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Abstract:  Concept, theory and simulations of a new type of waveguide 
device, a multiaperture Fourier-transform planar waveguide spectrometer, 
are presented.  The spectrometer is formed by an array of Mach-Zehnder 
interferometers generating a wavelength dependent spatial fringe pattern at 
the array output.  The input light spectrum is calculated using a discrete 
Fourier transformation of the output spatial fringes.  The multiaperture input 
significantly increases the optical throughput (étendue) compared to 
conventional single input spectrometers.  Design rules for the arrayed 
spectrometer are deduced from performance specifications such as 
wavelength range and spectral resolution.  A design example with spectral 
resolution 0.025 nm and range 2.5 nm is presented, where the optical 
throughput is increased by a factor of 200 compared to a single input device. 
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1. Introduction  

Miniature spectrometers are key devices in applications that include fiber optic 
telecommunication networks, environmental sensing, genomics, health diagnostics, and space 
instrumentation.  In many of these applications, devices with both a large optical throughput, 
or étendue, and a high spectral resolution, are desirable.  Planar waveguide spectrometers 
based on echelle gratings and arrayed waveguide gratings can be designed and fabricated with 
sub-nanometer spectral resolution and very compact chip sizes [1].  For arrayed waveguide 
gratings it has been demonstrated that the spectral resolution and compactness can be 
improved by reducing the width of the spectrally imaged slit, that is the width of the input 
waveguide in the free propagation region [2].  However, to increase the device étendue one 
can abandon the grating concept altogether and consider spectrometers based on interference. 

Compared to the grating spectrometers, interferometer based spectroscopic devices offer 
significant improvement in the light throughput.  The large throughput of the Michelson 
interferometer was first explained in 1954, [3], and it is know as the étendue (or Jacquinot) 
advantage.  Bulk optics Michelson type spectrometers are used in a Fourier-transform 
configuration with a movable mirror in one of the interferometer arms.  By scanning the 
mirror, an interferogram is generated from which the input spectrum is calculated by Fourier 
transformation.  Beside the étendue advantage, an additional benefit of the Fourier-transform 
spectrometers compared to grating-based devices is the Fellgett multiplex advantage [4, 5], 
which means that spectral information is measured at all wavelengths simultaneously. 
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Various static Fourier-transform interferometers which do not require scanning mirrors or 
other moving parts have been proposed [6].  For example, a bulk optics spatial heterodyne 
spectrometer (SHS) has been demonstrated where the spectrum is calculated by the Fourier 
analysis of a stationary interference pattern [7].  The SHS uses a modified Michelson 
configuration with mirrors replaced by diffraction gratings.  Planar waveguide versions of the 
SHS have also been proposed.  The first such device is Fourier transform arrayed waveguide 
grating (FT-AWG) microspectrometer [8].  In the Fresnel diffraction regime, a FT interleaved 
AWG device exhibits a distinct interference pattern referred to as the Moiré-Talbot effect [9].  
Recently, the waveguide SHS concept has been generalized into a waveguide Mach-Zehnder 
interferometer (MZI) array [10].  A planar waveguide SHS offers a larger étendue compared 
to arrayed waveguide gratings and waveguide echelle gratings.  The SHS can tolerate larger 
input wavefront angular errors, thus resulting in an increased light throughput [11].  In the 
arrayed waveguide MZI, the throughput is increased by using multiple input waveguide 
apertures which feed into an array of Mach-Zehnder interferometers. 

In this paper, we follow-up the preliminary results of [10] and present a complete 
theoretical model and simulations of the arrayed MZI spectrometer.  The spectrometer 
principle is based on the wavelength-dependent transmission characteristics of the individual 
Mach-Zehnder interferometers and their spatial distribution as the MZI array.  We 
demonstrate the retrieval of input spectrum based on Fourier transformation of spatial light 
distribution (fringes) at the outputs of the array.  Design rules for the required number of 
interferometers and their respective phase delays are deduced using the sampling theorem.  
Finally, the device concept and theory are illustrated by a specific design based on silicon-on-
insulator waveguides for the application of space-born observation of water transport in the 
atmosphere in the near infrared spectral region.  

2. Principle of multiaperture arrayed Mach-Zehnder interferometer 

The Mach-Zehnder interferometer is an established device both in bulk optics and waveguide 
implementations, with applications including spectral filtering, signal modulation and sensing.  
It has periodic transmission characteristics which is a function of the phase delay between the 
two interferometer arms.  In static applications the phase delay is typically achieved by 
making one of the arms longer than the other, thus making the interferometer unbalanced.  
The optical path difference can be well controlled by the photolithographic processes of 
waveguide fabrication.  Alternatively, a modification of the refractive index in the waveguide 
arms can be used.  For an individual MZI, the frequency of periodic transmission as a function 
of wavelength increases with the phase delay which means higher wavelength resolution for 
more unbalanced devices.  A picometer resolution has been demonstrated in a highly 
unbalanced MZI fabricated in silica waveguides [12]. 

We use the property of periodic MZI transmission to form a new type of spectrometer 
device.  The device is based on an array of independent MZIs with different phase delays as 
shown schematically in Fig. 1.  The device has a multiaperture input formed by N waveguides 
each feeding into an individual MZI.  The spacing between the input waveguides is chosen to 
ensure that they are optically uncoupled.  The input signal propagates through the arrayed 
MZIs and, as a result of interference, forms a spatially distributed power pattern across their 
output ports.  The output power distribution is measured by a matched photodetector array and 
digitally processed to retrieve the input spectrum.  It is assumed that the input light spectrum 
does not vary substantially across the multiaperture input, thus all waveguides probe 
spectrally identical signals, but they do not have to capture identical amount of light.  The 
non-uniformity of light capture among individual MZIs can be calibrated out as described in 
Sec. 3.3.  An obvious advantage of this device is that the optical throughput is largely 
increased by using multiple inputs simultaneously. 

In bulk optics instruments, the throughput (étendue) is a geometric factor representing the 
amount of light captured by the optical instrument.  The geometric étendue is a product of the 
source area and the solid angle subtended by the input aperture [13] and it is an invariant of 
the optical system.  The étendue of our final spectrometer implementation will depend on 
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specifics of the input optics and its coupling efficiency to the input waveguides.  An optical 
element that efficiently couples light into the array of input singlemode waveguides can be, 
for example, a microlens array followed by waveguide tapers feeding into individual MZIs.  
Another method is using a free propagation region at the input of the waveguide slab followed 
by tapers, similarly as it is routinely done in the design of waveguide star couplers and 
AWGs.  However, such particulars of the input optics design are out of the scope of this 
paper, which focuses on MZI array concept and design.  It should also be noticed that the 
concept of geometrical étendue does not rigorously apply to waveguide optics since the 
geometrical optics approximations cease to be valid for the latter.  Nonetheless, a simple but 
still valid étendue argument can be made, which is fundamental for our device: throughput 
increase of this multiaperture device compared to a single aperture device is proportional to 
the number of waveguide inputs.  It thus becomes obvious that the present spectrometer has 
an advantage compared to single-aperture devices when measuring signals from spatially 
extended light sources (e.g., the sun) which can be imagined onto an extended multiaperture 
input. 

The operating principle of the device can be understood as follows.  The path difference 
ΔLi in the MZI array changes by a constant increment across the array.  For a given 
monochromatic input, different transmission characteristics of each MZI results 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 Pout(xi), that is the Fourier-
transform of the monochromatic input spectrum.  Since the spatial power distribution Pout(xi) 
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. 

 

.

.

.

Multiaperture 
input

Output 
ports

Detector
array

( )inp σ

( )1
outP x

( )2
outP x

( )3
outP x

( )out
NP x

1LΔ

2LΔ

3LΔ

NLΔ

 
Fig. 1.  The schematics of the waveguide spectrometer formed by arrayed Mach-Zehnder 
interferometers. 

 
Inspecting this device, it is noticed that the MZI array can be designed such that for a 

particular monochromatic input of a wavenumber σL=1/λL, a constant spatial power 
distribution is obtained at the output, as shown in Fig. 2(a).  We denote this as the Littrow 
condition, with the zero spatial frequency corresponding to the Littrow wavenumber σL.  At 
the Littrow condition, the phase delays in different MZIs are integer multiples of 2π, thus 
yielding the constant Pout(xi).  As the wavenumber of the monochromatic input σ changes from 
the Littrow value, the output power distribution becomes periodic with the spatial frequency 
increasing with |σ-σL|.  Changing the wavenumber from the Littrow condition to σL+δσ, where 
δσ is the instrument resolution, results in one spatial fringe along the output ports as shown in 
Fig. 2(b). 
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Fig. 2.  Spatial fringe formation at the arrayed MZI outputs.  Monochromatic inputs at a) the 
Littrow wavenumber σL, b) σL+δσ, and c) σL+2δσ, and the corresponding spatial fringes; d) 
Superposition of monochromatic inputs and the corresponding spatial fringe pattern. 

 

Similarly, the light signal of wavenumber σL+2δσ produces two spatial fringes, Fig. 2(c), and 
so on - monochromatic inputs with different wavenumbers result 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. 2(d).  The parameter δσ is inversely proportional to the 
maximum path delay ΔLmax and is described in the next section. 

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. 2 and in calculations presented in Sec 4, the Littrow 
condition coincides with the minimum wavenumber of the spectral range and wavenumbers 
below σL 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).  We observe that 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 [7].  The input spectrum and the output 
spatial distribution are related through an invertible linear transform which, as argued above 
and as will be mathematically shown in the next section, 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. 

3. Mathematical model 

The mathematical model of the arrayed MZI is abstracted from waveguide particulars and can 
be conveniently described using transfer matrices.  The model is first introduced for 
monochromatic input signals and then generalized to polychromatic light. 

3.1 Monochromatic input and transfer matrix formalism 

Consider a monochromatic signal propagating in the planar MZI structure and assume that the 
waveguides support only a fundamental guided mode.  The modal electric and magnetic fields 
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E and H can be expressed as products of the complex modal amplitude a, the transverse field 
distributions e(x, y) and h(x, y), and the exponential propagation factor 

( )( , , , ) ( , ) i t zx y z t a x y e ω β−=E e        ( )( , , , ) ( , ) i t zx y z t a x y e ω β−=H h                    (1) 

where β = kneff = 2πσneff is the mode propagation constant, σ =1/λ is the wavenumber, and neff 
is the effective mode index.  The monochromatic modal power P is given by the Poynting 
vector 

2 *1
ˆ

2
P a dxdy= × ⋅∫∫ e h z                                                    (2) 

where the integration is over the transverse plane (x, y) containing the waveguide cross-
section and the asterisk indicates the complex conjugate. 

A generic Mach-Zehnder interferometer can be represented in terms of three functional 
sections which perform signal splitting, provide a differential phase delay, and recombine the 
two split signals, respectively.  Now we assume that the waveguides, the splitters and the 
combiners are polarization independent (polarization effects will be discussed in Section 3.5).  
It is convenient to represent the propagation of the light signal in each MZI by using discrete 
transformations of the modal amplitude a  along the two waveguide paths, i.e. in the lower 
and upper arms and the corresponding ports of the MZI structure. This can be done by using 
the transfer matrix formalism [14].  In their feed-forward implementation, the transfer 
matrices are equivalent to scattering matrices, thus the two terms may be used 
interchangeably.  The transfer matrix notation used here is illustrated in Fig. 3. 

 

( )inp σ ( )1
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Fig. 3.  Transfer matrix notation used in the model. 

 
The transfer matrix model represents each MZI as a device with two input and two output 

ports.  The optical signal propagating in the i-th MZI is represented by a column vector with 
modal amplitudes a1,i and a2,i which correspond to the two different waveguide arms and the 
corresponding ports.  It is assumed that the main difference between the MZIs is in their delay 
sections.  The functional sections of the i-th MZI are described by three 2×2 transfer matrices 
Ss, Sd, and Sc representing amplitude transfers in the splitter, the delay section, and the 
combiner, respectively.  Each MZI of the array is then described by the cumulative transfer 
matrix Si which is a product of the three section matrices 

1, 1, 1,
,

2, 2, 2,

out in in
i i i

i c d i sout in in
i i i

a a a

a a a

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= ⋅ = ⋅ ⋅ ⋅
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦ ⎣ ⎦

S S S S                                        (3) 

Since waveguide details are embedded in the matrix coefficients, the cumulative matrix Si 
encompasses many practical waveguide designs.  However, care should be exercised while 
assigning the input and output amplitudes and in interpreting simulation results.  This is 
because splitting and combining functions can be realized by different components, e.g., y-
junctions, directional couplers, or multimode interference couplers that can be perceived as 
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three- or four-port devices.  In splitters, one assumes that the column vector of the input signal 
has only one non-zero component a1,i or a2,i.  In combiners, the interpretation of the output 
vector depends on the number of output waveguide ports.  Combiners based on directional 
couplers have two output ports that provide complementary signals, while in a y-junction 
combiner there is only one guided output.  Nonetheless, all practical implementations can be 
cast into the matrix notation above.  For clarity, this discussion assumes an implementation 
with splitters and combiners made of directional couplers.  In this case, all Mach-Zehnder 
sections are represented by transfer matrices that have straightforward interpretation.  Designs 
based on other types of splitters and combiners can be described analogously. 

Output directional couplers provide two complementary signals from each MZI and are 
denoted in Fig. 3 as P1

out(xi)  (upper arm) and P2
out(xi)  (lower arm); however, only one of 

them is necessary to retrieve the input spectrum.  Accordingly, in Fig. 1 the symbol Pout(xi) 
refers to the output of the lower arm.  In Sec. 3.3, we will discuss how measuring both these 
complementary signals can be used for power calibration and apodization. 

Transfer matrices of the directional couplers for splitting and combining, Ss and Sc are 
similar.  They can be expressed in terms of a product of the respective power transmission 
factors γs and γc, and mode coupling matrices which contain the power coupling ratios κs and 
κc, that is 

1

1

s s
s s

s s

i

i

κ κ
γ

κ κ

⎡ ⎤− −
⎢ ⎥=

− −⎢ ⎥⎣ ⎦

S        
1

1

c c
c c

c c

i

i

κ κ
γ

κ κ

⎡ ⎤− −
⎢ ⎥=

− −⎢ ⎥⎣ ⎦

S                         (4) 

It is observed that for a lossless operation γs = γc = 1, and for equal splitting and combining of 
power κs = κc = 1/2. 

We introduce waveguide loss in terms of the linear propagation loss coefficient α and 
assume that the i-th MZI delay section is formed by two waveguides of lengths L1,i and L2,i 
where L2,i > L1,i.  The transfer matrix of the delay section is a product of the transmission 
factor γd,i = exp(-αL2,i) and the phase factor exp(-βL2,i) through the common path length, and 
the delay matrix of the differential path ΔLi = L2,i – L1,i 

2,
, ,

0

0 1

i i
i

L i L
i L

d i d i
e e

e
α β

βγ
− Δ − Δ

− ⎡ ⎤
= ⎢ ⎥

⎢ ⎥⎣ ⎦
S                                           (5) 

The delay matrix contains the differential loss factor αΔLi which is usually small and may be 
ignored.  For each MZI, we assume that the same input signal of modal power Pin = |ain|2 is 
present at the input port 1 and that the input port 2 is not used, as indicated in Fig. 3.  Using 
the transfer matrix method, the powers at the output ports 1 and 2 of the i-th MZI are then 

( )1 1, 1,
1

cos
2

out out in
i i i i iP x P P A B Lβ⎡ ⎤= = − Δ⎣ ⎦                                     (6) 

( )2 2, 2,
1

cos
2

out out in
i i i i iP x P P A B Lβ⎡ ⎤= = + Δ⎣ ⎦                                     (7) 

In both ports, the detected signal consists of a fluctuating part given by cosinusoidal variation 
and a constant background.  The coefficients A1,i, A2,i, and Bi comprise the coupling and loss 
coefficients of the MZI components and are given by the following expressions 

( )( ) 22 2 2
1, ,2 1 1 iL

i s d i c s c s cA e αγ γ γ κ κ κ κ − Δ⎡ ⎤= + − −
⎣ ⎦                                  (8) 

( ) ( ) 22 2 2
2, ,2 1 1 iL

i s d i c s c c sA e αγ γ γ κ κ κ κ − Δ⎡ ⎤= − + −
⎣ ⎦                                 (9) 
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( ) ( )
1

2 2 2 2
,4 1 1 iL

i s d i c s c s cB e αγ γ γ κ κ κ κ − Δ⎡ ⎤= − −⎣ ⎦                                  (10) 

The above coefficients are real valued numbers which can be determined experimentally.  For 
a lossless case with equal 50:50 splitting and combining we have A1,i = A2,i = Bi = 1.  In that 
case Eqs. (6, 7) represent ideal interference of two monochromatic signals. 

3.2 Polychromatic input and Fourier transformation 

For the light spectrum consisting of discrete monochromatic constituents, the output power 
can be represented by 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 p(σ) (spectral flux, lower case symbol), which is the power 
within a small range of wavenumbers from σ to σ + dσ.  From the superposition principle, the 
interferometric expressions for the output powers corresponding to Eqs. (6, 7) are given by the 
following integral equations 

( ) ( ) ( )1, 1, eff

0 0

1
cos 2π

2
out in

i i i ip d p A B n L dσ σ σ σ σ
∞ ∞

⎡ ⎤= − Δ⎣ ⎦∫ ∫                        (11) 

( ) ( ) ( )2, 2, eff

0 0

1
cos 2π

2
out in

i i i ip d p A B n L dσ σ σ σ σ
∞ ∞

⎡ ⎤= + Δ⎣ ⎦∫ ∫                       (12) 

The integration here assumes that the optical power is measured by a detector with a 
bandwidth broader than the spectral width of the input signal.  A spectral responsivity 
function of the detector can be readily included in the integrals above.  However, to simplify 
the notation we assume an ideal broadband detector with a flat spectral response.  In many 
practical cases, including the application example of Sec. 4 below, the coefficients A1,i, A2,i, 
and Bi can be regarded as wavelength independent in the spectral range of interest.  With this 
assumption, the interference formulas Eqs. (11, 12) are simplified to 

( ) ( )1, 1, eff

0

1 1
cos 2π

2 2
out in in
i i i iP A P B p n L dσ σ σ

∞

= − Δ∫                           (13) 

( ) ( )2, 2, eff

0

1 1
cos 2π

2 2
out in in

i i i iP A P B p n L dσ σ σ
∞

= + Δ∫                           (14) 

where Pin, P1,i
out, and P2,i

out are the measured powers (upper case symbols), i.e. the respective 
spectral fluxes integrated by the detector.  These formulas can be further simplified by 
introducing the following interference term 

( ) ( )1, 1, 2, 2,
1 1

2 2out in out in
i i i i i

i i

F P A P P A P
B B

= − − = −                               (15) 

The interference term Fi = F(xi) 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 xi is measured in units of ΔLi, so we set it equal to the optical path difference xi = 
neffΔLi 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. 

One can formally demonstrate an analogy with the standard Fourier-transform 
spectrometry and consider very small delay increments and a large number of MZI, thus 
reaching a continuous limit in the formulas.  From Eqs. (13-15) the continuous limit 
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interferogram and the input spectral power pin(σ) are related through the Fourier cosine 
transform 

( ) ( )
0

( ) cos 2π cos 2πin inF x p x d p x dσ σ σ σ σ σ
∞ ∞

−∞

= =∫ ∫                         (16) 

In the last equation we introduced the shifted wavenumber variable σ σ= −  σmin, where σmin 
is a minimum wavenumber.  Since we are interested in a limited spectral range Δσ = σmax - 
σmin outside which the spectral power vanishes, one may extend the lower integration limit in 
the last equation to infinity.  In the present design, the minimum wavenumber is the Littrow 
wavenumber.  An identical expression to Eq. (16) 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 pin(σ) [15, 16].  Assuming that the interferogram F(x) is 
symmetric with respect to x = 0, the inverse relation holds 

( )
0

( )cos 2π 2 ( )cos 2πinp F x x dx F x x dxσ σ σ
∞ ∞

−∞

= =∫ ∫                           (17) 

This cosine transform is the fundamental relation in the Fourier transform spectrometry, 
including our arrayed MZI spectrometer.  It allows one to retrieve the input spectrum pin(σ) 
from the measured interferogram F(x). 

3.3 Interferogram discretization and apodization 

In practical waveguide device implementations, the spatial interferogram F(xi) is discretized at 
N equally spaced delay values xi (0 ≤  xi ≤  Δx) corresponding to the outputs of different MZIs, 
where the maximum delay is Δx.  By analogy to the integral formula Eq. (17), the input 
spectrum is calculated from the measured interferogram using the following discrete Fourier 
cosine transform 

( )
1

2 ( )cos 2π
N

in in
i i

i

x x
p P F x x

N N
σ σ

=

Δ Δ= + ∑                                   (18) 

where the interferogram F(xi) is defined in Eq. (15) from P1
out(xi) or P2

out(xi).  Using Eqs. (15) 
and (18) the input spectrum can be then calculated from the measured powers. 

For a uniform illumination of the multiaperture input, the input modal power Pin is 
constant for all the input waveguides (Pin

i = Pin).  For a non-uniform illumination, Pin
i can be 

measured directly with a probing waveguide or, alternatively, one can use the complementary 
output powers P1

out(xi) and P2
out(xi) to calculate Pin

i from 

( ) ( )1, 2, 1, 2,2 /in out out
i i i i iP P P A A= + +                                           (19) 

which is obtained from Eqs. (6) and (7).  Thus, by measuring P1
out(xi) and P2

out(xi) at the 
complementary output ports the input modal power is obtained for each MZI.  Eq. (19) can be 
readily applied to correct for spatial non-uniformities in the input beam using software 
calibration.  In this procedure the inverse Fourier formula Eq. (18) is used with Pin = max(Pin

i) 
and the interferogram Fi is multiplied by the ratio ci = Pin/Pin

i. 
By analogy to the continuous Fourier-transform spectrometry the finite summation in Eq. 

(18) corresponds to a step-like cut-off (truncation) in the spatial interferogram distribution 
[15].  It is known that 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 
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( )
1

2 ( ) ( )cos 2π
N

in in
i i i

i

x x
p P W x F x x

N N
σ σ

=

Δ Δ= + ∑                              (20) 

Many suitable apodization functions are known in the field of Fourier spectrometry [17-19].  
We recall that in the above discussion it was assumed that the device coefficients A1,i, A2,i, and 
Bi do not vary between different MZIs.  By inspecting Eqs.(15) and (20) we see that this 
assumption is not a restricting one, since variations in the coefficients (including propagation 
loss) can be formally included in the apodization function. 

3.4 Design rules for maximum path delay and minimum number of interferometers 

The wavenumber resolution δσ of the spectrometer is determined by the maximum 
interferometric delay Δx, that is the delay corresponding to the most unbalanced MZI in the 
array.  To resolve two monochromatic signals with wavenumbers σ and σ + δσ  it is required 
that the respective interferograms differ by one fringe, that is, an interferogram phase change 
of 2π 

2π( δ ) 2π 2πx xϕ σ σ σΔ = + Δ − Δ =                                          (21) 

thus δσΔx = δσneffΔLmax = 1.  This can also be represented using the wavelength resolution δλ 
near the central wavelength of the range λ0, where δλ « λ0.  A useful expression for ΔLmax can 
be obtained in terms of the resolving power R = λ0/δλ which is often used in grating 
spectroscopic devices 

2
0 0 00

1 1 δ 1 1
δ

δ R

λσ
λ λ λ λλ

= − ≈ =
+

                                           (22) 

The maximum path delay of the arrayed MZI is thus  

01

δ
max

eff eff

L R
n n

λ
σ

Δ = =                                                  (23) 

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 Δσ, the spectrum pin(σ) is fully specified by 
sampling the interferogram at spectral intervals not exceeding (2Δσ)-1.  In other words, the 
minimum number of sampling points is 

2 2 2minN x
σ λσ

δσ δλ
Δ Δ= Δ Δ = =                                             (24) 

where Δλ is the wavelength spectral range of the spectrometer.  For example, an arrayed MZI 
spectrometer operating over the 2.5 nm wavelength range at 0.1 nm resolution requires 50 
MZIs.  Since each MZI couples to a separate input waveguide, in this example the optical 
throughput is increased by a factor of 50 compared to a single input device. 

The discrete Fourier transform formulas Eqs. (18, 20) with the criteria for maximum delay 
Eq. (23) and the number of sampling points (interferometers) Eq. (24) 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 given by Eqs. (8-10).  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 eliminated by a 
calibration procedure, for example using a look-up table incorporated in the retrieval 
algorithm.  That calibration ability is an important advantage of the present device compared 
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to conventional AWGs.  Since in the AWGs there is no direct physical access to the arrayed 
waveguide output aperture, measuring and correcting phase errors of an AWG is a formidable 
task.  It demands sophisticated phase measurement techniques like low coherence 
interferometry [20].  That is followed by complex phase correction techniques by UV 
exposure through two masks, one for transverse electric (TE) and one for transverse magnetic 
(TM) polarization [21], or by depositing an amorphous-Si mask and trimming it by laser 
ablation [22].  In contrast to the AWGs, our device provides physical access to each of the 
arrayed MZI outputs where both phase and amplitude errors can be readily measured as part 
of the spectrometer calibration procedure.  It may also be appreciated that complementary 
signals from the output ports 1 and 2 of each MZI may be used for additional corrections of 
spatial non-uniformity of the input beam across the multiple aperture. 

3.5 Polarization dependence 

Since in many applications the polarization state of the input light is not known, polarization 
independent spectrometer design is preferred.  Polarization changes of light would cause the 
measured wavenumber to change by δσpol due to waveguide birefringence Δneff, thus causing 
uncertainty in the spectral measurement.  The physical origin of this effect is well understood 
[1].  If the MZI waveguides are birefringent, orthogonally polarized modes propagate with 
different propagation constants, thus accumulating differential phase shifts in the two 
interferometer arms.  The birefringence induced phase shift is indistinguishable from the one 
that would arise if the input light wavelength were changed.  Thus, to avoid a false spectral 
interpretation birefringence needs to be mitigated.  At the center of the measured spectral 
range 0σ  the phase change caused by waveguide birefringence in any MZI is Δφi = 
2πΔneffΔLiσ0.  The polarization dependent wavenumber shift δσpol can be formally estimated 
by equaling the birefringence induced phase change with the phase change caused by the 
wavenumber shift at the average effective index, that is Δφi = 2πneffΔLiδσpol.  Therefore, the 
spectral uncertainty induced by the waveguide birefringence is 

0 0δ / δ / /pol pol neff neffn nσ σ λ λ≈ = Δ                                         (25) 

where δσpol « σ0.  The above relation is well-known in the field of echelle and arrayed 
waveguide grating (de)multiplexers [1]. 

4. Arrayed MZI implementation for water vapor spectroscopy in near infrared 

A design model of the arrayed MZI spectrometer has been developed for the application in 
spatial heterodyne observations of water (SHOW) [23].  The arrayed MZI spectrometer can be 
regarded as a integrated waveguide counterpart of the bulk optics SHOW instrument designed 
for measurements of water vapor transport from the upper atmosphere through the 
stratosphere and into the lower mesosphere by observing sunlight in limb configuration [24, 
25].  SHOW experiments include detection of water absorption bands on the solar irradiance 
background in the 2 nm wavelength range centered at 1364.5 nm, with spectral resolution 0.1 
nm.  For such narrow spectral range, material and waveguide dispersion is assumed to be 
negligible. 

In the SHOW example presented here, the light at the spectrometer input has the spectral 
power distribution of water vapor at the altitude 15 km, as shown in Fig. 4.  This transmission 
spectrum was obtained by using the pseudo-spherical multiple scattering radiative transfer 
model LIMBTRAN, where temperature, pressure and H2O profiles were used with the 
Canadian Middle Atmosphere Model (CMAM) and line strengths were from the HITRAN 
2004 database for high-resolution transmission molecular absorption [23]. 
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Fig. 4.  Transmission spectra of water vapor at 15 km altitude. The bandpass input filter 
spectrum is also shown. 

 

It is assumed that the signal input to the arrayed MZI is limited by a bandpass filter which 
attenuates all wavelengths beyond the spectral range Δλ = 2.5 nm, as showed by the dashed 
line in Fig. 4.  The filter has a super-Gaussian transmission that is nearly flat within the 2 nm 
spectral range of interest (1363.5 – 1365.5 nm). 

The arrayed MZI spectrometer is simulated for the silicon-on-insulator (SOI) waveguide 
platform.  The SOI structure comprises a top single crystal Si layer acting as a waveguide core 
separated from the Si wafer by a thin SiO2 bottom cladding layer [26].  In our implementation 
we assume ridge waveguides formed by partially etching the Si layer in the lateral regions and 
the top cladding is SiO2.  We performed numerical calculations to determine the waveguide 
cross-sectional dimensions required for the singlemode condition, low bending radiation loss, 
and zero-birefringence.  We choose an SOI with a comparatively thick Si layer (4 μm) to 
maximize the aperture of the individual waveguides at the chip input edge.  According to 
vectorial mode solver calculations for this SOI thickness, the etch depth of 2.3 μm and the 
ridge width of 2.6 μm give a singlemode waveguide with the effective index neff  = 3.49769, 
where the TE and TM polarization modes are degenerate.  The minimum bending radius 
(bend loss < 0.01 dB per 90-degree turn) is 5 mm.  According to Eqs. (23, 24), for the 
wavelength resolution of δλ = 0.1 nm, an array comprising 50 MZIs with the maximum delay 
ΔLmax = 5.3232 mm is required.  The MZIs are implemented with s-bend curved waveguides 
of varying dimensions compliant with the calculated minimum bend radius.  The minimum 
spacing between the uncoupled input waveguides is 20 μm (core-to-core).  The overall size of 
the layout is 3×4 cm2. 

The simulations are performed as follows.  The ideal input spectral power pin(σ) is defined 
by the filter limited SHOW spectrum of Fig. 4.  The measured input power Pin is simulated by 
numerical integration of pin(σ) over the spectral range.  The measured output powers P1,i

out and 
P2,i

out are calculated for each MZI based on Eqs. (13, 14) with its respective coefficients 
defined by Eqs. (8-10).  In the following steps, the spectral retrieval method is applied.  The 
modified spatial fringe pattern is calculated from Eq. (15) and the apodized spectrum is 
obtained from the fringe pattern using the spectral retrieval formula Eq. (20).  The simulation 
results are shown in Fig. 5. 

 

#89497 - $15.00 USD Received 7 Nov 2007; revised 17 Dec 2007; accepted 18 Dec 2007; published 19 Dec 2007

(C) 2007 OSA 24 December 2007 / Vol. 15,  No. 26 / OPTICS EXPRESS  18187



 

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1363.25 1363.75 1364.25 1364.75 1365.25 1365.75

Wavelength [nm]

S
pe

ct
ra

l p
ow

er
 [

a.
u]

ideal input
apodized calc.

δλ = 0.1 nm

 
Fig. 5.  Ideal input and apodized calculated spectra for the arrayed MZI spectrometer with 0.1 
nm resolution. 

 

In the spectral calculations the following apodization function was used 

( )
2 22 2

1 1i i
i

max max

x L
W x

x L

⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞Δ
⎢ ⎥ ⎢ ⎥= − = −⎜ ⎟ ⎜ ⎟Δ⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎣ ⎦

                                  (26) 

By comparing the calculated and the ideal spectra in Fig. 5 it is observed that some spectral 
features are lost, for example a double minimum in the vicinity of 1364.65 nm.  This is 
because features finer than the Rayleigh resolution limit (0.1 nm) cannot be resolved.  These 
spectral features can be retrieved by improving the spectrometer resolution from 0.1 nm to 
0.025 nm.  This is done by increasing the maximum delay from 5.32 mm to 21 mm and using 
200 MZI structures instead of 50.  It is noticed that the optical throughput of such device is 
increased by a factor of 200 compared to a single aperture device.  The calculated spectrum is 
shown in Fig. 6 with most of the spectral features of the ideal input being correctly retrieved. 
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Fig. 6.  Ideal input and apodized calculated spectra for the arrayed MZI spectrometer with 
0.025 nm resolution. 
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Due to the comparatively large number of MZI structures and the maximum phase delay 
required, the last design example poses a challenge if low index contrast planar waveguides 
are used, however it can be readily implemented in high index contrast (HIC) waveguides 
such as SOI or silicon oxynitride, the latter also extending the device spectral transparency to 
the visible range.  The size of the device depends on the minimum bending radius of the 
waveguide platform used.  For example, using silicon wire waveguides with the 10 um 
bending radius would result in a SHOW spectrometer with a footprint of a few square 
millimeters. 

Assuming that the appropriate waveguides are available the arrayed MZIs can be used for 
spectrometry and sensing beyond the near-infrared and visible spectral regions.  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 μm range of the 
DARWIN space project [27].  These include chalcogenide glass, ZnSe/ZnS, and metallic 
hollow waveguides.  Silicon technology may also be extended to the long-wave infrared 
region by using Si rib membrane, germanium-on-silicon, and Si-based hollow-core 
waveguides [28].  Implementation of arrayed MZI spectrometers using these waveguides will 
depend on the precise knowledge of mode properties, the minimum bending radius, and 
design details of splitters and combiners, although the general model of Sec.3 still applies for 
their design. 

5. Conclusions 

The main advantages of the proposed arrayed waveguide Mach-Zehnder spectrometer are a 
large optical throughput and a compact and static (no moving parts) design.  The latter is a 
unique feature of Fourier-transform SHS spectrometers.  These are important benefits in 
applications where size and weight are critical, for example in hand-held spectroscopic 
instrumentation or deployment on micro- and nano-satellites.  Last, but not least, fabrication 
robustness is an important advantage of the arrayed MZI compared to the state-of-the-art 
echelle and arrayed waveguide grating technologies.  This is because phase and amplitude 
errors can be readily measured and corrected by calibration software with no need for costly 
modification of the waveguide physical properties by microfabrication tools.  Apodization can 
also be implemented in calibration software obviating the need for dedicated apodizing optical 
elements. 
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