PRINCIPLE OF AN ARROW HYBRID COUPLER dzzz nfz lower core
The configuration of an ARROW hybrid couplén,/n;, 37; E[hzz
/nhl /77‘91 /nhl /nsep/nhz /77‘92 /nhz /77‘12 /77‘5) is depicted in n, | T T T T
Fig. 1, which consists of two parallel ARROW waveguides, a z, z, z, z, z,
gradually tapered upper cladding layer, and a separation layer. Subatrate
The core layers of two ARROW waveguides are with low —

refractive indexes oh,, andng,,, and thickness off, and
d,, , respectively. The upper waveguide is sandwiched betweffs 1. The schematic view of an ARROW hybrid coupler.
two high-index(n;,) cladding layers of thickness,,,, and

atop this upper sandwiched waveguide is a tapered low-index ———  evenmode

(ny,) cladding layer of thicknesd,,. The lower waveguide - odd mode

is sandwiched between two high-indéx;, ) cladding layers .

pf thickrr:essldhz,_agdxl;nd()er tlhi;dl_owelr sandv;icrr:g?(wa\;?guide( — i 1 —~— (>
is another low-index(n;,) cladding layer of thicknesg,.

Between two ARROW waveguides there is a separations e — —
cladding layer with an index oh.., and a thickness of
dsep- The upper core indexn,, ) and dimension(d,, ) are ‘ : , :
flexibly chosen to be compatible with connected single-mode———— - == = — —
fibers, the core layer of the lower waveguide must satisfE—o— — — : =

the transverse resonance condition, and its thickmgsss ===
given as [7]

Zq Zy z Z, z
2 27 —(1/2)
d. = A 1— Mg A 1) Fig. 2. The field distributions of two normal modes corresponding to the
2 2ng, 204, dg, ' positions in Fig. 1.

ngz

Except the upper cladding layer af,, all cladding layers

satisfy the transverse antiresonance condition as for both modes in two individual waveguides are the same

at the input end. The tapering angle is carefully designed to

A Ng 2 A 2]~/ meet the adiabatic invariance condition such that the power
dj = in. 1= <n—) + <2n»d ) resided in the initial modes at the beginning still remains in
J J J7g1 . . .
the same modes during traveling along the device [17]. The
(285 + 1), P =0,1,2,3,-- (@) field of the even mode is mainly confined in the lower guide

wherej = h; (andh,), sep, and,, representing corresponding?2 and the odd mode mainly in the upper guideat the output
high-index, separation and low-index cladding layers, respe¥d, respectively. If two beams with the same amplitudes in
tively. P; is the order of antiresonant condition, which caRhase are launched into two guidgs and g at the input
be arbitrarily chosen to adopt to butt-connection with singl&nd, only the even mode can be excited and the power will
mode fibers easily. Since the coupling strength between d&g confined within guide 2g>) at the output end. On the
ARROW waveguides strongly depends on the degree of thether hand, when two input beams with the same amplitudes
symmetry, the thickness of the upper cladding layer can B&e out of phase, only the odd mode will be excited and the
adjusted to change the degree of their symmetry and tHe@wer will be confined within guide 1g;) at the output end
the coupling efficiency between two guides can be varied. & shown in Fig. 2. In such a way, the original power in two
our ARROW hybrid coupler device, the dual waveguides agdlide channels can be combined into one of these two guide
exactly symmetric at the input end and extremely asymmetgbannels depending on the phase difference between two input
at the output end. The thickness of the upper cladding layg#ams. In another case, if only single beam is launched into the
(dy,) is thus gradually tapered from the input end to the outpistput end of one of these two waveguides, even and odd modes
end as shown in Fig. 1. are equally excited, and then adiabatically transferred into two
Throughout the whole device there are two normal modgsiides ; and g»), respectively, and the device functions as
(one even and one odd modes) traveling along the propagatiopower divider.
direction. The typical field distributions of two normal modes Based on the reciprocity theorem, a reversed hybrid coupler
at several corresponding positions along the propagation dan convert the original power combiner to a power divider
rection are shown in Fig. 2. The peak amplitudes of the fieldghen only one beam is input to guide ;) or guide
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N =180 The boundary conditions at the step discontinuity give the
o relation as
1.91me _‘_‘_‘——‘__%_‘ v > afPul® (@) exp (_ 8% L(k))
1§28 3« « = Kk oo N1 }Fo.lpm Pt
= > aff () @
upper core g=e,o0

whereL®) is the length of théth segment. Here, it is assumed

that the reflections of the next segments is negligible. This
assumption is appropriate for our case since the fields of
even and odd modes are mainly confined within the cores and
only the thickness of the outermost cladding layer is changed.

substrate . . . .
— Combining the above equation with the orthogonal relations,
the expansion coefficients of all modes at the-1)th segment
Fig. 3. The staircase model of an ARROW hybrid coupler. can be reconstructed as

k+1) _ (k) s alk) 7 (k
2 (g2). By combining these original and reversed hybrioaé )= Z Gy~ €XP (_Jﬁé 'L ))

couplers, an integrated-optical Michelson interferometer can h=e,o .

be realized [2]. . / uf (@) [+ ()] de

[Il. STAIRCASE APPROXIMATION AND EIGENMODE EXPANSION = Z a;f“) exp (—jﬁé’“)L(’“))<u§f“)(a:)|u§k+1)(a:)>.
In this section, staircase approximation and eigenmode h=e,o

expansion analysis are used to determine the adiabatic invari- )

ance condition [13]. In our analysis, the continuous taper
structure is divided into a series of staircase segments wit
small and abrupt discontinuities as shown in Fig. 3. The total AT — AR p() | okk+1) (6)
number of segments is determined by satisfactory convergence * ) . ) o

when this number is enough increased. The field distributioh&i€reA™ is the input expansion matrix, which is composed
and propagation losses of associated eigenmodes within e@trExpansion coefficients of even %nd odd modes k?‘t the
segment are obtained by applying the characteristic matRg9inning of thekth segment, ie.A® = [aeao](k)%f’( :
method [9], [10]. The effective indexes of eigenmodes fgiescribes t_he propagation phenomena of all modes irkttine
our ARROW waveguides are solved in the complex plar€gment given as

due to their leaky characteristics. The imaginary parts of the k (k) T (K

effective indexes represent propagation losses of ARROW ng = [eXp(_j ﬁi( 2 ))} i (/)
modes. The unphysical problem associated with the Iea\ll% res.. is the Kronecker delta function ar@®*+1 is the
mode representation can be relieved by the truncated method i

[18] with a suitable and systematic method to meet thceouplmg matrix describing the coupling phenomena between

orthogonality relation. Any field distributiorf(z,z) at any gggsﬁtiéti;twod:g#ae%erz;tssegments at the corresponding step
position within the kth segment can be expressed by the 4
summation of eigenmodes with their individual expansion ok — <u(k)($)|u/(,k+l)(x)>_ (8)
coefficients as “ ! I
k _ k), (k ok Whenever the expansion matrix at the input end is deter-
i )(x’z) o Z ag’ )ué )(x) xp (_Jﬁé )Z) 3) mined, the output expansion matrix is obtained segment by
segment from (6) as

erefore, we obtain

g=e,0

(k) (k) (k) i ;
W_he_re Uy (x),aq ", apd Bg ’ represent the no_rmallzed_ f_|eld AN _ 40 [pO) . g1 . p@) o3 .
distribution, propagation constant, and expansion coefficient of
an eigenmode .at thieth sggment, respeptively, and subscript CN-1LN) -P(N)} — AT )
g indicates a discrete guided mode which should be summed

up. The normalized field distribution of the eigenmadf (z)  where is the total number of divided segments dfds the

is multiplied by the phase terrﬁxp(—jﬁg(;k)z) and its own system transfer matrix. Once the tapered structure is modeled
expansion coefficienlzgk) to express the wave propagationby the staircase approximation, the length of a segniéht

In our case, only the first two modes, even and odd modesn be changed when the tapering angle is varied, such that it
are involved because only these modes can be efficienlynot necessary to recalculate the coupling matrices.

excited by the fundamental mode from a single-mode fiber The mode-conversion effect can be observed by the phase
(or waveguide) input-coupling. The mode-conversion betweéehavior of even and odd modes. We can now extract the
these two modes can be simulated to determine the adiabatiase term in (9) to describe such effects. First, we observe
invariance condition. the mode-conversion phenomena of an even mode. In this case,
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the input field is assumed to be the normalized even mode, i.e., 1.45850 —

AWM = [10]. If the adiabatic invariance condition holds, i.e., ]
no cumulative mode conversion occurs, the mode coefficient  1.45825 —

a, at the output end will be very low. According to (5) and ]
(6), the mode coefficient,, of the (k + 1)th segment can be 145800 —

represented as -
1.45775 —| T

— -

1
~

alk D = oM exp (_jﬁék)L(k)) . Clkk+D)

Effective Index
~
A
3
\

+ oW exp (— jﬁgk>L<k>) ORI (10) 1
145725 |/ —————  Even mode
Each variable of the above equation is separated into the 3+ 7 Odd mode
amplitude term multiplied by the phase term as 145700 B
1.45675 —
af 40 exp (o) -
- (k) ( (k)):| (—j(k)L(k)) 1.45650 T T T TR T T[T E [T T[T T[T T T TITTTTTT]
= ||aS|ex ex
[| e lexp (joe p =i 0 05 1 1.5 2 25 3 35 4
. [|C§f§’k+l)| exp (j(/)ceo)} Upper cladding layer thickness d 1 (um)
(k) ( (k)ﬂ (_x (k) (k)) Fig. 4. The dispersion relation versus the thickness of the upper cladding
+ [|a0 |exp I exp (—ifs L layer d;, . The parameters arey, = ng, = nsep = ny; = ny, = 1.46,
k,k+1 p np, = np, = 1.5, d = dyg, = 4pm, dsep = di, = 2 pm,
: [|C§o | exp (J(/JCOD)} (11)  4,} = 4, = 0448 pm andA = 0.6328 pm. :

where ¢; represents the corresponding phase term. Rearrarm—e upper waveguide thickness, is 4 um such that this

ing the above equation, we obtain large core is compatible with single-mode optical fibers [9],
[10]. Based on (1) and (2) we obtady, = 4 pm, d;, =2 pm,
k1)) o (k kyk41 i 2 2
jal** D] = 1o |CHMY] - exp(jide,) anddy,, = d, = 0.448 pm for A = 0.6328 um. Also based

+|a®| - |CEFD| L exp(ido,)  (12) on (2) the thickness of the separation layer can be adjusted
asdsp = 2 pm x (2P; 4 1) for easy alignment to optical
whereg,, and,, represent¢t™ — g L0 g Ty fibers. In our analysis the minimum value @, = 2 pm
and (o) — g LW 1 e — ¢ respectively. The real IS chosen for numerical convenience. The effective indexes
of even and odd modes as functions of the upper cladding

part of (12) is expressed as
thickness are illustrated in Fig. 4. We then determine the
0D = (o] |CEFFD| - cos e thickness of the upper cladding layer, which will influence
O kD) the symmetric degree of the dual ARROW waveguides. From
+lag” 150 | cos doo- (13) the dispersion results shown in Fig. 4, it can be seen that,

_ in the symmetric region, i.ed;, = d;,, both even and odd

Thus, the degree of mode conversion can be observed by fh§des are described by nondispersive curves which imply
phase behavior as described in (13) [13]. If the phase tedPmmertric field distributions for two modes, and optical power
cos ¢, is locked near 1 okpkl lespemally in the region where .4 efficiently exchange between two ARROW waveguides. In
the coupling coefficientC{s*+*] is relatively large along the tne asymmetric region, i.ed;, approach zero, the dispersive

propagation direction, substantial mode conversion from thgryes imply asymmetric field distributions for two modes.

even mode to the odd mode will occur. On the contrary, ¥he maximum coupling efficiency as a function of the upper
the phase term oscillates rapidly across ?Wém will not  cladding thickness is shown in Fig. 5 [10]. It is observed
cumulatively increase and mode conversion does not ocCifat efficient coupling occurs in a symmetric structure and
The above analysis is also valid when the input field is aeak coupling in an asymmetric structure. Since our ARROW

odd mode. hybrid coupler is tapered from an exactly symmetric structure
to an extremely asymmetric structure, we choose the initial
IV. DESIGN EXAMPLE AND SIMULATION RESULTS value ofd;, to be 1.91m such that the maximum coupling

In this section, our design example is based on a Sifficiency is high and both the even mode and odd modes
substrate(n, = 3.5) and the operating wavelength js = are equally distributed into two cores, and the final value of
0.6328 pm. SiO, with a refractive index of 1.46 is used ford;, to be 0.1xm such that the maximum coupling efficiency
guiding layers, the separation layer and low-index cladding sufficiently low and both modes reside mainly in two
layers, i.e.,ng, = ng, = nsep = ni, = ny, = 1.46, and the individual cores. The mode conversion along the whole device
glass mixture of BaO and SpQwith a refractive index of 1.50 is then analyzed by eigenmode propagation as described in the
is used as high-index cladding layers, i®y, = n;,, = 1.5. previous section to find the optimized tapering angle. In our
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Upper éladding layer thickness dn  (pm)

Fig. 5. Maximum coupling efficiency as a function of the uppefFig. 6. The mode coefficients. anda, as functions of the thickness of
cladding layer thicknessd;,. The parameters arei;,, = ng, = the upper cladding layer for the tapering angles= 0.01,0.03, and 0.08.
Nsep =Ny, = Ny, = 1.46, np, = np, = 1.5, dg; = dyg, = 4 pm,  The input field is an even mode. BPM simulation resultsdo= 0.03° are
dsep = djy =2 pm, dp, = dp, = 0.448 pm, and A = 0.6328 pm. also given for comparison. The parametersmage =ngy, = nsep = Ny, =
ny, = 1.46, n,, =np, =1.5,dg =dg, =4 pM,dsep = dy, = 2 pm,
_ . S . . dp, = dp, = 0.448 pm, and A = 0.6328 pum.
analysis, the continuous structure is divided imNosections

with small abrupt steps as shown in Fig. 3. The length of each
sectionL(*) as a function of the tapering angle is
1.0

Ady, 0
N -tana (14) <
whereAd, is the total tapered thickness of the upper cIaddin@ 05—
layer andw is the tapering angle. In this case, it is found that% ]
N = 180 is sufficiently large to describe the mode conversior%“ E
effect of the original continuous structure. As described s~ 1
the previous section, the input field is assumed to be the
normalized even mode, i.e4"") = [1 0]. Fig. 6 shows the =057
mode coefficientsz, and a, as functions ofd;, when the ]
input beam is propagating along the whole device for various-1.0—|
tapering angles. The proper tapering angle is chosen to avoid .
mode conversion between two normal modes and prevent two
normal modes from conversion into radiation modes. In Fig. 6, r
it is observed that a substantial mode conversion from the C
even mode to the odd mode occurs wheg- 0.05°, whereas
nearly adiabatic invariance is achieved whan= 0.03°.
Fig. 7 shows the phase ternws ¢, in (13) versusd;, for
various tapering angles. The coupling coefficiefits, are g 7. The phase behavior associated with Fig. 6.
simultaneously shown in this figure. It is found that the phase
term oscillates rapidly in the case af= 0.01°, whereas it is
locked near-1 in the region of a larg€’,, whena = 0.05°.In  However, the mode conversion occurs whebecomes large
comparison with Figs. 6 and 7, oscillates as:os ¢., does as mentioned. The optimum tapering angle is chosen as 0.03
when « = 0.01°, and thus no cumulative mode conversioifor this device.
occurs. On the other hand, the cumulative mode conversioriThe beam propagation method (BPM) with a transparent
is serious whemy = 0.05°. In Fig. 8, the mode expansionboundary condition (TBC) and an efficient interface condition
coefficients at the output end f6r001° < « < 0.1° are given. is also used to verify our design and analysis [14]-[16]. An
It can be seen thai. decreases dramatically as becomes even mode with a unit power is launched into our ARROW
very small because the radiation loss of the ARROW modbgbrid coupler withae = 0.03°, and the overlap integral
into substrate increases as the device length is very lomgtween the calculated field and the eigenmode fields (one

L&) —

Coupling coefficient (Ceo)

0.005

2 15 1 0.5 0

Upper cladding layer thickness ds (pum)
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Fig. 8. The cumulative mode coefficients at the end of this device as Computation window  (pm)
functions of the tapering angle. The parameters agg = n,, = (a)

Nsep = Ny = Ny, = 146, np = np, = 1.5,dg; = dg, = 4 pm,
dsep = diy, =2 pm, dp,| = dp, = 0.448 um, dy, is tapered from 1.9km
to 0.01pm, o« = 0.03°, and A = 0.6328 pm.

IS
L]

even and one odd modes) along the propagation direction is
plotted in Fig. 6 as well. It is shown that BPM simulation 35
results agree with the results of our previous analysis. The field_
evolution profiles with the input field of an even mode and ang 3
odd mode are shown in Fig. 9(a) and (b), respectively. To~
evaluate the performance of our hybrid coupler, the extinctiorg 2.5
ratios for two modes are defined as 2
P, at the output end
P, at the input end
with the even mode as the input field
P, at the output end
Se.0 =10lo0g P, at the input end
with the odd mode as the input field (15) 0.5

IRERRERED

So,e =10 10%10

|
L T T T 7 7)) 7700000000

Propagation dist:

lllllllll\lll\l\Illlllllillll\l]ll

where P. and P, are optical power of the even mode and
the odd mode, respectively. The extinction rafps and¢, .

T ERTRTTRR R R RERAARA AT AR T TUPNTRUR RN CRN ORI

L LLERTRRRRNNANNY

0 [ L I O B O

should be very small when the device is nearly adiabatic and 6oz 4 6 8 10 12 14 16 I8
radiation losses are small. In our cagge, = —23.10 dB Computation window (um)
and¢. , = —22.87 dB. The radiation losses are 0.38 dB and ()

0.31 dB, respectively, as desired. Finally, further simulatio . L . ,

. . . |g. 9. The power evolution profile with an input field of a normal mode
V_‘”th a Umt'pOW_er_ even mode and odd mode as th_e INPA{bng the propagation distance for an ARROW hybrid coupler. The parameters
field from the original output end are performed to verify there ng, = ng, = nsep = nyy = nyy, = 146, npy = np, = 1.5,

; ; ; ; ; g = dgy, =4 pM, deep = dy, =2 pm, dp,, = dp,, = 0.448 pm, dy, is
reCIPrOC.Ity .IaW as. shown in Fig. 19(&) and (b)’ respecwelﬁiéered fl%om 1.9km to 0.01 uzm, a= 0.03°,land/\2: 0.6328 pm. (a)lAn
The extinction ratios of, . = —23.05 dB and{, , = —24.30  even mode input and (b) an odd mode input.
dB are obtained, and the radiation losses are 0.34 and 0.25
dB, respectively. All these results verify the function of our

vices. . . .
devices hybrid coupler consists of two parallel antiresonant reflect-

ing optical waveguides with a tapered outermost cladding

V. CONCLUSION layer. Compatible core dimensions and indexes with single-

A novel hybrid coupler based on antiresonant reflectingode fibers and a large separation thickness between two
optical waveguides (ARROW'’s) is proposed. This ARROWvaveguide channels of an ARROW hybrid coupler can be
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thickness of outermost cladding layer is gradually changed.
The tapering angle is designed to ensure the adiabatic in-
variance condition. Eigenmode expansion analysis is used to
design this device and the beam propagation method is used
to verify the device characteristics. A design example based
on a Si-substrate is given. The extinction ratios-623.10

and —22.87 dB with an input for an even mode and an
odd mode are obtained, respectively, and the corresponding
radiation losses of 0.38 and 0.31 dB are also obtained. This
versatile optical device can be efficiently applied to opti-
cal communications, optical signal processing, and optical
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Fig. 10. The power evolution profile with an input field of a normal mode
along the propagation distance for a reversed ARROW hybrid coupler. The ;552]
rameters arery, = ng, = Nsep = Ny, = Ny, = 1.46, ny, = ny, = 1.5,

dgy = dgy = 4 pm, decy = dy, = 2 pm, dy, = dj, = 0.448 pm, d;, is 13
increased from 0.0Lm to 1.91 um,« = 0.03°, and A = 0.6328 um. (a)
An even mode input and (b) an odd mode input. [14]

achieved by utilizing the periodic property of the antiresonaft®]
conditions. The input and output coupling efficiency are thyse)
significantly improved compared to a conventional waveguide

hybrid coupler. With an optimum design of the outermoﬁn
cladding layer thickness, equal excitations for two normal

modes (one even and one odd modes) at input end car]
be realized and the crosstalk at the output end is low. 5%18
addition, the surface scattering is relieved because only the

microsensing systems.
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