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PLANAR LIGHTWAVE FOURIER-TRANSFORM SPECTROMETER

Related Application Information

[0001] This Application claims the benefit of U.S. Provisional Patent Application
61/154,827, filed February 24, 2009 entitled “Planar Lightwave Fourier-Transform
Spectrometer,” which Application is hereby incorporated by reference herein in its

entirety:.

Technical Field

[0002] This invention relates in general to planar lightwave circuits. More
particularly, the present invention relates to a planar lightwave, Fourier-transform

spectrometer.

Background of the Invention

[0003] There is a growing need to develop miniature spectroscopic sensors
capable of real-time sensing of biological and environmental materials. For example,
broad-bandwidth, high-spectral-resolution optical detection of human breath has
identified multiple important biomarkers correlated with specific diseases and

metabolic processes.

[0004] As an introduction to planar lightwave Fourier-Transform spectrometers,
coupling light into single-mode waveguides is often difficult in most integrated-optic
sensors such as arrayed waveguide gratings (AWGs), ring resonators, and Mach-
Zehnder interferometers (MZIs). In the case of silicon waveguides, very fine and
smooth etching of the taper tips down to ~80 nm is required to realize a low-loss spot-
size converter. The primary advantage of planar lightwave Fourier-transform

spectrometers is their relatively easy light coupling and a high optical throughput.

[0005] Spatial heterodyne spectroscopy (SHS) is an interferometric Fourier-
transform technique based on a modified Michelson interferometer with no moving
parts and relies on analysis of stationary interference patterns. In bulk-optic SHS, the
mirrors of the Michelson interferometer are replaced by diffraction gratings. This

bulk-optic, SHS instrument is more practical than traditional Fabry-Pérot and
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Michelson Fourier-transform spectrometers because of its relaxed fabrication
tolerances and ability to correct for interferometer defects and misalignments in data
analysis. In addition, the instrument can be field widened without moving parts to

achieve high sensitivity.

[0006] Early proposals for planar waveguide SHS devices were inspired by
known configurations of static Fourier transform spectrometers in bulk optics. A
waveguide SHS spectrometer can be formed by interleaving two waveguide phase
arrays having opposite dispersion. The interleaved arrays produce two wavefronts
that propagate and mutually interfere in the slab waveguide, yielding wavelength-
dependent fringes. This is due to the different dispersion of the arrays which makes
the wavefronts intersect at different angles for different wavelengths thus forming
wavelength-dependent fringe patterns. In general, the input spectrum is related to the
fringe pattern via Fourier transform since any input signal can be decomposed into its
monochromatic constituents. This interleaved AWG arrangement allows using a
wider input waveguide width compared to a standard AWG of similar spectral
performance. The interleaved AWG, however, produces (in the combiner free
propagation region) its distinct spatial Talbot effects, and the superposition of these
Talbot patterns yields a spatial Moir¢ pattern. Signal retrieval from the complicated

Moiré-Talbot pattern requires complicated numerical procedures.

Summary of the Invention

[0007] Disclosed herein is a miniature spectroscopic sensor based on a planar
lightwave Fourier-transform spectrometer. The primary advantages of interferometric
Fourier-transform spectrometers are a high optical throughput, compact size, and a
relatively easily attained high resolution. In addition to the large throughput
advantage, an additional benefit of Fourier-transform spectrometers compared to
grating-based devices is that the spectral information can be measured at all

wavelengths simultaneously.
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[0008] In that regard, the present invention, in one aspect, is directed to a
transform spectrometer implemented on a planar waveguide circuit (PLC), having an
input optical signal waveguide carrying an input optical signal to be analyzed; a
plurality of couplers, each connected to the input optical signal waveguide, and each
including a coupler output for carrying a coupled optical signal related to the input
optical signal; an array of interleaved, asymmetrical waveguide Mach-Zehnder
interferometers (MZI), each having at least one input MZI waveguide, each MZI input
waveguide receiving a coupled optical signal from a respective coupler output;
wherein at least some of the input MZI waveguides intersect in a common layer of the
PLC, at an angle which allows their respective coupled optical signals to transmit
without unacceptable attenuation. The input MZI waveguides intersect with each
other greater than about 45° and dummy crossing waveguides may be used such that

the total number of waveguide crossings is equal for cach MZI waveguide.

[0009] A three dimensional spectrometer system is also disclosed, containing

multiple stacked PLCs, each having a transform spectrometer.

[0010] Other performance improvements are disclosed, such as collimating
waveguide lens array formed on the PLC adjacent to at least one of the output MZI
waveguides, for providing a collimated output signal from the output MZI waveguide
to a respective portion of the detector array; and a plurality of heaters, each of which

is affixed to a respective MZI, to correct phase errors in the spectrometer.

[0011] These structures, methods for their manufacture, and methods of their use

as a spectrometer, also form part of the invention.

[0012] Further, additional features and advantages are realized through the
techniques of the present invention. Other embodiments and aspects of the invention

are described in detail herein and are considered a part of the claimed invention.

Brief Description of the Drawings

[0013] The subject matter which is regarded as the invention is particularly
pointed out and distinctly claimed in the claims at the conclusion of the specification.

The foregoing and other objects, features, and advantages of the invention are
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apparent from the following detailed description taken in conjunction with the

accompanying drawings in which:

[0014] Fig. 1 depicts a spatial heterodyne spectrometer formed
by an array of waveguide MZlIs;

[0015] Fig. 2 depicts a planar lightwave Fourier-transform
spectrometer with interweaved MZIs, in accordance with one

aspect of the present invention;

[0016] Fig. 3 depicts fringe patterns at the detector array as

follows: (a) uniform distribution of the output power when the

input is monochromatic at the Littrow wavenumber Gy, (b)
fringe pattern when the monochromatic input is shifted from G
by the wavenumber resolution 86, (c) fringes for a
monochromatic input at G,, and (d) fringe pattern when

multiple wavenumbers are present in the input signal;

[0017] Fig. 4a depicts a configuration of Si-rib waveguides and
Fig. 4b depicts its electric field distribution;

[0018] Fig. 5 depicts the calculated spectra of a test doublet at a

resolution 0.128 nm;

[0019] Fig. 6 depicts the calculated spectra of a test doublet at a

resolution of 0.064 nm;

[0020] Fig. 7 depicts a test absorption spectra;
[0021] Fig. 8 depicts the output power of 128 MZIs;
[0022] Fig. 9 depicts a 3-dimensional planar lightwave Fourier-

transform spectrometer with interweaved MZIs, in accordance

with the present invention;
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[0023]

[0024]

[0025]

[0026]

[0027]

[0028]

[0029]

[0030]

PCT/US2010/025040

Fig. 10 depicts a left-side view of the 3-dimensional
planar lightwave Fourier-transform spectrometer of Fig. 9, in

accordance with the present invention;

Fig. 11 depicts a waveguide lens array to collimate the

output beams, in accordance with the present invention;

Fig. 12 depicts a schematic of a waveguide lens and an

exemplary parameter definition;

Fig. 13 depicts an exemplary beam collimation in the

optimized waveguide lens;

Fig. 14 a-d depict the correction of phase errors in
accordance with the present invention, as follows: (a) measured
effective-index fluctuation in the MZI array, (b) an original
signal spectrum coupled into the spectrometer, (c) a retrieved
signal spectrum without correction, and (d) a spectrum

corrected in accordance with the present invention;

Fig. 15a depicts exemplary heating affixed to the

waveguides in accordance with the present invention;

Fig. 15b depicts through port response vs. heater power;

and

Fig. 16 depicts an entire spectrometer with exemplary

heaters, in accordance with the present invention.
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Best Mode for Carrying Out the Invention

[0031] The waveguide SHS concept discussed above can be generalized into a
waveguide MZI array as shown in Fig. 1, and as discussed in M. Florjanczyk, P.
Cheben, S. Janz, A. Scott, B. Solheim, and Dan-Xia Xu, “Planar waveguide spatial
heterodyne spectrometer”, Proc. of SPIE, vol. 6796, pp. 67963J1-J10, 2007, the

entirety of which is hereby incorporated herein by reference.

[0032] For spatially coherent light, a waveguide configuration is possible that
consists of independent interferometric structures, each of which samples the input
wavefront at a different location. This allows using multiple input apertures
simultaneously. The advantage of such an arrangement is the increase in optical
throughput. Path length difference in each asymmetrical MZI increases by AL,
similar to an AWG. With a greater number of MZlIs, finer spectral resolution can
achieved. However, the simplistic layout method of simply stacking multiple MZIs as
shown in Fig. 1 does not allow an increase in the number of MZIs in a limited wafer

size.

[0033] Disclosed herein is an improved planar lightwave Fourier-transform
spectrometer 10 with an interweaved MZI configuration as shown in Fig. 2. In this
configuration, spatially coherent input light 20 excites respective waveguides 30
which are connected to MZ interferometers 40. 3-dB couplers 50 consisting of, e.g.,
directional couplers or multimode interference (MMI) couplers into the two

asymmetric branches of the MZIs via MZI input waveguides 42.

[0034] Waveguide arms in the MZIs may be intentionally inclined to both sides
such that the waveguides intersect by more than 45° with each other. The excess loss
of the waveguide crossing can be reduced as low as ~0.02 dB/intersection if the
crossing angle is larger than, e.g., 45° as discussed in T. Kominato, T. Kitoh, K.
Katoh, Y. Hibino, and M. Yasu, “Loss characteristics of intersecting silica-based
waveguides”, Optoelectronics Conf. OEC 1992, Makuhari Japan, paper 16B4-1,
pp.138-139, July 1992, the entirety of which is hereby incorporated herein by

reference.
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[0035] The arm length difference may in one example increase by a discrete value
AL from one MZI to another. The interference signals of each asymmetrical MZI are
collected by the MZI output waveguides 44,and provided by couplers 60 to detector
array 70. As discussed further below, both cross port p(k) and through port q(k)

outputs can be provided by each coupler.

[0036] The disclosed waveguide layout allows almost 4 times more MZIs than the
layout method in Fig. 1, for the same chip size. In the disclosed layout, and in
accordance with the present invention, dummy crossing waveguides 80 can also be
placed across MZI input waveguides 42 and output waveguides 44 such that the total

number of waveguide crossings becomes equal for every MZI waveguide.

[0037] The operating principle of the disclosed spectrometer can be understood as
follows. For a given monochromatic input, different transmission characteristics of
each MZI result in a different power value at its output. In general, a monochromatic
input results in a periodic (sinusoidal) spatial distribution of power across the different
output ports P(xx), which is the Fourier transform of the monochromatic input
spectrum. Since the spatial power distribution P(xx) and the input spectrum are a
Fourier transform pair, a polychromatic input produces a power distribution from
which the input spectrum can be calculated using Fourier transformation. The MZ1
array can be designed such that for a particular monochromatic input of a
wavenumber o, = 1/A,, a constant spatial power distribution is obtained at the output,
as shown in Fig. 3a. This can be denoted as the Littrow condition, with the zero
spatial frequency corresponding to the Littrow wavenumber oy = 1/49. At the Littrow
condition, the phase delays in different MZIs are integer multiples of 2n

(/M. AL=2mn), thus yielding the constant P(xx). As the wavenumber of the
monochromatic input ¢ changes from the Littrow value, the output power distribution
becomes periodic with the spatial frequency increasing with (¢ - 6p). Changing the
wavenumber from the Littrow condition to oo + dG, where dc is the instrument

resolution, results in one spatial fringe along the output ports as shown in Fig. 3b.

[0038] Similarly, the light signal of wavenumber o, = 6y + ndc produces n spatial

fringes, Fig. 3¢, and so on - monochromatic inputs with different wavenumber result
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in different periodic patterns. Since a polychromatic signal can be represented by
superposition of monochromatic constituents, a corresponding fringe pattern is
formed by superposition of the respective periodic fringes, as illustrated in Fig. 3d.
The parameter 8o is inversely proportional to the maximum path delay ALx.; (= (N-

1)AL), described as follows.

[0039] Wavenumbers that are equally spaced above and below the Littrow value
produce the same fringe pattern. To avoid this ambiguity one needs to block one of
the two redundant sets of wavenumbers. In the example of Fig. 3, the Littrow
condition coincides with the minimum wavenumber of the spectral range and
wavenumbers below oy are assumed to be blocked by a bandpass filter. The spatial
fringes can be regarded as single-sided interferograms from which the input spectra
can be retrieved assuming the pattern is symmetric with respect to the point of origin
(x=0). The device heterodynes the spatial interference pattern with respect to the
Littrow wavenumber, hence the name spatial heterodyne spectrometer (SHS). The
spatial heterodyning in this device has a similar meaning as in the bulk optics SHS
instrument discussed above. The input spectrum and the output spatial distributions
are related through an invertible linear transform which, as discussed above, is the
Fourier cosine transform. It may also be observed that the above principle applies to
any arrayed MZI device implementation provided that signal splitting, combining and

loss mechanisms in the MZIs can be treated as spectrally independent.

[0040] For a monochromatic signal s(c) propagating in the asymmetrical MZI

with path-length difference ALy, output power at the port xi is given by:

p(o, %) =s(c)2«> (I—Kz)[COSh(OLALk) +cos(BALk)}e T (1)
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where o and B denote the amplitude attenuation coefficient and the propagation
constant of the waveguide and xk denotes the amplitude coupling coefficient of the
directional (or MMI) coupler. For a lossless case (o = 0) with equal 50:50 splitting
(* = 1/2), Eq. (1) reduces to:

p(o, xk):@[lﬂzos(BALk)]. (2)

[0041] Considering the above ideal case, it is convenient to rewrite Eq. (1) as

p(o, x ) =Cqge (2)[cosh(0cALk)+cos(BALk)] (3)

where Cq. is defined by:

ch=4K2(1—K2)e‘°‘ALk. (@)

[0042] For the light spectrum consisting of discrete monochromatic constituents,
the output power can be represented as a sum of the contributing signals each
corresponding to a specific monochromatic input. For sources with a continuous
spectral distribution, it is convenient to introduce the spectral power s(c)do, which is
the power within a small range of optical frequencies from Gy to 6y + 8. From the
superposition principle, the interferometric expressions for the output powers

corresponding to Eq. (3) are given by the following integral equations

1“p(0. %, )do (aAL)f5(0)do + < [s(o)oos(BAL )do,  (5)

where a and Cq. are assumed to be wavelength independent in the spectral range of

interest. The above equation is rewritten as

P(xy )= (aAL)S + C2d° Ji's(o)cos(2nn,0AL ) do, (6)

where n. is an effective index of the waveguide,

P(xi)=[y'p(0, Xy )do (7)

and
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S=ly's(c)do. ®)

[0043] Eq. (6) can be further simplified by introducing the following interference

term F(xy) as:

j:’ s(o)cos(2m o n,AL, Ydo = cl [2P(x,) - C,, cosh(aAL,)SAF (x,). (9)

de

[0044] For a uniform illumination of the multi-aperture input, the input modal
power Pj, is constant for all the input waveguides. For a non-uniform illumination,
Pin(xx) can be measured directly with a probing waveguide or, alternatively, one can
use the complementary output powers of the MZI to calculate Piy(x). For a non-
uniform illumination, F(xy) is replaced by F(xx)/ Pin(xx) and therefore Eq. (9) is

rewritten as

[ sto)cos(2m o n AL )do = ;ﬁ{z% ~C,, cosh(aAL,)S |AF(x,). (10)
[0045] The interference term F(xy) is a modified spatial interferogram which in
normal device operation will be created in the signal processing step based on
measured powers. The spatial coordinate xy is measured in units of Aly, so we set it
equal to the optical path difference xx = n.ALx and call it the modified delay.
Consequently, on a physical waveguide layout, the discrete output ports need not be
uniformly distributed as long as the MZI delay increment is constant and the output

port readings are digitally processed in the same increasing order.

[0046] One can formally demonstrate an analogy to standard Fourier-transform

spectrometry and consider very small delay increments and a large number of MZlIs,
thus reaching a continuous limit in the formulas. From Eqgs. (5)-(10) the continuous
limit interferogram and the input spectral power S(c) are related through the Fourier

cosine transform

F(x)=[;s(c)cos(2nox)do=["_s(T)cos(2nTx)da. (11)

[0047] In the last equation we introduced the shifted wavenumber variable G = ¢

- 0o (=ndc). Since we are interested in a limited spectral range 2A6 = Gpax - Go

-10-
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outside which the spectral power vanishes, one may extend the lower integration limit

in the last equation to infinity. By adding S=]" s(c)dc to both side of the above

equation, Eq. (11) can be rewritten as:

[,(x)A %[F(x) +5]= Cld FZ ((xx)) T ‘;[1 - cosh(a ;ﬂ =[50 %[1 + cos(2n6%)]d5,
(12)

where Eq. (10) and the relation x, = n.ALy have been used. An identical expression to

c

Eq. (12) is obtained for an interferogram produced at the output of an ideal two-beam
free-space interferometer with a variable path delay x irradiated by the power

spectrum s(o).

[0048] In practical waveguide device implementations, the spatial interferogram
Ir(x) is discretized at N* equally spaced delay values xi (0 < xx < A) corresponding to
the outputs of different MZIs, where N* = 2N. Though the spatial interferogram for
the higher wavenumber ox (k =N ~ N*-1) are blocked by the bandpass filter in the
practical applications, fictitious interferogram for the higher wavenumber ox (k=N ~
N*-1) should be taken into account in the theoretical treatments. The maximum delay
is given by A = n.ALx+ = n. N*AL. The wavenumber resolution 6c of the
spectrometer is determined by the maximum interferometric delay A. To resolve two
monochromatic signals with wavenumbers ¢ and ¢ + 80 it is required that the
respective interferograms differ by one fringe, that is, an interferogram phase change

of 2m:

A¢:2n(G+SG)A—2nGA:2n (13)
thus
0cA=0on, ALy =1. (14)

[0049] This can also be represented using the wavelength resolution A near the
central wavelength of the range A, where 6A<<hy. A useful expression for ALy can
be obtained in terms of the resolving power R = A¢/0A which is often used in grating

spectroscopic devices:

-11-
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dc o r o e 1 15
Ao kot A2 Rhg (15)
The maximum path delay is thus:
1 o G
Ao —— —R20__*0
N Son n, OAn (16)

C C C

[0050] The number of discrete points N in the interferogram, that is the number of
MZIs in the array, is determined from the Fourier sampling theorem. According to
the theorem, for the spectral power non-vanishing only within the range 2Ac, the
spectrum s(o) is fully specified by sampling the interferogram at spectral intervals not

exceeding (2A0)'1. In other words, the minimum number of sampling points may be:

2Ac  2AL

N =A2Ac="" =22 (17)
oo O

where Ak is the wavelength spectral range of the spectrometer. For example, an
arrayed MZI spectrometer operating over the AL = 7.68 nm wavelength range at 0.06
nm resolution requires 128 MZIs. Since each MZI couples to a separate input
waveguide, in this example the optical throughput is increased by a factor of 128

compared to a single input device.

[0051] By using Eqs. (14)-(17), Eq. (12) can be expressed in the discrete form as:

Iy (x)—i I\é nn%{l+cos[2dnxﬂ, (18)

An:O n

where s, =s(ndc), d, =A/n, and:

1/2 ..n=0
n, =41 n=1,2~ N"—1. (19)
1/2 ..n=N"

[0052] Based on the discrete Fourier cosine transform, the input spectrum s, can

be then calculated from the measured output power Ir(x) as:

M

n

-12-
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n=1

N-1
so=2AS—[2 > sn-i-sN], (21)

where we used the relation 11 (0) =[;*°s(5)d5 =S which is obtained from Eqs. (8) and

(12). Eq. (20) is rewritten in the discrete form as:

4A NE-

Sy = —5 {S+ > IT(xk)cos[ankH (n=1,2,--,N), (22)
N'n, k=1 d,

where I(xk) for k =N ~ N*-1 is assumed to be It(A - x¢) based on the cosine Fourier

Transform theory, which is confirmed by replacing xi with A - x, in Eq. (18).

[0053] By analogy to continuous Fourier-transform spectrometry, the finite
summation in Eq. (22) corresponds to a step-like cut-off (truncation) in the spatial
interferogram distribution. Such truncation causes oscillatory features (ripple) in the
retrieved spectrum. The ripple can be reduced by apodization. For this purpose, we
apodize the interferogram by using the weighting function W(x), thus obtaining the

following spectrum retrieval formula:

N -1
et 55 w(xk)IT(xk)cos[zz"kﬂ (n=1,2,,N), (3)

MNn k=1 n

where the standard form of the weighting function is W(x) = [1 - (k/N*)*] (M :

integer).

[0054] The discrete Fourier transform formulas Eqgs. (21), (23) with the criteria
for maximum delay Eq. (16) and the number of sampling points (interferometers) Eq.
(17) constitute a closed model of the arrayed Mach-Zehnder spectrometer. The
measurement required to be physically performed by the interferometer is that of the
optical power values at the multiple outputs of the array. Performance details of
various waveguide components are contained in coupling and loss coefficients. These
can be measured independently and their values introduced into the calculations as
constant device parameters. Deviations from the ideal design will appear as
systematic errors in the interferograms. Once the waveguide device has been
fabricated and characterized, the errors can be climinated by a calibration procedure,

for example using a look-up table incorporated in the retrieval algorithm.

13-
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[0055] The layout of the waveguide array is constrained by the number N of
Mach-Zehnder structures and the required maximum delay ALy, which determines

their size.

[0056] These parameters are listed in Table 1 for the wavelength range Ak = 4.1
nm and selected values of resolution 64, assuming representative values of the
effective index n. = 1.45485 for silica waveguide, 1.732268 for silicon slotted
waveguide, 1.534457 for Si3N4 slotted waveguide, 2.501636 for silicon sub-um wire
waveguide, and 3.200292 for silicon-rib waveguide (shown in Figs. 4a-b),
respectively. Comparing for the same resolution requirement, ALy is smaller for
silicon-rib waveguides and thus requires smaller MZIs because of the larger effective

index n.

0.128 64 12.96 10.88 12.28 7.53 5.89
0.064 128 25.92 21.76 24.57 15.07 11.78
0.032 256 51.83 43.52 49.13 30.14 23.56
0.016 512 103.66 87.04 98.27 60.27 47.12

Table 1:  Number of MZIs and the maximum delay for four
exemplary waveguide technologies

-14-
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[0057] The following simulation results are presented for silica waveguides. A
fundamental property of any spectrometer is its ability to resolve spectral lines. Therefore,
it is convenient to use an emission doublet as a test spectrum. As shown in Figs. 5 and 6,
the input doublet (dashed line) consists of two sharp emission lines (FWHM = 0.03 nm)
separated by 0.128 nm in the spectral range window of 4.1 nm. The wavelength range
window is the Fourier calculation domain. The spectrum is calculated from the distribution
of the discrete fringes of waveguide output power with the help of a spatial Fourier
transformation (Eq. 23). Fig. 5 shows the calculated doublet spectra with resolution dA =
0.128 nm (N = 64, ALx = 12.96 mm). The spectral lines of the doublet are not well-
resolved since the resolution 6A = 0.128 nm is not small enough to resolve the doublet
separation of 0.128 nm. Referring to Table 1, design for better resolution implies a larger
number of MZIs and increased maximum delay AL~. This is illustrated in Fig. 6, where the
doublet spectra is retrieved using a spectrometer with resolution A = 0.064 nm (N = 128,

ALx=25.92 mm). The doublet is now fully resolved.

[0058] Next an example of absorption spectra consisting of a series of sharp absorption
lines is considered. Normally, the absorption lines are present on a bright background
radiation. In the simulations, a top-hat super-Gaussian passband filter is assumed to
attenuate the background radiation outside the wavelength range AL. Fig. 7 shows the
absorption spectra simulated with spectrometer resolution dA = 0.064 nm in the wavelength
range AA = 4.1 nm. Fig. 8 is the distribution of the MZI output power (Eq. (18) for 128

MZIs. 1t is shown that the fine structure of the absorption lines is clearly resolved.

[0059] Assuming that the appropriate waveguides are available, arrayed MZIs can be
used for spectrometry and sensing beyond the near-infrared and visible spectral regions.
Si0O; and Si3:N4 waveguides are attractive in the visible to ultraviolet region. In the mid-
infrared region, waveguides have been developed for nulling interferometry, where
different types of waveguide technologies have been studied for application in the 6-20
um range of a space project. These include chalcogenide glass, ZnSe/ZnS, and metallic
hollow waveguides. Silicon technology may also be extended to the long-wave infrared
region of 1.55-100 um by using Si rib membrane, germanium-on-silicon, and Si-based

hollow-core waveguides.
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3-Dimensional Embodiment:

[0060] In accordance with an improved embodiment of the present invention, Fig. 9
depicts a 3-dimensional planar lightwave Fourier-transform spectrometer 100 with an
interweaved MZI configuration. Several planar lightwave circuits (PLCs) 10° 10" ...,
such as those described above in connection with Fig. 2, are stacked on top of each other
to construct a 3-dimensional spectrometer. A thin layer of adhesive may be used between

PLCs.

[0061] Fig. 10 shows the left-side (light-input side) view of the 3-dimensional planar
lightwave Fourier-transform spectrometer of Fig. 9. The substrates of the PLC may be
thinned by polishing from an original thickness of 500 ~ 1000 um to several tens of
microns. Core and cladding thickness may be typically 6 um and 20 um, respectively.
Right-side (light-output side) view of the 3-dimensional planar lightwave Fourier-
transform spectrometer is quite similar to that of the left-side view. A 2-dimensional
detector array may be attached to the end-face of the output waveguide array region. A
3-dimensional planar lightwave Fourier-transform spectrometer as disclosed enables to

measurement of a 2-dimensional light spectrum distribution.
Collimating Lens Embodiment:

[0062] Typically, the interference signals of the asymmetrical MZIs are collected by
the output waveguides and directly coupled to the detector array. However, the detector
chip may be located about 3 millimeters behind the front glass window of the TO
(transistor outline) package in one embodiment. A micro-lens can be used to collimate
the multiple output beams. However, alignment tolerances to the micro-lens becomes
very tight (less than one micron) since the focal length is very small. In accordance with
the present invention, disclosed herein is an improved spectrometer 200 with waveguide
lens array 210 to collimate the output beams, as depicted in Fig. 11. This waveguide lens
array can be formed on the same substrate, and using the same process used for forming

the other waveguides, therefore, the positional accuracy can be very high.
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[0063] Fig. 12 is a detailed schematic of a single waveguide lens array of Fig. 10,
with exemplary parameters defined as follows; L denotes straight waveguide length
with the normal core width, Ly, and Wy, denote taper waveguide length and width, Ny
denotes number of the waveguide lens, L denotes length of the core slab region at the
chip endface (thickness of the glass window of the TO package is included in Lids), and
Lair denotes the recess distance from the front glass window to the detector chip. Wips
denotes the original lens width and Apqur denotes the truncated lens width; ns , no, Nair
denote refractive indices of the core, cladding and air, respectively. Yunit 18 the thickness
of the single lens including a several micron gap between the lenses. Therefore, the total
thickness of the waveguide lens is NwixYunit. Exemplary curvature of the lens is

expressed by the parabolic function as:

e 24
2f (nS - no) @4)

where f denotes the focal length and the local coordinates & and n originate the bottom-

center of the respective lenses The above parameters can be optimized by numerical

simulation to achieve a beam collimation over several millimeter lengths.

[0064] Fig. 13 shows the resultant collimated beam propagation using exemplary

optimized waveguide lens parameters. Exemplary parameters used are ns = 1.457454, ng
= 1.444257, nair = 1.0, Lsr = 1 mm, Lign = 2 mm, and Lai; = 3mm. Exemplary parameters
providing quality beam collimation are as follows: L, = 6.6 mm, Wiy, = 50 um, f=10.5

mm, Ny = 10, Wips = 650 um, Aprur = 250 pm, Yunic = 383.6 um, respectively.

[0065] The disclosed waveguide lens can collimate the beam in the horizontal
direction. Therefore, waveguide lens is applicable for single spectrometer configuration
as shown in Fig. 2. For the 3-dimensional spectrometer configuration, a cylindrical lens

can be attached at the endface of the chip.
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Waveguide Phase Correction Embodiment:

[0066] Refractive index fluctuations can cause degradation in spectrometer
performance. Figs 14a-d illustrate this problem, and the results of a disclosed solution
(Fig. 14d) in accordance with the present invention, for a spectrometer with AL = 162

um.

[0067] Fig. 14a shows a measured effective-index fluctuation across the
spectrometer. Fig. 14b shows an exemplary input waveform used for additional
measurements. Fig. 14c shows both an expected output waveform by simulation (solid
line) and measured data (dots) by using Eq. (23) without taking into account the
measured effective-index fluctuations. Generally good correlation is shown between
expected and measured data, except for discrepancies in the shorter and longer

wavelength regions.

[0068] In accordance with the present invention and with reference to Figs. 15-16, an
improved spectrometer 300 can be provided with heating elements 310 or 310° applied to
the MZI waveguides to correct these phase errors. Fig. 15a shows two possible
embodiments of such heaters, in the form of sputtered heaters 310 formed integral with
the waveguide, or ¢.g., film or solid “glass pipe” heaters 310° separately affixed to the

waveguides.

[0069] Film-type heaters as well as substrate based heaters can be used. An external
substrate based heater (either thin film heater onto substrate, or heater affixed onto
substrate) can be formed as a separate assembly, and this entire assembly can be attached
to the PLC surface. Exemplary chip size including input and output fan out regions can

be 43x25 mm?>.

[0070] Fig. 16 also shows an embodiment with 2 waveguides from the output-side
coupler into two separate detectors. These represent both cross port and through port
outputs p(k) and q(k) in the k-th (k = 0 ~ N-1) MZI, which can be processed so that the
spatial nonuniformity of the input light distribution can be corrected. For a signal s(f)
passing through the k-th MZI, a normalized cross port output is given by assuming

negligible waveguide loss as:
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[1 +cos(Bk AL)J

P(k)= p(k) :éjg+FSRs(f)

o)+ a0 df  (k=0~N-1), (25)

where [3 is a propagation constant, FSR is a free spectral range determined by AL and

S= jff‘;+FSRs(f )df . fo is denoted as the Littrow frequency at which phase delays in different

MZIs become integer multiples of 2x (B(fo)AL =2mm). Since 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 +

nFSR/N, where N = 2N =64) can be calculated from the measured output power P(k) as:

N-1 nk B
s(fn):AkEOP(k)cos(Zn NJ (n=0~N-1). (26)

where A is a constant and P(k) for n=N~N-1 is assumed to be P(N-k). Since MZI
responses for the signal in the upper half of FSR, s(f,) (n=N~N-1), have identical spatial
fringe representation 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

&f = c/(NnC AL) =20 GHz, where n. and ¢ are effective index and light velocity. Phase

errors caused by effective-index fluctuations in the MZI array deteriorate the accuracy in
the retrieved signal by Eq. (26). Phase error 6¢x in the k-th MZI is expressed

as d¢r=(2m/Ao)onc(k)Ly, where onc(k) and Ly denote effective-index fluctuation and MZI
arm length as shown in Fig. 15a. A heater with length # can be placed from outside of
the chip on either one of the MZI arms to measure 6¢x. The through port transmittance

q(k) under thermo-optic effect is given by:

q(k):%{l—cosi—:[aHé—Snc (k)LkJ}. 27)

where H is a heater power applied to the phase shifter, o is a coefficient of thermo-optic
refractive index change per unit heater power and Ao = 1550.1 nm, respectively. Fig. 15b
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
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for. The power between two adjacent extinction points Hr corresponds to an optical path

length change with Ao. O¢x 1s then given by d¢x = 2n-H, /Hy . Effective-index fluctuation

is obtained as donc(k) = (0¢1/Li)ro/2w. Measured dnc(k) in the MZI array is shown in Fig.
14a.

[0071] 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. As an example, an input signal spectrum as shown
in Fig. 14b was coupled into the waveguide SHS. The retrieved signal spectrum s(An)
(Ao = c/fy) is shown in Fig. 14c. A Hanning window was multiplied to P(k) so as to
reduce oscillatory features in the retrieved spectrum. FSR in terms of wavelength is Apsg
=10.24 nm. Signals in the range of A = 1539.9 ~ 1545.04 nm are not shown in Fig. 14¢
since they are the mirrored replica of the spectrum in A = 1545.2 ~ 1550.1 nm. Deviation
of the measured spectrum from the original one is mainly due to the phase error d¢x since
they can not be directly included in the cosine FFT analysis. The measured MZI output
should be located at k + dn.Li/ 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. Fourier transform algorithms can
then be applied to the evenly spaced interferogram points. For a large number of data
points as in the bulk-optic Fourier transform spectroscopy, an FFT-based procedure is a
prerequisite. However, for small number of N, a discretized form of Eq. (25) including

phase errors,

P(k)= Ngs(fn)

: {1+cos(2nn§+6¢kﬂ (k=0~N-1) (28)

can be solved by NxN simultancous equations. The signal spectrum corrected with the
above procedure is shown in Fig. 14d. The main part of the spectrum is accurately
retrieved. Some oscillatory features in the peripheral spectral regions may be caused by
the imperfection of the 3-dB couplers and differential attenuation in longer asymmetrical

MZlIs.
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[0072] Disclosed herein is a novel planar waveguide spectrometer with an interleaved
MZI array. In one embodiment, a 32-ch, 20-GHz spectrometer is implemented in a silica
PLC. Accurate signal spectra can be 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).

[0073] All of these variations disclosed above are considered a part of the claimed

invention, and can be used separately or in any combination.

[0074] Although preferred embodiments have been depicted and described in detail
herein, it will be apparent to those skilled in the relevant art that various modifications,
additions, substitutions and the like can be made without departing from the spirit of the
invention and these are therefore considered to be within the scope of the invention as

defined in the following claims.
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Claims
What 1s claimed is:

1. A transform spectrometer implemented on a planar waveguide circuit

(PLC), comprising:

an input optical signal waveguide carrying an input optical signal

to be analyzed;

a plurality of couplers, each connected to the input optical signal
waveguide, and each including a coupler output for carrying a coupled

optical signal related to the input optical signal;

an array of interleaved, asymmetrical waveguide Mach-Zehnder
interferometers (MZI), each having at least one input MZI waveguide,
each MZI input waveguide receiving a coupled optical signal from a

respective coupler output;

wherein at least some of the input MZI waveguides intersect in a common
layer of the PLC, at an angle which allows their respective coupled optical

signals to transmit without unacceptable attenuation.

2. The spectrometer of claim 1, wherein the input MZI waveguides intersect

with each other greater than about 45°.

3. The spectrometer of claim 1, further comprising:

dummy crossing waveguides placed such that the total number of

waveguide crossings is equal for each MZI waveguide.

4. A three dimensional spectrometer system, containing multiple PLCs, each

having a transform spectrometer as recited in claim 1.

5. The three dimensional spectrometer system of claim 4, wherein the

multiple PLCs are stacked in the system.
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6. The spectrometer of claim 1, further comprising:

a plurality of output MZI waveguides coupled to the plurality of
MZIs;

a detector array for receiving output optical signals from the

plurality of output MZI waveguides; and

at least one collimating waveguide lens array formed on the PLC
adjacent to at least one of the output MZI waveguides, for providing a
collimated output signal from the output MZI waveguide to a respective

portion of the detector array.

7. The spectrometer of claim 1, further comprising:

a plurality of heaters, each of which is affixed to a respective MZI,

to correct phase errors in the spectrometer.
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8. A method of forming a transform spectrometer on a planar waveguide

circuit (PLC), comprising:

forming an input optical signal waveguide carrying an input optical

signal to be analyzed;

forming a plurality of couplers, each connected to the input optical
signal waveguide, and each including a coupler output for carrying a

coupled optical signal related to the input optical signal;

forming an array of interleaved, asymmetrical waveguide Mach-
Zcehnder interferometers (MZI), each having at least one input MZI
waveguide, each MZI input waveguide receiving a coupled optical signal

from a respective coupler output;

wherein at least some of the input MZI waveguides intersect in a common
layer of the PLC, at an angle which allows their respective coupled optical

signals to transmit without unacceptable attenuation.

9. The method of claim 8, wherein the input MZI waveguides intersect with

cach other greater than about 45°.

10. The method of claim &, further comprising:

forming dummy crossing waveguides placed such that the total

number of waveguide crossings is equal for each MZI waveguide.

11. A method of forming a three dimensional spectrometer system, containing

multiple PLCs, each having a transform spectrometer formed as recited in claim 8.

12.  The method of claim 11, further comprising stacking the multiple PLCs in

the system.
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13. The method of claim &, further comprising:

forming a plurality of output MZI waveguides coupled to the
plurality of MZls;

forming a detector array for receiving output optical signals from

the plurality of output MZI waveguides; and

forming at least one collimating waveguide lens array on the PLC
adjacent to at least one of the output MZI waveguides, for providing a
collimated output signal from the output MZI waveguide to a respective
portion of the detector array.

14. The method of claim &, further comprising:

forming a plurality of heaters, each of which is affixed to a

respective MZI, to correct phase errors in the spectrometer.

* ok k ok ok
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