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Abstract—This paper proposes a low-loss technique for elimi- and polarization dependence compensation with two different
nating polarization sensitivity in a silica-based planar lightwave pjrefringent waveguides [3] are considered to pose similar
circuit (PLC) which uses a polarization mode converter formed  igfielties in terms of fabrication reproducibility. Waveguide

at the center of the circuit. This converter consists of a waveguide birefri trol by | tri ) h il
gap housing a polyimide half waveplate. The excess loss of Irefringence control by faser timming an amorpnous silicon

the converter was drastically reduced to 0.26 dB with aA = (@-Si) stress applying film deposited on the surface of the
0.75% waveguide by employing an 18:m-wide waveguide gap waveguide [4] is more practical, because the responses of
and a 14.5um-thick polyimide half waveplate. A polarization the TE and TM modes can be adjusted after the a-Si film
mode conversion crosstalk of-37 dB was achieved at 1.55im.  paq formed, which means that precise a-Si film formation is
Using this converter, we successfully eliminated the polarization . . o

sensitivity in some silica-based PLC-type wavelength division not required. Photomducedl birefringence con_trol [5] can also
multiplexers. The converter is also insensitive to temperature and b€ employed after the device has been fabricated. However,

offers long term stability. these trimming processes take considerable time, so they are
Index Terms—Arrayed-waveguide grating multiplexer, planar also unsuitable for mass production. The array order trick

lightwave circuit, polarization dependent loss (PDL), polarization [6], [7] is an ingenious way of eliminating the polarization
sensitivity, polyimide waveplate, wavelength division multiplexing sensitivity in InP waveguides, but in general, it cannot be

(WDM), silica-based waveguide. applied to silica-based PLC's. This is because the silica-based
waveguide has a birefringence of around=$0 This value
|. INTRODUCTION restricts the free spectral range (FSR) to around 0.1 nm, in

L _ . _ other words, silica-based PLC’s using the array order trick are
PTICAL wavelength division multiplexing (WDM) is an jcanaple of realizing multiplexers with a channel spacing of

attractive way of increasing transmission capacity and e\ nm. A reduction in the intrinsic birefringence seems a
network flexibility. Recently, many WDM systems have beep,omising way to realize such multiplexers. Recently polar-

demonstrated and they employed various kinds of wavelengihsiion insensitive multiplexers have been reported with low
division multiplexer. Silica-based planar lightwave C_'rcu'tﬁirefringent waveguides [9]-[12]. However, these waveguides
(PLC's) have lately attracted considerable attention ag) have a birefringence of about I8, which corresponds
wavelength-division multiplexers. This is because silic% a wavelength shift of a few GHz between the TE and TM
based PLC's offfe.r' great design flexibility, .Iovy.insertion 10S$n0des. This means that these waveguides cannot be applied to
good. reprodumblllty, and .Iong term reliability. quever'multiplexers with channel spacings of less than a few ten GHz.
pola_lrlzatlon dependence is a crucial problem with theseWe proposed and demonstrated a polarization mode con-
devices. _ .. version technique with a 92m-thick quartz half waveplate
Several approaches have been reported for eliminating {8¢ p the excess loss of 5 dB caused by the converter was
polarization dependence in PLC-type multiplexers as shoviggigered too large for practical use. We developed a narrow
in Tablgl [11—[14]. The f|r§t approach mvplves controllmglg_um waveguide gap and a thin 148a polyimide half
Wav_egwde bwefrmgence with stress relea_lsmg grooves fom\?/gveplate to reduce the excess loss, and successfully achieved
beS|.de _the Wavegu@g ,[l]’ but this techmque. requires IOrec‘a?‘epolarization insensitive multiplexer with a low excess loss
fabrication reproducibility for the grooves, so it does not megk 26 dB [13], [14]. This method is extremely useful in
the demands of mass production. Waveguide birefringengg., pased PLC's and is suitable for mass production, because
control with a thin SiN, film under the waveguide core [2] 6 taprication process is simple and it can be applied to any
Manuscript received February 12, 1997; revised July 18, 1997. birefringent waveguide or channel spacing device.
o\:' '”Ioufr' :' TaLk%h?Sth'}_A- T‘b'”:eEFJ;‘lgdl'i"-JKa"zaCh' are with the NTT | this paper, we describe a polarization mode conversion
R S e T o S e Tapa: lﬁg&chnique for eliminating the polarization dependence in silica-
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TABLE |
APPROACHES FORELIMINATING POLARIZATION DEPENDENCE
Approaches Materials Features Ref.
Stress Releasing Groove SiO, on Si [1]
SizN4 Film SiO, on Si Precise fabrication reproducibility [2]
Birefringence Waveguide with different required
e InP (3]
Control birefringence
a-Si Stress Applying Film . . — . . [4]
Photoinduced Birefringence SiO; on Si Trimming process is required 5]
A|202 on — .
. _ : FSR is fixed by waveguide [6]
Array Order Trick(FSR= Aty — Atwm) Si birefringenced
InP [7]
Polarization Conversion with Half Si0, on Si 92 pm-thick quartz waveplate [8]
Waveplate 15 pm-thick polyimide waveplate [14]
InP [
. — Si0; on _ o [10], [11]
Reduction of Waveguide Bifringence SiO, Waveguide material is limited ’
Polymer
on Si [12]
estimates the converter specification in terms of the excess input waveguides output waveguides

loss and the polarization mode conversion crosstalk for a 0.8
nm-spaced AWG multiplexer. Then it describes the fabrication o
of a polyimide half waveplate and a polarization mode con- optical input
verter. The fundamental characteristics of the converter are
reported in the last part of Section Ill. Section IV describes
polarization insensitive WDM multiplexers which use this arrayed-waveguide
converter, focusing particularly on the AWG multiplexer. grating
The temperature independence and long term stability of the
polarization insensitive operation is also presented. Finally, we

summarize our results in Section V. polyimide waveplate / polarization mode converter
waveguide gap

7.

slab waveguide

Si substrate

Il. PRINCIPLE OF ELIMINATING POLARIZATION DEPENDENCE Fig. 1. Configuration of the proposed polarization insensitive AWG mul-

.. . - tiplexer with a polarization mode converter formed at the center of the
The polarization dependence in a silica-based AWG m ,Eicuit, P

tiplexer fabricated on a silicon substrate is caused by the

W?Vegt”'d? erefrtljr_lf?encéB b: t\?/TM _thnT'El')é Wh('jcq_ﬁ the 4o half waveplate. The input TE light travels in the TE mode
refractive index ditrerence between the an MOCER the first half of this circuit, it is then converted to the TM

Residual thermal stress between a silica-glass layer anqn de at the center, and travels in the TM mode in the second
silicon substrate induces this waveguide birefringence a f. The center wa,velength o is, therefore, the average of
results in a wavelength response shift in the TE and T ose of the TE and TM modes as follows:

modes. The center wavelength df gy transmitted from AL
the central input port to the central output port in an AWG Ao = (nrE + nrm) - ) (3)
multiplexer is given by 2-m

In principle, this averaging eliminates the polarization de-
(1) pendent wavelength shift.

It is worthwhile noting here that this method can eliminate
wherengirny, m and AL represent the effective refractivepolarization dependence not only in an AWG multiplexer
index in the TE (TM) mode, the diffraction order and the patbut also in any circuit that has a symmetric input/output
difference between neighboring arrayed waveguides, respgeometry. Furthermore, this method can eliminate not only
tively. The center wavelength is, therefore, shifted wilhh  birefringence induced polarization dependent wavelength shift
in the TE and TM modes by the waveguide birefringence &%t also polarization dependent loss (PDL) caused by the
follows: waveguide propagation loss difference between the TE/TM

. modes.
A) = B.AL B

nre(T™) * AL

ATE(TM) = -

m

where B is the birefringence.

This polarization dependent wavelength shift can be simply
eliminated by converting the polarization modes at the center o o
of the circuit. Fig. 1 shows the configuration of our proposed: SPecifications of Polarization Mode Converter
polarization insensitive AWG multiplexer with a polarization The polarization mode conversion method can indeed elim-
mode converter, which consists of a waveguide gap housiimgte the polarization sensitivity in waveguide devices, but

I1l. POLARIZATION MODE CONVERTER
WITH POLYIMIDE HALF WAVEPLATE
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excess loss is induced by the insertion of a half waveplgteincipal axis angle of the input light), the phase shift be-
and polarization sensitivity is caused by the fabrication errtween input TE/TM modesg, the polarization mode conversion
in the converter. An excess loss of 5 dB was reported whertisstalk in the electrical amplitude, ard the phase shift
92 um-thick quartz half waveplate was inserted into a 1@ caused by the waveplate. Hefeand ¢, depend on the polar-
wide waveguide gap [8]. We have developed a thin polyimideation state of the input light. The transmission spectrum of
half waveplate to reduce the excess loss [13], [14]. Here, wee AWG multiplexer for each polarization mode is expressed
clarify the relation between the excess loss. below. Here, the transmission spectrum is assumed to have a

The polarization sensitivity could be completely eliminate@aussian shape
in principle if the converter exchanged the polarization modes
completely. Indeed, there is actually some polarization mod8.,, = —j - Fo - cos€ - /1 — §2
conversion crosstalk caused by fabrication error of the con- { 1 <)\ _ )\0>2

- exXp

2

verter. In this case, some polarization dependent wavelength \

shift remains and causes a PDL around the center wavelength. b

Therefore in this section, we clarify the relation between the {_.  ¢o 27 nrTE+nTM

PDL and the polarization mode conversion crosstalk for a 0.8- +J <°Ut T - N 2 L) )

nm-spaced AWG multiplexer, and then estimate the converteé B 0.6

specifications. ce = £0 7 COST
1) Excess LossThe excess loss of the polarization mode (A= 2o+ =5

converter is composed of the radiation loss in the waveguide cexp{ —= 2

gap, the absorption loss in the polyimide waveplate, and 2 Ab

the Fresnel reflection losses at the waveplate surfaces. The

absorption loss is estimated to be less than 0.01 dB for the

14.5 um-thick polyimide waveplate. The reflection losses are -, o 27

calculated as 0.02 dB for the two surfaces of the waveplate. + <Wt — g Tt e L) ®

The excess loss is therefore almost equal to the radiation loss.

The excess loss in the waveguide gap is given by Epe =—j - Eosind - m
Ad N 1/A=))"
Excess Loss= 10log;, {1 + <m> } 4) - exp {—2 < " )
where A is the optical wavelengthd the groove width,n f—,  Po , 2m nre+nrM
T ; \ +Hilwt+ -+~ -——F5— L) (9
the refractive index in the groove, and w the spot size of 2 A 2
_the waveguide. Since silica-based AWG multiplexers haye — _ g, .sin .6
insertion losses of about 3 dB, we considered the excess loss AN 2
of the converter should be less than one tenth of this value. 1A= 20— -
According to equation (4), the excess loss becomes less than "eXPq T35 N

0.3 dB when the groove width is less than 2@, assuming

that A = 0.75% waveguide is employed. Accordingly, we

specify a waveguide gap of less than ;2@ for the converter.
2) Polarization Mode Conversion Crosstalkd:he polariza- +j <wt + @ — 1+ 2 CTM -L) (10)

tion mode converter is constructed with a half waveplate 2 A

whose principal axis is tilted at 450 the waveguide plane.

In this converter, deviations in the waveplate retardation an%ereE is the electrical litude of liaht t i

the angle of the principal axis induce conversion crosstalk. em(me) 15 the €lectrica’ amplitude ot fight fraveling
. ) . in the TE (TM) mode in the first half and in the TM (TE)

This crosstalk causes a PDL in the AWG multiplexer. Here, a

PDL caused by waveguide propagation loss difference betwgnéﬁde In the second half of the CirCUH (., is that for the
the TE/TM modes is not taken into account, because the | ight traveling in the TE (TM) mode through the circul, the

. : - . .. _Gaussian power distribution width, the optical wavelength,
difference is negligible small of less than 0.1 dB with S|I|caa dL the effective waveguide length in an AWG multiplexer.

based waveguides. The input light and transmission matrix.i;whe power transmittance and the PDL are given by (11)
the converter(Tiwr) are given by and (12) at the bottom of the next page whéEwc)?

Erg\ B it cos . ¢ (#0/2) 5 is the power transmittance of an AWG multiplexé?, the

Erm ) ~70°°¢ sin @ - g#(¢0/2) (5) polarization mode conversion crosstalk. In (12), the PDL
§. it gy ?s defin_ed as the largest value in a 3 dB bandw_id_th. It is

Tywp = —VI=8  §.ein (6) interesting to note thatl swe)? has maximum and minimum

values wher¥ is (1 4+ 2N)x/4 where N is an integer. This
where Erg(ry) IS the electrical amplitude of the TE (TM) means thal Tawe)? has its maximum and minimum values
mode, Fy the electrical amplitude of the input lighy, the when the principal axis of the input light is tilted at 4%
imaginary part,w the angular frequency; the time, § the the waveguide plane, in other words, when the input light has
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0.6 depend on film thickness. In this way, we obtained a }4rb
05 thick polyimide half waveplate for the 1.5pm wavelength
=~ 04 light with a spinning speed of 570 rpm. The thickness of
[a4] - .
S the half waveplate was less than 1/6 of that when quartz is
=03 - o i .
5 s used. The retardation in the polyimide waveplate still remained
’ after reannealing it at 350C for 1 hour, which indicates that
01 it has sufficient thermal stability. Finally, the polyimide half
00,0 3 @0 25 =20 waveplate was cut to 1.5 5.0 mn? with its principal axis
Polarization Mode tilted at 45. The fabricated half waveplate was sufficiently
Conversion Crosstalk (dB) strong and flexible to be handled without damage.
Fig. 2. Relation between PDL in a 0.8 nm-spaced AWG multiplexer and 2) Polarization Mode Converterfig. 5(a) and (b) show
polarization mode conversion crosstalk. the schematic configuration and a cross sectional photograph

of the polarization mode converter, which consists of a
equal power in the TE and TM modes, and is not just ighannel waveguide, a groove, a polyimide half waveplate
either the TE or TM mode. Fig. 2 shows the relation betweé'arpd adhesive. The silica-based waveguide was fabricated on a
the PDL and the polarization mode conversion crosstafi con substrate by using flame hydrolysis deposition (FHD)
calculated with (12), where it is assumed kg is 0.12 nm a@nd reactive ion etching (RIE) [15]. We fabricated three
and ), is 0.15 nm. According to this figure, a polarizatiorfYP€S of waveguide with different refractive index differences
mode converter with a crosstalk 26 dB causes a PDL Petween the core and claddiri@). Table Il shows theA

of about 0.3 dB. When the AWG is used as a wavelengtilUes: core sizes, spot sizes at 148, and the minimum
multiplexer, the PDL causes a difference between the sighgfiiuses possible without any increase in the bending loss.
levels in the wavelength channels. Therefore, a PDL of le38 um-vy|de an_d 12mm-deep grooves were formed in these
than 0.3 dB is generally required. Accordingly, we specify \gavegwde§ V,V'th a diamond dicing Saw. ,

conversion crosstalk o£26 dB for the converter in order to The polyimide half waveplate was inserted into the gap by

achieve a PDL of less than 0.3 dB over the 3 dB bandwidf}t"d- This process relies on the waveplate being tough and
of AWG multiplexer flexible. The principal axis of the waveplate was automatically

set at 48 to the waveguide plane when the waveplate was
inserted into the groove. The waveplate was finally fixed in the
groove with an adhesive. This adhesive is the most important
1) Polyimide Half Waveplatefig. 3 shows the process forfor the converter's reliability, and was experimentally selected
preparing a polyimide half waveplate. A poly(amic acidyf a few tens kinds of adhesive. The polarization mode
solution (15 wt%, 450 poise) was spin-coated onto a 4-Bhnverter was confirmed that no crack was occurred under the
silicon wafer. The solvent was dried and the poly(amic aciggst more than 5000 h at P& and 90% relative humidity and

film was peeled from the wafer. Two sides of the film werghe test more than 500 temperature cycles freA® to 85°C.
cut off and the ends of the remaining piece were fixed in a

metal frame. The film was then heated to 380at 4°C/min.
to convert the poly(amic acid) film into polyimide film. As
the temperature increased, polymer chains oriented along th&) Excess LossThe excess loss was measured at 166
direction in which the film was fixed as a result of the tensilwith a straight waveguide, where ten grooves were formed
stress arising from the shrinkage of the polymer film and series to enable precise measurement. Fig. 6 shows the
evaporation of the solvent. After one hour annealing at350 average excess loss versus the waveguide gaphir=20.75%

the in-plane refractive indices of the film were 1.638 in parallelaveguide, where each groove was filled with adhesive. The
and 1.585 perpendicular to the fixed direction. These directiomgen circles show experimental results and the line was
correspond to the principal axes of the waveplate. An in-placalculated with (4). The reported excess loss of 5 dB with a
birefringence of 0.053 was then obtained with this methoduartz half waveplate is also plotted in the figure with a filled
Since the retardation between two principal axes is the prodegtcle. The experimental and calculated results agree well. This
of the film thickness and in-plane birefringence, it can bigure indicates that the excess loss was drastically reduced
controlled precisely by controlling the thickness, which ifrom 2.3 to 0.13 dB by reducing the waveguide gap from 68
proportional to the speed at which the poly(amic acid) solutidn 13 m. The loss was 0.24 dB for an 18n gap which was

is spin coated. The polyimide film retardation is linearlysed in a polarization mode converter for an AWG multiplexer.
proportional to the spinning speed, as shown in Fig. 4. Thi$ie excess loss was 0.25 dB for the 1.3t wavelength
indicates that in-plane birefringence is constant and does fight. Fig. 7 shows the excess loss versus the spot size of the

B. Fabrication

C. Performances of Polarization Mode Converter

|Eem + Eee|2 + |Eme + Emm|2
E3
10- IOgIO |TAVVG (62) 12nax —10- IOgIO |TAVVG(62)|12nin (12)

|Tawa|? = (11)

PDL(6%)
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Poly(amic acid)

Spin Coating Solution Poly(amic acid) Film

Poly(amic acid)

Drying Film

Solvent

Peeling

Metal Frame

Cure at 350°C 1h
Cutting

n, = 1.638
n, = 1.585
n,-n, = 0.053
Fig. 3. Polyimide waveplate fabrication procedure.
1.0 light is input into the converter, the residual TE (TM) output
™ from the converter is, defined here as conversion crosstalk. It
—~ 09k d=17 um is expressed as the following equation:
= .
2 i Conversion Crosstalk
0.8 - d=14.5 um cos? 2
_é o %#m """" : e B = 6% = 10log, {1 - “. (1+ cos /3)}. (13)
B o7t 0=13 um ,
o i det2 Equation (13) also expresses the wavelength response of
k) i : Clemm the conversion crosstalk by replacigwith the followin
o 0.6 i570 rpm . y rep g
; equation:
osb—0 v o=
500 550 600 650 700 p=m- ) (14)
Spinning Speed (rpm) where A\q is the center wavelength of the half waveplate.

Fig. 8(a) shows the setup for measuring the wavelength re-
sponse of the conversion crosstalk. Two thin film laminated
Fig. 4. Relation between waveplate retardation and spinning speed. Prelarizers [16] are inserted into the input and output waveg-
filled circles indicate experimental results. uides. When a light is input into the sample, only TM mode
light is transmitted through the first polarizer. Most of the

three types of waveguide, where each A®h-wide groove light is converted to the TE mode through the half waveplate
was filled with a 14.5:.m-thick polyimide half waveplate and and the rest remains in the TM mode. The second polarizer
adhesive. The excess loss strongly depends on the wavegue@iitminates only the TE mode light. Then the TM mode light
spot size. The excess loss values were 0.12, 0.26, and 1.0vdisch is not converted through the half waveplate is output
for the A = 0.30,0.75, and 1.5% waveguides, respectively.from the output port. The conversion crosstalk is the ratio
These values are much lower than the excess loss of 5 dBthe output with the half waveplate to the output without
with a quartz half waveplate, and the value of 0.26 dB i Fig. 8(b) shows experimental results with open circles and
equal to that we expect with thA = 0.75% waveguide in calculated wavelength responses with lines. The wavelength
Section lll. These confirm the polarization mode converteesponse indicates the crosstalk degradation caused by the
with the polyimide half waveplate is extremely effective toetardation errors. In the calculation,)q is set at 1.55:m
reduce the excess loss. and« is set at 0.1, 0.3, 0.5, 1.0, and 2.0rhis figure shows

2) Polarization Mode Conversion Crosstalkd:he polariza- that the center wavelength of the fabricated converter was
tion mode conversion crosstalk is caused by a retardation erto855 m and the tilt angle of the principal axis was within
() and an errof«) in the tilt angle of the principal axis which 45 + 0.5°. This means the retardation erdwas 0.01 radian
is designed to be 450 the waveguide plane. When a TE (TM)and the tilt angle errotx was less than 0% respectively. As

Retardation = In-plane Birefringence x Film Thickness
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waveguide gap
input waveguide 7/ output waveguide

: ;i 50um
input —m- - 7y ’ : -

= output

polyimide waveplate  adhesive

- over-cladding
--core

polyimide Si §hbstrate

waveplate

under-cladding
principal axis direction

45 degrees
¢ 9 ) ~ Si substrate

waveguide gap
@ (b)

Fig. 5. (a) Configuration of polarization mode converter. (b) Cross sectional photograph of polarization mode converter.

TABLE 1 = 3
FABRICATED WAVEGUIDE PARAMETERS -g calculation
Q‘ O this work
WaveguideA Core Size Spot Size Minimum Radius @ >
0.30% 8 x 8 um? 4.5pum 30 mm -
0.75% 7 x 7 um? 3.7um 5 mm 8
1.5% 4.5 x 4.5um? 3.0um 2 mm @ 1 o
3
i
02 3 4 5
Caliculation SpOt Size (um)
o this work [ ]
[ ref. [8]

Fig. 7. Relation between the excess loss due to the polarization mode
converter with an 18:m-wide waveguide gap and spot size at 1/58.

The open circles indicate experimental results and the line was calculated
with (12).

Excess Loss (dB/point)
o = N W A~ O3

waveguide polarizer

0 20 40 60 80 100 120
Waveguide Gap (1um)

Fig. 6. Relation between excess loss due to the polarization mode convertémput —m=
and the waveguide gap in A = 0.75% waveguide. The open circles are
experimental results, the filled circle is from [8], and the line was calculated
with (12).

—— output

a result, the conversion crosstalk wa87 dB at the designed polyimide half waveplate
center wavelength of 1.55m and less than-26 dB for @
1.50-1.61xm wavelength light. This means that the converter
converts 99.98% of the polarization mode at 1/&%. The
conversion crosstalk 6£37 dB is much less than the estimated
specification of—26 dB in Section IIl.

3) Reflection: Since the refractive indices in the polyimide
waveplate are higher than that of silica-based waveguide, an
input light reflected at the interface of the waveplate and
the waveguide. The reflection of the converter in a single il
waveguide was measured for 15 samples with an optical low 13 14 15 16 17
coherence reflectometer (OLCR), and the average value was Wavelength (um)

—31 dB. (b)
Fig. 8. (a) Setup for evaluating polarization mode conversion crosstalk. (b)

IV. POLARIZATION INSENSITIVE WDM DEVICES Spectrum of conversion crosstalk. The open circles show experimental results
and the lines were calculated with (13).

L
o o

caloulation
w=2"

- 0.5°
0.3°

Conversion Crosstalk (dB)

-
(S

A. AWG Multiplexer a schematic configuration of the fabricated 0.8 nm-spaced
The polarization mode converter was used to eliminate thé x 16 channel multiplexer. This multiplexer was constructed
polarization dependence in an AWG multiplexer. Fig. 1 showsith A = 0.75% waveguides and its design parameters are
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TABLE Il 50
DESIGN PARAMETERS OF AWG MULTIPLEXER
Operating wavelength 1.55pum P
NSmber (g)f Wavelenggth channels 16 g %/ 40 m M
Wavelength channel spacing 0.8 nm (100 GHz) 7] ﬂ
Focal length of concave slab 9381um 8 30T 8:
Path difference of arrayed-waveguides AL =126.4 um T:l e Se
Number of arrayed-waveguides 101 9 oot ) 80:
Diffraction order 118 S %‘o. ce
Free spectral range 12.8 nm @ L 2 o§ .
Chip Size 30 x 40 mn? = 10 TES ™
listed in Table Ill. The wavelength response was measured 15%3_5 1554.5 1555.5
with a tunable wavelength laser and a power meter. Fig. 9(a) Wavelength (nm)
shows the transmission spectra between the central input port (@)
and the central output port, before the polarization mode
converter was formed. The open and filled circles indicate 50
the TE and TM modes, respectively. Polarization sensitivity
can be clearly observed in this figure. The wavelength shift & 40 W .
between the TE/TM modes was 0.13 nm, which corresponds < g@%
to a birefringence of 1.2x 10™* The insertion loss of @ 30 + m e
the multiplexer was 2.7 dB including the coupling losses —C’ ©
with dispersion-shifted fibers. Fig. 9(b) shows the transmission 2 20 &
spectra after forming the polarization mode converter. The % é?
spectrum for the TE input mode exactly coincides with that £ 10 L o M
for the TM input mode, confirming the polarization-insensitive W ©TE
operation of the multiplexer. The center wavelength was the 0 .
average of those for the TE and TM modes before the half 15653.5 1554.5 1555.5

waveplate was inserted. Fig. 10 shows the PDL spectrum
measured with a tunable wavelength laser and a PDL meter.

Wavelength (nm)

(b)

The filled circles are the PDL, the open circles are the relative _ ,

. ti | lized at th t | th d ig. 9. Insertion loss spectra between the central input and output ports
ms_er '_On _OSS normalized a e _Cen er wavelengtn, an_ he AWG multiplexer, (a) before and (b) after forming the polarization
solid line is the PDL calculated with (12). In the calculationmode converter. The open and filled circles represent the TE and TM modes,
the polarization mode conversion crosstalk was set-3p respectively.

dB. The measured PDL is less than 0.2 dB over the 3 dB

bandwidth. This confirms the polarization insensitive operation 055 15 @
of the AWG multiplexer. On the basis of the calculation, the o e metionios S
conversion crosstalk of the formed converter was estimated e o o148
to be about—35 dB. The insertion loss of the polarization $ 03 58 band widih 35
insensitive AWG multiplexer was 3.1 dB. The excess loss due 3 02 g > &
to the groove formation and the insertion of the polyimide e S
half waveplate was, therefore, estimated to be 0.4 dB. This 0.1 1 s
value is nearly the same as that of 0.26 dB measured precisely 0.0 OB 0%

02 01 00 01 02

in the straight waveguide and reported in Section IV. Fig. 11
shows the transmission spectra at the 16 output ports, when the
central input port is excited with both the TE and TM mode§.ig- 10. PDL and insertion loss spectra. The relative wavelength is normal-

ed with the center wavelength and the relative insertion loss is normalized
Only the full Wavelength spectrum for the central output po ith the minimum insertion loss. The open circles and dotted line represent

is shown. Every channel is precisely separated with a 0.8 R@tive the insertion loss between the central input and output ports indicated
spacing, which corresponds to a 100 GHz optical frequenigythe right axis. The filled circles and solid line represent the experimental

separation. The fiber-to-fiber insertion loss ranges from 3P L value and that calculated with (11), indicated in the left axis.

dB for the central output port, to 5.1 dB for peripheral output

ports. The crosstalk is less thar26 dB over a free spectral be measured precisely. The result is shown in Fig. 12. The

range of 12.8 nm. reflection is less than-44 dB over the free spectral range.
We evaluated the reflection at the half waveplate with thEhis value is much less than that ef31 dB measured with

transmission spectrum between the central input port and thesingle waveguide in Section IV, and this spectrum is dull

adjacent input port using a tunable wavelength laser anccempared with the transmitted spectrum shown in Fig. 11.

power meter. This spectrum is not affected by the reflectidrhis is because the half waveplate is not flat but has a warp

of the fiber connector and the waveguide endface, whiclh a few microns in the groove, so that the reflected beams

means that even a small reflection at the half waveplate danthe arrayed-waveguides have a relative phase error. This

Relative Wavelength (nm)
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Fig. 12. Reflection spectrum caused by the polarization mode converter. It is
measured as the transmittance between the central input port and an adjacent
Pt port 1853 1554 1555
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50 (b)
@ 40§ Fig. 14. TE/TM transmission spectra (a) before (b) after 3125 hours°a 75
e ¥ 4 and 90% relative humidity.
8 301 S
— o
5 20 5
€ s . - o
& S S and 90% relative humidity. No polarization dependence can
-1 % , L be seen in either figure. This indicates that the fabricated
0 BL 0T 10T multiplexer has sufficient long term stability.
553 1\,\5/54 ncth 1555 1556 Fig. 15 is a photograph of the fabricated AWG multiplexer
avelength (nm) module. The AWG multiplexer chip is 3@ 40 mn? and the

Fig. 13. Temperature dependence of the transmission spectrum in the pamaedule is 70x 110 mn? in size. The chip was connected to
ization insensitive AWG multiplexer. The open and filled circles represent t%‘vo 16 fiber ribbons at the input/output ports and mounted on a

TE and TM modes, tively. ; . . . i
an modes, Tespeciively Peltier device. Before connecting the fiber ribbons, the endface
of the waveguide was angled at &nd polished in order to

phase error does not affect the transmitted beams, becaudgdtice optical reflection. The temperature of the multiplexer
is compensated in the other side of the groove. As a result%#S Stabilized to withint0.1°C by using the Peltier device.
this phase error, the reflected light does not clearly focus & controlling the temperature, the center wavelength can

the input waveguide, and so the reflected spectrum becori§s Stabilized to within£0.01 nm. This ANVG multiplexer
dull and the peak level decreases less than the reflectionidule has already been employed in various WDM system

the straight waveguide. experiments [17], [18].

Fig. 13 shows TE and TM transmission spectra at 25, 60,
and 100°C. No polarization dependence can be seen, evBn MZI Multiplexer
at 100 °C. This indicates that the AWG multiplexer with A schematic configuration of a polarization insensitive
a polyimide half waveplate has sufficient thermal stabilityasymmetric MZI wavelength multiplexer is shown in Fig. 16.
Fig. 13 shows that the temperature dependence of the centeis multiplexer was constructed with = 0.75% waveguides
wavelength is 0.011 nfC, which corresponds to about 1.4and the path difference between the two arms was set at
GHzFC. 10.3 mm, which corresponds to a free spectral range of 20
Fig. 14(a) and (b) show TE/TM transmission spectra me&Hz. The chip size was 2& 25 mn?. Fig. 17(a) shows TE
sured at room temperature before and after 3125 h &C75 and TM transmission spectra without the polarization mode
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Fig. 15. Photograph of the 0.8 nm-spaced %616 channel AWG multiplexer.

input waveguides  output waveguides C. Directional Coupler Type Multiplexer
Fig. 18 shows a schematic configuration of a polarization
input —= ctitorgsugh insensitive directional coupler type wavelength multiplexer.

This multiplexer was constructed with = 0.30% waveguides
and the chip size was 8 25 mn?. The wavelength response
was measured with an optical spectrum analyzer. Fig. 19(a)
Si substrate and (b) show TE and TM transmission spectra before and
after inserting a polyimide half waveplate into the center of
the directional coupler. They indicate that the polarization

directional
coupler

/
polyimide waveplate | polarization mode converter dependence of the multiplexer was successfully eliminated
waveguide gap in the 1.55 um wavelength band but a slight wavelength
Fig. 16. Configuration of a polarization insensitive MZI multiplexer with atresponse shift remained in the 1.3dn wavelength band.
FSR of 20 GHz optical frequency. This is because the polarization mode conversion crosstalk was

larger at 1.3Jum than that at 1.5xm as shown in Fig. 8(b).

The fiber-to-fiber insertion loss of this multiplexer was 0.4 dB
converter. The open and filled circles, respectively, show thig|uding the excess loss of the polarization mode converter,
TE and TM modes at the through port and the open angq the crosstalk was less thar28 dB. This result means
filled squares, respectively, show the TE and TM modes @fat the polarization mode conversion method can not only
the cross port. These spectra were measured by sweepingdiifiinate the polarization dependence caused by waveguide
optical wavelength of a DFB laser diode with temperaturgjrefringence but also that caused by coupling in a directional
The waveguide birefringence in this circuit was measured ggypler.
3 x 10~* with the Senarmont method. This confirms that
the TE and TM transmission spectra are shifted by 38 GHz
in Fig. 17(a). Fig. 17(b) shows the transmission spectra after
inserting the half waveplate. Here, the polarization depen-In this paper, we proposed a polarization mode conver-
dence is successfully eliminated with the polarization mod#on method for eliminating the polarization dependence in
converter. This result means that the converter can eliminaica-based PLC-type WDM devices. First, in terms of the
the polarization dependence of even a few ten GHz channgpecification for the polarization mode converter, it was clar-
spaced multiplexer. The fiber-to-fiber insertion loss of thified that the waveguide gap for the converter should be
polarization insensitive MZI multiplexer was 1.7 dB and th@arrower than 2Q:m to achieve an excess loss of less than
crosstalk was-19 dB. This MZI multiplexer was applied t0 0.3 dB in aA = 0.75% waveguide, and the polarization
a polarization insensitive dispersion equalizer [19]. mode conversion crosstalk should be less tha?6 dB to

V. CONCLUSION
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. . . . ..Fig. 19. Insertion loss spectra (a) before and (b) after inserting the polyimide
Fig. 17. Insertion loss spectra (a) before and (b) after inserting the polyimi If waveplate into the w%vegui(dg gap. The oEJe)n and filled ci%clesr;hgw the
half waveplate into the waveguide gap. The open and filled circles show ;

) . s spectra to the through port in the TE and TM modes, respectively. The
loss spectra to the through port in the TE and TM modes, respt_actlvely. n and filled squares show the loss spectra to the cross port in the TE and
open and filled squares show the loss spectra to the cross port in the TE M modes respectively
TM modes, respectively. ’ '
directional coupler AWG multiplexer with a PDL of less than 0.2 dB over a
L 3 dB bandwidth and with a total insertion loss of 3.1 dB.
. ﬂ We demonstrated its temperature insensitivity from 25 to
mmput —-= | . .
P | through 100 °C, and the long term stability of the device for over
Cross 3000 h at 75°C and 90% relative humidity. The converter
i Si substrate was also applied to an MZI multiplexer and a directional
[ 7 1 Subs coupler type multiplexer, and their polarization dependence
polyimide waveplate / polarization mode converter was successfully eliminated. _ S
waveguide gap This polarization mode conversion technique is simple and

can be applied to any input/output circuit with symmetric
Fig. 18. Config_uration of a polarization insensitive directional coupler typgeometr% any channel-spaced multiplexer, and can be applied
1.3/1.5 pm multiplexer. not only to silica-based waveguides but also to waveguides

made of other materials such as ion-exchanged waveguides,

achieve a PDL of less than 0.3 dB in a 0.8 nm-spaced A\N%)Iymer waveguides, and LiNkQwaveguides.
multiplexer. We fabricated the polarization mode converter
with a 14.5um-thick polyimide half waveplate and an L#én- ACKNOWLEDGMENT
wide waveguide gap in order to reduce the excess loss. Excesghe authors would like to thank Y. Ohmori, F. Yamamoto,
losses of 0.12 dB, 0.26 dB, and 1.0 dB were achieved fand S. Sasaki for useful advice, S. Suzuki, M. Ishii, O. Ishida
A = 0.30,0.75, and 1.5% waveguides, respectively. We alsdfor useful discussions, T. Miya and N. Takato for stimulating
achieved a conversion crosstalk 87 dB at 1.55ym and encouragement. The authors would also like to extend a special

less than—26 dB in the 1.50-1.61;m wavelength band. thanks to A. lwasawa for support in polyimide half waveplate
We used this converter to realize a polarization insensitifabrication.
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