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Abstract The paper reviews progress and future prospects
of two kinds of planar waveguide devices; they are (a) silica
and silicon photonics multi/demultiplexers for communications
and signal-processing applications, and (b) a novel waveguide
spectrometer based on Fourier transform spectroscopy for sens-
ing applications.

Progress and technical challenge for planar waveguide
devices: silica and silicon waveguides

Katsunari Okamoto”

1. Introduction

Silica-based planar lightwave circuits (PLCs) are waveguide
devices that integrate fiber-matched optical waveguides on
silicon or glass substrate to provide an efficient means of
interaction for the guided-wave optical signals. Silica PLCs
are widely utilized in the current wavelength-division mul-
tiplexing (WDM), time-division multiplexing (TDM) sys-
tems and fiber-to-the-home (FTTH) access networks. The
most prominent feature of the silica PLCs is their well-
controlled waveguide core geometries. This allows us to
fabricate multibeam or multistage interference devices such
as arrayed-waveguide gratings (AWGs) and lattice-form
filters [1,2].

On the one hand, silicon photonics is widely regarded
as a promising future technology to meet the requirements
of rapid bandwidth growth and energy-efficient on-chip
communication, while reducing cost per bit. In all potential
application areas it is widely recognized that use of WDM
techniques will be critical in achieving the required high
levels of data transmission. Si photonics devices will have
to deal with several tens of different wavelengths of light
in the next-generation multicore CMOS chips and telecom
and datacom applications.

There are mainly four kinds of devices capable of
multi/demultiplexing tens of WDM signals; they are ring
resonators, lattice-form filters, AWGs and planar Echelle
gratings. The former two are cascaded devices relying on
temporal multibeam interference effect and the latter two
utilize spatial multibeam interference effect. In order to

achieve good crosstalk characteristics in the temporal and
spatial multibeam interference effects, uniformity of effec-
tive index n¢(= B/k), where B and k denote propagation
constant and wave number, is critically important. Filter
characteristics of four kinds of devices will be investigated
and performance limitations of silicon photonics filters are
discussed.

In the latter part of the paper, an integrated-optic spec-
trometer based on Fourier-transform spectroscopy will be
described. A novel planar waveguide spectrometer consists
of interleaved Mach-Zehnder interferometer (MZI) array.
The practical importance of Fourier-transform spectrome-
ters is the ability to correct for interferometer defects caused
by effective index fluctuations (phase errors) in the data-
processing stage. Successful measurement results of the
signal spectrum with 20-GHz resolution by the spectrome-
ter implemented in silica-based planar waveguides will be
presented.

2. Silicon-photonics WDM filters

Flat-top passband characteristics are required for filters in
most of the WDM applications [1-4]. Crosstalk degradation
in coupled ring resonators and lattice-form filters are caused
by both gap-width error in directional couplers and optical
path-length error in the waveguides.

The effective-index fluctuation 8n. in silica PLCs have
been measured to be about 81, ~ 1 x 107° by using Fourier
transform spectroscopy [5]. Good crosstalk characteristics
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Figure 2 (online color at: www.lpr-journal.org) (a) Overlapped spectra obtained by shifting by a multiple of channel spacing and

normalizing loss. (b) Difference of the transmittance 7 (i) from 7'(16).

are obtained in silica-based AWGs as shown in Fig. 1. The
relation between the effective-index fluctuation én. and
crosstalk (XT) has been investigated theoretically and ex-
perimentally [6]. Based on the investigations, the empirical
expression for the relation between 8n. and XT has been
obtained as

6]

2
L
XT ~ 10Log (5"C C“)

Ao

where L, and Ay denote array waveguide length in the mid-
dle waveguide of the array and the center wavelength of
WDM signal, respectively. The waveguide length of the n-th
(n=1—N) array is expressed as L, = Loy + (N/2 —n)AL,
where AL is a path-length difference in the array waveguide.
Then, L also denotes the average of the array waveguide
length. Ly of AWG in Fig. 1 is Ly ~ 15 mm. Substitut-
ing dnc ~ 1x107%, Ly ~ 15mm, and A = 1.55 um into

Eq. (1), we obtain XT ~ —40dB. Although Eq. (1) gives
good agreement with the experimental results, the author
believes that it should be proved analytically.

Figure 2a shows the reproducibility of the spectral re-
sponse of the various channels in 32 ch-50 GHz silica AWG.
Similarities and differences are demonstrated by overlap-
ping the channel spectra by shifting them by multiples of
50 GHz. The spectral shapes of the different channels over-
lap very well, including the side-lobe structure. In order to
clearly emphasize the minute differences in the side-lobe
structures, the transmittance at the central channel T(16)
was subtracted from every other output 7'(i) (i = 1-15 and
17-32) and shown in Fig. 2b. The remaining noisy features
should be attributed to the effective-index fluctuations (due
to the thickness variation) in the second slab region because
the difference in the light path only exists in the second slab
region from array waveguides to different output port. It is
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known from Figs. 2a and b that contribution of the effective-
index fluctuation due to the thickness variation in the slab
region Ong is less than about —47 dB and can be neglected
for the crosstalk degradation in the silica-based AWGs.

Based on the similar investigations on spatial multibeam
interference effects in planar Echelle gratings, crosstalk can
be expressed as

2
7o @)

where ng and 6 { denote the effective index in the slab region
and the facet position fluctuation in the reflection mirrors.
It is known from Eq. (2) that 6 should be about 10 nm in
order to obtain —35 dB crosstalk in a silica Echelle grating
(ns ~ 1.45). Such a small 8¢ would be possible in the lab-
oratory experiments [7]. However, the mask resolution in
the commercial PLC products is normally about 25-50 nm.
Then, achievable crosstalk level becomes about —25 dB to
—20dB. This is why commercial planar Echelle gratings
could not achieve sufficient crosstalk value to be used in the
current WDM systems.

Sidewall roughness or core thickness variation may be
regarded as exhibiting a zero mean value. Practically, this
is not true and the mean value of the roughness normally
becomes nonzero. The nonzero value in the core width or
thickness variation causes effective-index fluctuation én,.
In the spatial multibeam interference devices, such as AWGs
and planar Echelle gratings, §7n. (mean value in the nth light
path) also fluctuates from array waveguide to waveguide
(reflection facet to facet in Echelle grating) and thus brings
XT degradation. In the temporal multibeam interference
devices, such as ring resonators and lattice-form filters, fluc-
tuation of the mean value dn. from ring to ring or MZI to
MZI causes XT degradation.

Effective-index fluctuation 8n. in Si-wire waveguides
has been evaluated from the measurements on the variation
of resonant wavelengths in the cascaded ring resonators [8]
and ring-resonator filterbanks [9]. Typical crosstalk in
the drop ports was about -10dB in [9]. Channel frequen-
cies of the filterbanks before any trimming showed large
misalignment (76—467 GHz) from the target ITU frequen-
cies. Resonance-frequency variation is evaluated to be
0f ~ £150GHz (64 ~ £1.2nm). It is quite large when
compared with the channel frequency accuracy of 0 f
~ £2.5GHz (64 ~ £0.02 nm) in the silica AWGs [10].

After applying thermal tuning to every ring resonator,
good alignment to the ITU frequency and improved
crosstalk of less than —35 dB have been obtained. Average
heater power for thermal tuning is about 16 mW/channel.
This thermo-optic tuning power is one order of magnitude
larger than the switching power in a Si-wire Mach-Zehnder
switch [11]. One of the biggest advantages in silicon photon-
ics is the ability to make energy-efficient devices. Ten times
more trimming power than the switching power would not
be acceptable. Therefore, we should investigate the origin of
the performance degradation in silicon-photonics devices.

There are two possible origins for the performance
degradation in Si-wire ring resonators; they are gap-width

2
XT ~ 10Log <”525§> 7
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Figure 3 (online color at: www.Ipr-journal.org) (a) Effective
index n, of Si-wire waveguide with 0.22 um thickness (blue) and
its dependence on the core width 2a (red). (b) Effective index n.
of Si-wire waveguide with 0.5 um width (blue) and its dependence
on the core width 2¢ (red).

error in directional couplers and effective-index fluctuation
on, in Si-wire waveguides. However, effective-index fluctu-
ation should be the dominant factor because both channel-
frequency allocation and crosstalk were improved by the
thermal tuning of dn. in the ring waveguides.

Reported peak-to-peak resonance wavelength varia-
tions in [8] and [9] are 264 ~ 2.4nm. Then, On, is cal-
culated to be Sn. = n.8A /A = 1.5—2 x 1073, where
Oon. = 2.52 [8], nc = 1.96 [9], and Ay = 1.55 um, respec-
tively. The effective-index fluctuation dn. in Si-wire wave-
guides can also be calculated by the vectorial finite element
method [1]. Figure 3a shows n of Si-wire waveguide with
thickness 2¢ = 0.22 um (blue) and its dependence on the
core width 2a (red). dn./d(2a) at the typical core width
2a = 0.5um is 1.3um™" = 1.3 x 1073 nm~'. Figure 3b
shows n. of Si-wire waveguide with width 2a = 0.5 um
(blue) and its dependence on the core thickness 27 (red).
dng/ d(2t) at the typ1cal core thickness 2t = 0.22 um is
34pum ' =34x103nm L

The core side-wall roughness of Si-wire waveguide is
measured to be about Oyign ~ 2nm [12]. The top silicon
thickness uniformity of 6-inch SOI (silicon on insulator)
wafer is measured to be about +2nm [13]. However, the
photonic device occupies just ~1 mm square or less. Then,
the thickness fluctuation would be less than Gijckness ~ 1 nm,
as shown in the central region of Fig. 4 [14]. The effective-
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index fluctuation dn, in Si-wire waveguide is then estimated
to be Sn. = [dn./d(2a)] X Owigm ~ 2.6 x 1073, or 8n, =
[dne/ d(2t)] X Othickness ~ 3.4 x 1073, respectively. Both of
the theoretical estimations for the effective-index fluctuation
On. agree well with the measured value. Effective-index
fluctuation dn, against core-width variation can be reduced
by enlarging core width in the straight regions. For example,
dn./d(2a) becomes 0.35um ! =3.5x 10 *nm ! at 2a =
0.8 um [15] as shown in Fig. 3a.

A Si-rib waveguide structure allows us to obtain much
smaller dn. as shown in Fig. 5, where core width W, core
height H, and etch depth 4 are W = 0.5um, H = 0.3 um,
and i = 0.15 um, respectively. dn./dW at W = 0.5 um is
6.4 x 10~*nm~!. However, the minimum bending radius
becomes much larger compared to Si-wire waveguides and
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Figure 5 (online color at: www.lpr-journal.org) Effective index n.
of Si-rib waveguide (blue) and its dependence on the core width
W (red).
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Figure 4 (online color at: www.lpr-
journal.org) Thickness variation in
6-inch SOI wafer.
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makes the device size larger. Therefore, a Si-wire waveguide
is still very attractive in making compact photonic devices.

Effective-index fluctuations of the order of n. = 3 x
10~* — 2 x 10~ 3determine the crosstalk values of the cur-
rent Si-wire AWGs to be about —20 dB [15-17], where the
typical AWG size is L = 200-500 pm.

Echelle gratings have been believed to be advanta-
geous over AWG because only the facet position error
causes crosstalk degradation. But, this is not true in a Si
Echelle grating since the effective-index fluctuation Sng
in the slab waveguide is substantially larger, as shown in
Fig. 6. dng/d(2t) at the typical core thickness 2¢ = 0.22 um
is 3.3 x 1073 nm~!. Then, Eq. (2) for a Si Echelle grating
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Figure 6 (online color at: www.lpr-journal.org) Effective index ng
of Si slab waveguide (blue) and its dependence on the core width
2t (red).
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b Cleanup Filters

Figure 7 (online color at: www.lpr-journal.org) AWG having
cleanup coupled resonator optical waveguide (CROW) filters.

should be rewritten as

2
) ; 3)

where L denotes the total path length in the central region
of the slab. Equation (3) explains why large channel count
(30 ch-3.2 nm spacing with L¢; ~ 1600 um) Echelle grating
has about —15dB crosstalk, though small channel count
(4 ch-20nm spacing with L¢ ~ 300 um) one had about
—30dB crosstalk [18, 19]. The total path length L in the
large-channel count Echelle grating is almost 5 times longer
than that of small channel-count one. Therefore, the second
term in Eq. (3) becomes dominant in the large channel-count
Echelle grating. Thickness fluctuation in SOI wafer of the
order of 0.5nm ~ 1 nm limits the crosstalk of AWGs and
Echelle gratings to about the —20 dB level.

If the thickness fluctuation in an SOI wafer could not be
improved by a factor of ten, we should rely on the trimming
technique such as permanent photoinduced refractive-index
change [20,21] or some novel device configuration. The au-
thor proposes an AWG (or Echelle grating) having cleanup
filters at every output port, as shown in Fig. 7. Crosstalk can
be largely improved without deteriorating insertion loss and
bandwidth characteristics [22]. A coupled resonator optical
waveguide (CROW) will be suitable for the cleanup filter
because it has a large passband width.

A lattice-form filter is also attractive candidate for
WDM filter applications in Si photonics. Figure 8 shows

XT ~ 10Log <
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Figure 8 (online color at: www.lpr-journal.org) Three-stage
lattice-form filter.

a schematic configuration of a three-stage lattice-form fil-
ter [2]. ¢; to ¢4 are power coupling coefficients in the di-
rectional couplers. The channel spacing between the two
output ports is given by
c

Seh = SNAL” )
where AL, N, and c are path-length difference, group index
(Ne = nc —Adnc/dA) of the waveguide and light veloc-
ity. In the typical Si-wire waveguide, AL = 93 um gives the
channel spacing Sy, = 400 GHz. Figure 9 shows a simulated
filter response without effective index fluctuation (dotted
lines) and with random index fluctuation |8n| < 5 x 10~%
(solid lines). The effective index fluctuations in Fig.9
were calculated by assuming &n(1st MZI) = —4.5 x 1074,
8n.(2nd MZI) = —4.5 x 107*, 8nc(3rd MZI) = +4.5 x
10~* respectively. Other combinations of random effective
index fluctuations were also investigated and the results
were quite similar to the solid lines in Fig. 9.

Transmittance (dB)

1550
Wavelength . (um)

1555 1560

Figure 9 (online color at: www.lpr-journal.org) Filter response
without effective index fluctuation (dotted lines) and random index
fluctuation |8n.| < 5 x 107* (solid lines).

It is shown that &7, less than 1073 degrades crosstalk
characteristics drastically. Experimentally, the crosstalk
level of Si-wire lattice-form filters has been limited to about
—10dB [23]. A tandem lattice-form filter configuration with
employing type-I and II filters as shown in Fig. 10 [24] is
quite advantageous to improve the crosstalk characteris-
tics. The path-length difference in the type-II filter is half-A
shifted with respect to that of a type-I filter so as to adjust
the filter response and thus to double the crosstalk charac-
teristics. Dotted lines at the output port Coy and Dy are
filter responses without half-A shift and those with solid
lines are responses with half-A shift, respectively. With this
elaborated configuration, chromatic dispersion caused by
the filter itself can be almost completely eliminated.

Waveguide loss is another important technical chal-
lenge when discussing scaling of WDM technology. Loss
in a silicon waveguide is typically ~2 dB/cm [6], which is
about 100 times larger than that of the silica waveguides
(~0.02dB/cm [1]). On the contrary, the minimum bend-
ing radius of the silicon waveguide is ~3 pm, which is
about 1000 times smaller than that of the silica waveguides
(~3 mm). The component size of a WDM filter is not

www.lpr-journal.org
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vLo= AL + L0

Ne

Type-2 filters

Type-1 filter

normally determined by the minimum bending radius but
mainly determined by the ring perimeter Lrg in a ring res-
onator and the path-length difference AL in a lattice-form fil-
ter, AWG, and Echelle grating. The total device size, which
is represented by L, in this article, is also proportional to
the number of WDM channels N.,. The typical L in the
reported silicon photonics AWGs is L = 200 ~ 500 um,
which is roughly 50 times smaller than that of silica PLCs.
Then, insertion losses of the silicon photonics WDM fil-
ters are not so large compared to those of silica PLCs. The
author believes that the waveguide loss of silicon devices
would not be a critical issue.

3. Planar FT spectrometer

Spatial heterodyne spectroscopy (SHS) is an interferometric
Fourier-transform technique based on a modified Michelson
interferometer with no moving parts and relying on analysis
of stationary interference patterns [25]. In the bulk-optic
SHS, the mirrors of the Michelson interferometer are re-
placed by diffraction gratings to offer scanning capability
for two wavefronts. The SHS concept has been general-
ized into a waveguide MZI array based on a cosine fast
Fourier transform (FFT) [26]. The path-length difference in
each asymmetrical MZI increases by AL, similar to AWG.
For any input wavelength, the entire output of a MZI array
creates spatially oscillatory patterns, where the oscillation
period is wavelength dependent due to the dispersive na-
ture of the asymmetrical MZI. Each input wavelength has
a unique fringe representation, which is the basis of the
Fourier-transform relation between the input spectra and the
output interferogram. Employing multiple input waveguides
in the waveguide SHS is an important advantage over the
existing AWG-type spectrometer, since it greatly increases
the light-capturing capability in proportion to the number
of MZIs by using, for example, photonic lantern technol-
ogy [27]. A photonic lantern is a device that efficiently
converts light from a multimode fiber tip for light capturing
to single-mode fibers connected to MZI input waveguides.
The practical importance of the Fourier-transform spectrom-
eter is the ability to correct for interferometer defects (phase
errors) in the data-processing stage. The first waveguide

| | | | AL Figure 10 (online color at: www.lpr-

) journal.org) Tandem lattice-form filter to im-
{ L prove crosstalk characteristics.

SHS were fabricated in silicon-on-insulator rib waveguides
using stacks of multiple MZIs [28]. However, a measure-
ment result on the spectrum has not been reported so far to
our knowledge.

The author reported a novel planar waveguide SHS con-
figuration with an interleaved MZI array [29]. The inter-
leaved configuration allows us to put 2 ~ 3 times more
MZIs than the simple stacking layout when we compare
two layout methods for the same spectrometer parameters.
We made an array of 32 MZIs in silica-based PLC. The
path-length difference increment was AL = 162 um, which
resulted in 20 GHz resolution in the 1.55-um region. Phase
errors in the asymmetrical MZIs were measured by the
thermo-optic phase-scanning method [30]. The spectrum of
the light source was successfully retrieved by correcting the
MZI output data with the phase-error values.

Figure 11 shows the configuration of the novel wave-
guide SHS with the interleaved MZI array. The total
number of MZIs is N = 32. The waveguide core size is
4.5 umx 4.5 um with 1.5% refractive-index difference. The
minimum bend radius is 2 mm. White boxes indicate 3-dB
couplers consisting of either directional couplers or multi-
mode interference couplers. The input and output waveguide
separations at the chip ends are 15 and 50 pm, respectively.
Waveguide arms in the MZI are intentionally inclined to both
sides so that the waveguides intersect by more than 45° with
each other. It is known that the excess loss of the waveguide
crossing can be reduced as low as ~ 0.02 dB/intersection
when the crossing angle is larger than 45° [31]. Dummy
crossing waveguides are placed to make the total number
of waveguide crossing equal for all MZIs. The chip size, in-
cluding input and output fan-out regions, is 43 mm x 25 mm.
We measured both cross-port and through-port outputs p(k)
and g(k) in the kth (k = 0 ~ N — 1) MZI so that the spatial
nonuniformity of the input light distribution can be cor-
rected. The output power of each port was measured by
shifting the single-mode fiber in the current preliminary ex-
periments. Fiber-to-fiber losses of MZIs are measured to be
4.2-5.4dB.

The operational principle of a SHS spectrometer based
on the MZI array has been elaborated in [26]. For a signal
s(f) passing through the kth MZI, a normalized cross-port
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www.lpr-journal.org



Laser Photonics Rev. (2011)

REVIEW
ARTICLE

(N-1)AL

Dummy Xing WGs
No delay
< ‘:

=5
S

anr* S
u

Input
s(f)

Y

(

Figure 11 (online color at: www.lpr-
journal.org) Planar waveguide SHS con-
figuration with interleaved MZI array.
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output is given by assuming negligible waveguide loss as

_ plk)
PO = L0+
1 [fotFSR [1+ cos(BkAL)] (3)
TS, fo y 2 s
(k=0—(N-1)),

where B is a propagation constant, FSR is a free spectral
range determined by AL, and S = fj{)ﬁFSRs(f)df. fo is
denoted as the Littrow frequency at which phase delays in
different MZIs become integer multiples of 27 (B (fo)AL =
2mm). Since the MZI response repeats periodically with
FSR, one needs to block the unnecessary spectral range
by a bandpass filter. Based on the discrete cosine Fourier
transform, the input spectrum s(f,) (f, = fo+n-FSR/N,
where N = 2N = 64) can be calculated from the measured
output power P(k) as

s(f) = ANZ; P(k) cos (2;:%‘)

k=

(6)
(n=0—(N-1)).

In the above equation, A is a constant and P(k) for k =
N ~ N —1is assumed to be P(N — k). Although FSR was
sampled with N points in [26], we sample it with 2N points
in order to correctly represent the MZI outputs. Because
MZI responses for the signal in the upper half of FSR, s(f;,)
(n =N ~ N — 1), have identical spatial fringe representa-
tion to those of the signal in the lower half, only the lower
half of the signal spectrum can be measured. Resolution of
the spectrometer is given by 8 f = ¢/ (Nn.AL) = 20 GHz.
Phase errors caused by effective-index fluctuations in the
MZI array deteriorate the accuracy in the retrieved signal
by Eq. (6). The phase error 8 @ in the kth MZI is expressed
as 0 = (2m/Ag)Onc (k) Ly, where dnc(k) and L; denote
effective-index fluctuation and MZI arm length, as shown
in Fig. 12a. A heater with length £ was placed from outside
of the chip on either one of the MZI arms to measure 0 ¢.
The through-port transmittance ¢(k) under the thermo-optic
effect is given by

q(k) = % {1 - cos% [oHE— 6nc(k)Lk]} o

Heater

Input
—= = a(k)
(a)
o 0
=
= -10
o
g .20
=
G -30 Hy
8 Ho
= 40
0 02 04 06 08 1 1.2
(b) Heater Power H (W)

Figure 12 (a) Mach-Zehnder interferometer in the kth stage and
(b) through-port response versus heater power.

Here, H is a heater power applied to the phase shifter, & is a
coefficient of thermo-optic refractive-index change per unit
heater power and A9 = ¢/ fo. Figure 12b shows an example
of the thermo-optic phase-scanning measurement. The first
extinction point indicated by Hy corresponds to the point
at which the phase error is compensated for. The power
between two adjacent extinction points Hr corresponds to
an optical path length change with 4. 8¢y is then given
by 8¢, =27 - Hy/Hr. The effective-index fluctuation is ob-
tained as 6nc(k) = (8¢ /Ly)Ao/2n. The measured Snc (k)
in the MZI array is shown in Fig. 13.

A major advantage of the waveguide SHS based on
Fourier-transform spectroscopy is that the interferometer
defects due to effective-index fluctuations can be corrected
in the data-processing stage. On the contrary, physical
refractive-index correction has been required for AWGs
after the phase-error measurement [32]. A known signal
spectrum was coupled into the waveguide SHS. The nor-
malized cross-port output power distribution P(k) and the
retrieved signal spectrum s(A,) (4, = ¢/ f,) by the cosine
FFT are shown in Figs. 14 and 15, respectively. The Lit-
trow wavelength A9 was determined by measuring the nor-
malized cross-port output at the second MZI P(k = 1).
P(1) rapidly oscillates with respect to the wavelength

www.lpr-journal.org
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Figure 13 Measured effective-index fluctuation in the MZI array.
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Figure 14 Measured cross-port output power distribution in the
MZI array.
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Figure 15 Retrieved signal spectrum by cosine Fourier transform.

change. But, it becomes constant and the maximum value
at Amax = Ao [1 +0¢;/(2wm)] ~ A9. Ay was measured to
be 1550.1 nm. The solid curve in Fig. 15 is the original
signal spectrum measured by a bulk spectrometer. The Han-
ning window was multiplied to P(k) so as to reduce os-
cillatory features in the retrieved spectrum. The FSR in
terms of wavelength is given by Agsg = Ao/m = 10.24 nm.
Signals in the range of A = 1539.9-1545.04 nm are not
shown in Fig. 15 since they are a mirrored replica of the

Figure 16 Signal spectrum corrected by taking account of the
measured phase errors.

spectrum in A = 1545.2-1550.1 nm. Deviation of the mea-
sured spectrum from the original one is mainly due to the
phase error d¢s since they cannot be directly included
in the cosine FFT analysis. The horizontal axis in Fig. 14
is understood to be the optical path-length difference di-
vided by n.AL. Then, the measured MZI output should be
located at k + On. Ly /ncAL instead of the ideal position, k.
The correction can be done by using the measured data and
the Lagrange interpolation to replace the unevenly spaced
interferogram points by the evenly spaced ones [33]. Fourier-
transform algorithms can then be applied to the evenly
spaced interferogram points. For a large number of data
points, as in bulk-optic Fourier-transform spectroscopy, a
FFT-based procedure is a prerequisite. However, for a small
number of N, the discretized form of Eq. (1), including
phase errors,

NG s(f) nk
P(k) = 5 Z > [1 +cos (27'CN +5(pk>] ®)

(k:O_(N_l))a

can be solved by N x N simultaneous equations. A signal
spectrum corrected with the above procedure is shown in
Fig. 16. The main part of the spectrum is accurately re-
trieved.

A phase-shift method was also proposed to generate a
quadrature output from each MZI [34]. A complex Fourier
transformation to a series of complex data comprising the
in-phase and quadrature outputs derives the spectrum over
entire FSR.

Applications of the PLC spectrometer would be var-
ied. For medical applications, spectral measurement of oxy-
hemoglobin concentration is very important to visualize
metabolism of a living body. Measurement of the absorp-
tion spectra of water vapor is one of the most important
issues in environmental applications. Water vapor plays a
fundamental role in the dynamics and radiation budget of
the atmosphere.
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4. Summary

Four kinds of silicon-photonics WDM filters have been in-
vestigated in comparison with the silica-based filter devices.
It is made clear that the thickness fluctuation in SOI wafer
of the order of 0.5-1 nm mainly limits the crosstalk of ring
resonators, lattice-form filters, AWGs and Echelle gratings
to about —20dB level. Novel AWG configuration having
cleanup filters at every output port has been proposed to
improve the crosstalk characteristics.

A Fourier-transform planar waveguide spectrometer has
important advantages over the existing AWG-type spec-
trometer; they are the large optical throughput without sac-
rificing spectral resolution [35] and the capability of com-
pensating phase error in the signal-processing stage. The
signal spectrum was successfully retrieved by correcting
the MZI output data with the phase-error values. Miniature
spectrometers will be important for daily health-care and
environmental-sensing applications since they are compact
in size and potentially very low cost (disposable).
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