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Abstract—The asymmetric excitation of a symmetric single-
mode Y-junction is studied in this work using two techniques:
the standard BPM and a modal analysis based on the radiation
spectrum. We found that the power splitting between the two
outputs of the junction is strongly dependent on the coherent
coupling of the odd radiation modes excited at the input of the
junction. A GaAs/GaAlAs single mode junction excited by a
single mode fiber is experimentally tested and a splitting ratio
as high as 12 dB is obtained. Such a result, which could not be
explained if the radiation field is neglected, proposes new ap-
plications of the Y-junction like an optical displacement sensor
with a high sensitivity in the order of 5 dB/um.

I. INTRODUCTION

RANCHING elements and Y-junctions are important

components currently used in integrated optics. These
elements are usually required to be single-mode and the
analysis of their performances depends mainly on the be-
havior of the fundamental guided mode. However, recent
works have shown that the coherent coupling of radiation
modes, generated in the junction, may be very efficient
for loss reduction either for the junction itself [1], [2] or
for a device based on it as the Mach-Zehnder interfer-
ometer [3]. In all these works the junction is assumed to
be excited by its fundamental mode. This might be a good
approximation if the input guide of the junction is long
enough to filter, spatially, all the higher order radiation
modes. In practical systems this is rarely satisfied as the
size reduction is an important requirement. A complete
study that takes into account the coherent coupling of the
radiation modes in the branching elements is thus greatly
required. '

In this work we study the effects of the radiation mode
coherent coupling on the performances of a symmetric
single-mode Y-junction under the asymmetric excitation.
The junction is excited by a single-mode optical fiber and
the asymmetric excitation is due to fiber displacement. A
classical analysis that considers only the guided mode
propagation in the junction, gives a symmetric power di-
vision between the two branches whatever the fiber dis-
placement and predicts only a reduction in the power cou-
pled to the input waveguide. However, when the
. propagation of the radiation modes is taken into account,
one output may be favoured with respect to the other due
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to the coherent coupling of the odd radiation modes. This
results in a distinction between the two symmetric out-
puts depending only on the excitation conditions. We use
the standard BPM [4] as a non-modal analysis as well as
a modal technique based on the spectrum of the radiation
modes [2], [5] to analyze the performance of the junction.
Our theoretical analysis shows that the power may be di-
vided between the two outputs of the junction with a split-
ting ratio as high as 14 dB depending on the fiber dis-
placement. The theoretical results were confirmed
practically by testing two Y-junctions fabricated on GaAs
strip loaded waveguide. This high splitting ratio, which
could not be neglected, shows the importance of this study
and opens the door for some new applications of the sin-
gle-mode Y-junction. An example of these applications,
proposed here, is its use as a displacement sensor where
a sensitivity in the order of 5 dB /um with a dynamic range
of about 5 um is measured and a higher sensitivity may
be obtained after optimizing the junction.

II. Lossgs oF THE Y-JUNCTION

The schematic diagram of the studied junction with the
feeding fiber is shown in Fig. 1(a). The geometry of the
junction is given in Fig. 1(b) where L, is the length of the
input waveguide, L, is the length of the branching sec-
tion, L; is the length of the two-arm section and W is the
separation between the inner sides of the two output
guides. The guiding structure is a GaAs/GaAlAs strip-
loaded one whose cross-section is shown in Fig. 1(c). Us-
ing the effective index technique [6], the two dimensional
waveguide could be replaced by a one dimension wave-
guide with an equivalent refractive index n,, = 3.392, an
equivalent step index én = 2.4 * 1072 and a width d = §
pm; where the GaAs reflective index #, is assumed to be
3.4 and the Al concentration in the two confinement lay-
ers is 3%. The optical guides are designed to be single
mode at A = 1.3 um and the geometry of the junction is
chosen such that its losses become negligible (about 0.4
dB) when it is excited by the fundamental mode of its
input guide. When the junction is excited by an optical
field different from this mode, the losses are usually cal-
culated as the sum of two terms:

a) the injection losses due to the modal mismatching
between the exciting field and the guided mode of the in-
put guide of the junction

b) the radiation losses of the junction itself.

This may be a good approximation when the input guide
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Fig. 1. Schematic diagram of the studied Y-junction: (a) System of exci-
tation. (b) Geometry of the Y-junction. (c) Cross-section of guiding strue-
ture.

of the junction is so long that it filters all the radiation
modes generated at the excitation. However, when the
length L, is relatively small (with respect to the coherence
length of the generated radiation modes {7]), the radiation
modes may be coherently coupled to the output of the
junction. This coupling becomes more important when the
excitation of the junction is asymmetric. To underline this
effect we calculate the losses of the junction shown in Fig.
1 under asymmetric excitation. The junction is excited us-
ing a single mode optical fiber. In our analysis, the fiber
field is assumed to have a Gaussian distribution with a
mode diameter Dy measured at 1/ ¢* of the maximum in-
tensity. The excitation asymmetry is due to the displace-
ment Xp of the fiber axis with respect to the junction axis
of symmetry. Our input field is, thus written as

Ey(®) = E, e PHX0/D1, (1)

The losses are calculated by two ways:

a) Considering only the injection losses, the input field
is projected on the guided mode distribution of the input
waveguide. The losses are then defined as
2

S_m Ein(x) ¢§km(x) dx

Eta = -10 Logm

| Emera | enoPa

)
wh¢rc $yn(x) is the electric field distribution of the guided
mode of the input guide.

b) Considering the coherent coupling of the radiation
modes, the field distribution at the output of the junction
is calculated using the BPM and then this field is projected
on the output guided mode of the junction (Pmm in
Fig. 2)

+oo i
S_m Ey /() ¢ fn () dx
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Fig. 2. Losses of the Y-junction calculated by two ways: Projecting
the input Gaussian field on the guided mode (Eta). Calculating the out-
put field by the BPM and projecting it on the output guided modes of the
Y-junction (Pmm). .
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Fig. 3. Electric field distribution in the Y-junction under two asymmetric
excitation conditions. (a) Xp = —3 um. (b) Xp = 3 pum.

where E,/,(x) is the output field of the junction calculated
by the BPM and the summation is performed on the two
output guided modes of the junction. The BPM calcula-
tions are performed with an axial discretization Az = 5
pm and a calculation window of 120 um. The obtained
results are shown in Fig. 2 for a junction with L; = 440
pm, L, = 900 ym, and W = 10 pm. The increasing dif-
ference between the two curves in Fig. 2 with Xp shows
the importance of the radiation mode coherent coupling at
asymmetric excitation. Moreover, the calculation of the
optical field at the output of the junction shows that not
only the junction losses are to be corrected but also its .
basic function, i.e., the power division. Fig. 3(a) and (b)
show the optical field distributions in the junction, ob-

- tained by the BPM for Xp = + 3 um. These results show

that, while the junction is completely symmetric, the
splitting ratio between the two outputs, n = [P, /P,], may
be different from .unity depending on the excitation con-
ditions. Actually, for Xp different from zero, a fraction of
the input power is coupled to the odd radiation modes of
the input waveguide. The interference of this group of
modes with the even guided mode results in a field oscil-

2
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lation about the centre of the input guide. Thus, depend-
ing on the direction of the fiber displacement, the length
of the input waveguide and the geometry of the junction,
the power coupling to one branch may be favoured with
respect to the other. To understand this behavior of the
optical field we analyze the excitation of the input wave-
guide in more detail in the next section.

III. EXcCITATION -OF THE INPUT WAVEGUIDE

Fig. 4 shows the optical field distribution in a single-
mode waveguide excited by a single-mode fiber for two
excitation conditions. For Xp = 0.0 the fiber is perfectly
aligned with the guide and then, only the even (guided
and radiation) modes are excited in the guide. The exis-
tence of the even radiation modes results in spatial wings
appearing in Fig. 4(a) at the initial propagation steps. For
Xp = 3 um both the even and odd radiation modes are
excited in the guide and the existence of the odd modes
results in the field oscillations seen in Fig. 4(b). How-
ever, we remark that while the effect of the even radiation
modes has disappeared rapidly in Fig. 4(a), the effect of
the odd radiation modes persists in the waveguide for a
long distance in Fig. 4(b). This is due to the spectral form
of each group of modes generated at the exciting discon-
tinuity. To obtain such a spectral form we decompose the
input Gaussian field on the eigenmodes of the waveguide
using the radiation spectrum technique previously pre-
sented by the authors [2], [5]. Thus, considering the TE
field, where the extension for the TM field is quite simi-
lar, the electric field at any point, E(x, z), could be written
in the form [8]:

Ex, 2) = 2 a,¢,(x, p;) EXP [ ;2]

kn

+ §S A p)d,(x, p) EXP [—jBzl dp (4)

o

where ¢(x, p) represents the profile in the x-direction of
a mode with a propagation constant 8 and a spatial fre-
quency p defined as

p2 = kno2 - 612 (5)

where k,, = n.q * k, is the equivalent substrate propaga-

tion constant.

The first summation in (4) extends over the guided
modes, while the integration is performed over the con-
tinuum of the radiation modes. The second summation is
used to consider both the even (g = e) and odd (¢ = 0)
radiation modes. The complex amplitudes a; and A( p) are
determined from the exciting input field using the orthog-
onality of the modes and the normalization conditions [8].
Knowing A( p) the power spectral density S( p) associated
with a mode of a spatial frequency p could be calculated
[5]. Using this technique, the radiation spectrum of the
input field corresponding to Xp = 3 um is given in Fig.
5. for the even and odd modes at the wavelength A = 1.3
pm. We notice that the power of the even radiation modes
is distributed over a wider range of spectrum than that of
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Fig. 4. Excitation of the input guide of the junction. (a) Symmetric exci-
tation Xp = 0.0. (b) Asymmetric excitation Xp = —3 pm. h
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Fig. 5. Radiation spectrum of the even and odd radiation modes in the
input guide.

the odd modes. This means that the group of odd radiation
modes may propagate over a longer distance in the
waveguide without phase distortion. Actually, we may
define an effective propagation constant S.; as well as a
certain spectral width oz to be associated with each group
of modes. For (3. the value of the propagation constant
of each mode could be weighted by its power spectral
density to give:

Befr = S S( p)B dp/Prm (6)

where P, is the power of the concerned group of radia-
tion modes defined by

P = S S(p) dp (N

The spectral width could be defined with respect to this
effective propagation constant to be

op = S S(o)(B — B:) dp/Pr, ®

Then, using these two parameters we may define two
lengths, a beating length L, at which the effective phase
shift between the guided mode and the group of radiation
modes is 2 w, defined as '

L, = 271'/( Bgm - 6efr) )]
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where 3y, is the propagation constant of the guided mode,
and a coherence length L. at which the phase shift be-
tween the radiation modes themselves becomes effec-
tively w. defined as

Lc - 7!'/0'3.

Actually these parameters could be used to characterise
the behavior of the radiation field in the waveguide. For
the odd radiation modes the beating length gives approx-
imately the periodicity of the field oscillations in the
guide. For the even modes it should give the periodicity
of the wings oscillation with respect to the field maxi-
mum; however these oscillations are not observed in Fig.
4 due to the rapid dispersion of the radiated field. On the
other hand, the coherence length gives an indication to
the distance at which the radiation mode interference with
the guided mode is significant and then it characterizes
the damping rate of the field oscillations. The relation be-
tween the coherence length and the damping rate of this
interference depends mainly on the form of the radiation
mode spectrum. For Gaussian spectral density distribu-
tion, this relation may be a direct one, similar to the case
of the temporal coherence of laser sources. However, for
non-Gaussian form, this relation is more complicated, es-
pecially when the spectrum is a non-symmetric one like
that, shown in Fig. 5, for the odd radiation modes. For
the spectrum shown in Fig. 5 we obtain:

L, = 728,1 ym and L, = 1391,9 pm

(10)

for the odd radiation modes and
Ly, = 492,1 ym and L. = 724.5 ym
for the even radiation modes.

and we have found that a propagation distance in the order
of 4 to 5 times the coherence length is required for the
damping of the odd radiation mode interference with the
guided mode.

These parameters are functions of both the guiding
properties (dn, A, d - - - etc) and the generating discon-
tinuity. The spectrum shown in Fig. 5 is calculated for a
guide of width d = 5 um, n,q, = 3.392, and a step index
én = 2.4 * 107 for a displacement Xp of 3 um at the
wavelength A = 1.3 um. In Fig. 6(a) and (b) we show
their variations as a function of the fiber displacement Xp
for the two wavelengths of interest A = 1.3 and 1.55 um.
We remark that for smaller displacement the coherence
length of the even radiation modes is shorter than that of
the odd modes which explains the rapid dispersion of the
field wings at symmetric excitation. Changing the wave-
length from 1.3 pum to 1.55 um, the spectral parameters
change slightly while the overall behavior of the curves
remains the same. These parameters are of great impor-
tance for the junction design as they enable us to take into

~account the effect of the radiation mode coherent coupling
by a simple model as will be seen in the next section.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 40, NO. 12, DECEMBER 1992

3000 1000

“--eme-s ol1(13um) 500 M
—+—  cli{155um) . 800 M
E weneeess Gl2{1 3um) ; - "
2 E 7004
2000 —v— ociz(1 55um) E e
h=g el )
£ 600 e
= ad
by pes S s00] -®
k! ea? g g
000 00" g PR b
§ o 2001 --=-#=== bl1(1 3 um)
§ 1000 £ 3004 —o—  bii( 55um)
% g 200 -----==- bI2(1 3 um)
] 100 —o—  bl2(1,55 um}
0
e T T T T

N . T 10 o 2 4 s s 10
Xp (um) Xp (pm)

(a) (®)

Fig. 6 Spectral parameters of the radiation modes excited at the input
waveguide. For the odd modes b1 and c!/1 and for the even modes bi2
and ¢/2. (a) Coherence length. (b) Beating length.

IV. SpLiTTING RATIO OF THE JUNCTION

One of the important parameters of the junction is its
splitting ratio. As we have seen above, this splitting ratio
may be a function of the excitation even when the junction
is perfectly symmetric. For perfect alignment between the
junction and the exciting fiber, the splitting ratio is always
unity. However, with a slight fiber displacement, the
splitting ratio may increase rapidly depending on the junc-
tion design as well as the operating wavelength. As seen
above this splitting ratio results from the field oscillation
in the input guide of the junction which favors the exci-
tation of one junction arm with respect to the other. Thus,
changing the length of the input guide L, is expected to
modulate this ratio in an oscillatory way as it changes the
position of the field maximum with respect to the output
guides. Using the BPM we calculated the splitting ratio »
= P, /P, as a function of the length L, for the junction of
Fig. 1 with W = 10 ym and L, = 900 um and a fiber
displacement Xp = 3 ym. For such a purpose the electric
field distribution at the output of the junction is calculated
and then projected on the guided modes of the two output
guides. The ratio between the two projection coefficients
is taken directly as the splitting ratio of the junction 5 =
P./P,.

The obtained results (Fig. 7) show the expected oscil-
latory behavior with a periodicity approximately equal to
the beating length of the odd radiation modes calculated
before. However, the damping rate of the oscillations
seems to be less important than that estimated by the co-
herence length. This means that the calculated coherence
length underestimates the effective length at which the ef-
fect of the odd radiation modes is significant. We believe
that this is due to the non symmetry of the radiation spec-
trum of the odd modes with respect to its effective prop-
agation constant. Actually this length becomes more
significant when the spectrum approaches the
Gaussian form (which is the case of the even modes). It
is to be noted also that as L; tends to zero the splitting
ratio becomes negative. This is due to the existence of a
part of the field oscillations in the tapering section of the
Y-junction. This means that the effective input guide
length is longer than the physical length L,. The field os-
cillations in the tapering section is more complicated to
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Fig. 7. Oscillatory behavior of the splitting ratio as a function of L1.

be analysed due to the axial variation of the effective
propagation constants of the local guided and radiation
modes. The axial variation would result in oscillations
with a varying periodicity like that obtained usually in
taper structures [9], [10]. In addition the increase of the
guide width violates the single mode condition. The ap-
pearance of the odd guided modes absorbs the power of
the odd radiation field and then the field oscillations result
effectively from the interference between the two guided
modes. While Fig. 7 is calculated for a certain fiber dis-
placement Xp = 3 pm, the same conclusions could be
obtained for other values of Xp.

Actually, increasing the fiber displacement Xp in-
creases the amount of power coupled to the odd radiation
modes and then the splitting ratio between the two outputs
is expected to increase. However, the increase of Xp de-
creases also the power coupled to the guided mode. The
variation of these powers is calculated in Fig. 8(a) as a
function of the fiber displacement. One notices that, for a
perfect alignment of the fiber, about 90% of the input
power is coupled to the guided mode and no power is cou-
pled to the odd radiation modes. For Xp = 5 um the power
in the guided mode is approximately equal to that coupled
to the odd radiation modes. As the field oscillations, re-
sponsible for the splitting ratio, result from the interfer-
ence between the guided mode and the odd radiation
modes, it is expected that the splitting ratio becomes max-
imum near X,,, = 5 um. For Xp less than this value, the
increase of Xp increases the oscillation amplitude and,
consequently, the splitting ratio and vice-versa for Xp
greater than X,,,. In the limiting case, when Xp becomes
much greatér than the guide width *“d,”” all the power is
effectively coupled to the radiation modes and the optical
field propagates in the equivalent substrate governed by
the classical diffraction. This means that the splitting ratio
takes the form of a symmetric S-curve with a maximum
at X,n. The value of X, depends mainly on both the guid-
ing properties of the junction and the fiber mode diameter.
These predictions are confirmed theoretically by calculat-
ing the splitting ratio as a function of the fiber displace-
ment Xp using the BPM. The results obtained for an input
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waveguide length L; = 440 pm, junction length L, = 900
pm and two separations W = 5 and 10 ym are shown in
Fig. 9. We obtain the'expected S-curve with the maxima
found approximately at the same fiber positions. How-
ever, two essential differences could be observed: the first
is the inversion of curve with respect to the Y-axis, and
the second is the reduction of the maximum value ob-
tained for the splitting ratio. The inversion of the S-curve
is, in fact, due to the reduction of the length of the taper-
ing section in the Y-junction when changing W. Keeping
L, = 900 pm and changing W from 10 to 5 um increases
the length of the tapering section Lx (as shown in Fig.
1(b)) from 300 pm to 450 pm. Morecover, the angle be-
tween the two junction arms is also reduced and then the
coupling between them is increased. This results in an
inversion of the field position with respect to the output
guides as previously discussed. We observe also the
change of the sensitivity ¢ = 7 /8Xp when changing the
junction geometry while a good linearity (on a logarith-
mic scale) is obtained in the two cases. By measuring the
ratio P1/P2 in dB, such a system may be used as an

_integrated optical displacement sensor with a high sensi-
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tivity and a good linearity within an accepted dynamic
range. '

While the previous results are obtained for a wave-
length N = 1.3 pum, similar behavior is expected for other
wavelengths. Changing the wavelength changes effec-
tively the periodicity of the oscillations as it changes the
beating length between the guided modes and the group
of radiation modes as shown in Fig. 6. Thus depending
on the required application, the length of the input guide
L may be chosen to minimize or to maximize the splitting

ratio at the operating wavelength. For small lengths the
" variation of the wavelength does not affect greatly the
splitting ratio. For long input guides the accumulation of
the phase differences may lead to a significant effect which
limits the spectral band of use. However, the increase of
L, reduces also the coherence of the odd radiation modes
and then their effect becomes less important.

V. EXPERIMENTAL RESULTS

To verify the previous theoretical predictions, the ex-
perimental set up shown in Fig. 10 is used. Two sym-
metric junctions are tested at the wavelength A = 1.3 pm.
The optical source used is a pigtailed D.F.B. single-mode
laser diode. The two junctions have the same cross-sec-
tional guiding structure shown in Fig. 1(b) with the geo-
metrical dimensions L; = 440 ym, [, = 900 pm, Ly =
2700 um and W = 5 and 10 pm. To measure the field
distribution at the output of the junction, a microscope
objective of power 20 and a numerical aperture 0.27 is
used to focus this field onto the lens of an infra-red camera
connected to a monitoring unit and a P.C. for data
acquisition. The fiber position is controlled using
3-dimensional piezoelectric cells. The junction is excited
by a single mode optical fiber whose mode diameter Dy is
found to be 12.5 pum at the operating wavelength A = 1.3
- pm. To measure the. fiber mode diameter, the set-up
shown in Fig. 10 is also used, without the Y-junction, and
with a microscope objective of power 50 and a numerical
aperture of 0.65. The optical intensity distribution at the
output of the fiber is measured using the near field tech-
. nique and then, curve-fitted by the Gaussian formula given
in (1) with Xp = 0. Integrated optical directional couplers
with different, well known, separations are used to cali-
brate the dimensions of the image obtained by the camera.

To determine the splitting ratio ‘‘»’’, the optical inten-

sity distribution at the output of the Y-junction is mea-
~sured, for a given Xp and the ratio between the two max-
ima is calculated directly from the intensity distribution
as

n= PI/PQ’ = [Ilmax/IZmaX]

where the two output guides are assumed to be identical.
The advantage of the relative measurement is that it is
independent of the absolute value of the power emitted
from the laser source and then the laser stability is not a
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Fig. 10. Schematic diagram of the experimental set up used for measuring
the splitting ratio.

critical parameter. However the effect of the background
noise should be treated carefully. The relative response of
the camera is calibrated using standard optical attenua-
tors. Fig. 11(a) and (b) and ¢ shows the optical intensity
at the output of the junction of separation W = 10 um,
measured at Xp = 0, +1 pm respectively. The corre-
sponding field distributions after data acquisition are also
given. These field distributions are obtained within the
linear range of the camera. However, for the correspond-
ing photos, this was not respected as they are mainly pre-
sented for qualitative illustration. The relative displace-
ment of the fiber is determined from the piezoelectric cell
calibration, while its absolute position is refereed to the
axis of symmetry of the Y-junction. This reference is de-
termined experimentally as the position at which the out-

~put of the junction is perfectly symmetric. The asymmet-

ric intensity distribution is clearly observed in Fig. 11 for
the displacements of +1 um. Repeating such a measure-
ment for different values of Xp, the splitting ratio could
be obtained as a function of the fiber displacement. The
obtained results are shown in Fig. 12(a) and (b), for the
two measured junctions. These results confirm well the
theoretical predictions previously stated. For the first
junction of W = 10 um, a splitting ratio as high as 12 dB
is obtained for about 2 pm displacement. This maximum
value is reduced to about 4 dB in the case of the second
junction with W = 5 ym. We remark also the inversion
of the S-curve obtained in this case which confirms well
the field oscillations in the input of the junction predicted
theoretically. :

The practical results show also a certain asymmetry
with respect to Xp which is not predicted theoretically.,
This might be due to a certain uncontrolled aymmetry in
the excitation that may result from either a non-perfect
fiber cleaving or the existence of a little angle between
the fiber and the Y-junction axes. Exciting the waveguide
with a small tilt angle may also result in field oscillations
that will perturb the measurements.

These experimental results show that the symmetric-
single-mode Y-junction could be used as a displacement
sensor with a sensitivity in the order of 5 dB/um with a
dynamic range in the order of 4 um. In addition to the
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high sensitivity obtained, such a sensor is not sensitive to
the laser source stability as it depends on a differential
power measurement.

CoNCLUSION
This work studies, for the first time, the performances

of the symmetric single-mode Y-junction under asym-.
metric excitation. The theoretical analysis, based on the

non-modal BPM, shows that the asymmetric excitation
may lead to a splitting ratio between the two outputs of
the junction as high as 14 dB. These results are well ex-
plained when considering the radiation mode coherent
coupling in the junction. A GaAs/GaAlAs Y-junction ex-
cited by a single mode optical fiber, has been tested. The
obtained experimental results confirm well these theoret-
ical predictions. Based on these results, the single-mode
Y-junction may be used as a displacement sensor with a
high sensitivity and good linearity. This effect may be also
of great importance for other practical applications of the
Y-junction like the Mach-Zehnder electrooptic intensity
modulators in which this splitting ratio may reduce greatly
its modulation depth. ‘
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