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Abstract—In this paper, the validation of a previously published
arrayed-waveguide grating (AWG) model is presented, using mea-
sures of fabricated devices. The measured spectrum, dispersion,
and loss, along with Fourier spectroscopy (FS) measurements of
the array errors, are used to verify the numerical simulations and
analytical derivations for a Gaussian AWG device. The verified
model is then used to investigate the relationship between the
different fabrication errors and their impact on the response of
flat-top AWG devices. Several conclusions are presented about the
accuracy on the use of FS measurements in this modeling, since
some discrepancies between the FS measurements and simula-
tions are found and discussed and their motivations identified.
Moreover, the ability and flexibility of this model to distinguish
and clarify the source of each degradation in the performance of
flat-top AWGs is proven.

Index Terms—Arrayed-waveguide gratings (AWGs), Fourier
spectroscopy, modeling, optical planar waveguide components,
software performance, software reliability, software testing.

I. INTRODUCTION

S INCE the first report of an arrayed-waveguide grating
(AWG) device [1], a significant amount of effort and

interest have been concentrated in this device due to its special
frequency–space properties, which have been exploited in a
wide range of applications, such as optical signal processing
[2], [3], wavelength-division multiplexing/demultiplexing
[4], fiber-ring lasers [5], wavelength interleavers [6], and
wavelength routers [7], to name a few. The interest has not
only been directed to the applications of the device, but also
to the modeling of its properties and behavior, in order to
tailor its response. Several models exist in the literature: the
one by Dragone [8], [9], which borrows principles from the
anthena theory; the formulation by Takahashi et al. in [4] and
[7], reviewed later on by Smit in [10], which is based in the
grating equation from the planar spectrograph theory [11];
the model proposed by Parker and Walker in [12], based in the
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Fresnel–Kirchhoff diffraction integral; and the model presented
in the authors’ previous work [13], based in Fourier optics.
All these models have been used to design AWG devices;
however, to the best of the authors’ knowledge, none of them
has been validated in the following terms: the reproduction of
relevant response magnitudes (transmittance-shape, bandwidth,
adjacent channel crosstalk, crosstalk floor, in-band dispersion)
and internal [amplitude and phase of the field distribution in the
arrayed waveguides (AWs)] of previously fabricated devices.
Moreover, part of the previously mentioned models are based
in geometrical assumptions [4], [7], [10], and they do not
provide an end expression for the field transfer function of the
AWG. Other models [8], [9], [12] give this end expression,
but the formulation nature does not allow for the piecewise
investigation of the AWG, since an end-to-end expression is
produced, in terms of the summation of the contributions of
the AWs. The model described in the previous work [13] has
both characteristics: a field transfer function expression for
the AWG that is developed piecewise. Hence, this model is
suitable to investigate the relationship between the fabrication
imperfections and their associated response degradations.

This objective would not be possible without validating first
the model to be used. To do so, work has been carried in collabo-
ration with an AWG manufacturer, which was Alcatel Optronics
UK (AOUK, formerly Kymata, Ltd., and now Avanex). The
paper is structured as follows. First, Section II deals with a brief
review and description of the model to be used and the data pro-
vided by AOUK. The validation of the model is divided into
two steps in the paper. First, the modeling of the SCs using the
Fresnel diffraction integral is checked in Section III. Once these
parts of the model are validated, the full field transfer response
given by the model is investigated in Sections IV and V, for
Gaussian (the transmittance resembles a Gaussian function) and
flat-top (the transmittance is a box-like function) AWG devices,
respectively, where the rest of the parts of the model, which will
be introduced later, are validated. Finally, the conclusions are
presented in Section VI.

II. MODEL DESCRIPTION AND INPUT DATA FOR VALIDATION

The model to validate with the measurements provided by
AOUK is described in [13]. As a summary, the model is derived
piecewise by dividing the calculation of the final AWG field
transfer function into four parts, corresponding to the different
parts that can be found in a AWG, which is depicted
in Fig. 1. First, the diffraction from the input waveguide (IW)
through the first slab coupler (SC) is performed by solving the
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Fresnel diffraction integral [14]. This is different from [13],
where Fourier transforms were used instead as an approxi-
mation to derive closed expressions. However, the numerical
calculations are exact using the Fresnel integral, although the
calculation time is increased. The solution of the Fresnel inte-
gral is the field distribution, amplitude and phase, before the
AWs. This field distribution excites the fundamental mode in
each one of the AWs, whose length is changed incrementally
by a fixed amount between consecutive waveguides, providing
the basic frequency-dependent focusing property of the AWG
[1]. Therefore, the phase change that each waveguide under-
goes is different, and this is modeled by a complex exponential
term [13]. The third calculation step in the AWG model is the
diffraction from the AWs through the second SC, as can be
seen in Fig. 1, which is also performed by a second Fresnel
integral. Note that the geometrical conditions are different for
the first and second SC, and although the Fresnel integral
is the same, the particularization and numerical calculations
are different for the two slabs. The diffraction of the second
slab gives the field distribution before the output waveguides
(OWs). Finally, to calculate the amount of energy coupled to
the OWs, the overlap integral between the mentioned diffrac-
tion pattern and the OW fundamental mode must be solved
to yield the AWG field transfer function. The mathematical
equations are extensively described in [13].

The input data provided by AOUK are the following:1

1) AWG design parameters for Gaussian (AWG-G) and
flat-top (AWG-F) devices, which include slab length ,
slab dispersion , AW spacing , number of AWs

, design frequency , AW length increment ,
grating order , number of channels , OWs location
angles , and OW target frequencies (centers of the
passing bands) ;

2) waveguides, tapers, and horns modes, core and cladding
indexes and , and waveguide dispersion ;

3) end-to-end measured AWs field amplitude and
phase distribution;

4) transmission spectra, bandwidth for 0.5-, 1, 3-, and
20-dB points (AWG-G and AWG-F) and in-band disper-
sion (AWG-G).

In other literature, as for instance [15], the validation carried so
far involves the calculation of the transmittance defined as

(1)

where and are measured using Fourier spectroscopy (FS)
[15]. The measurement method is based on optical low coher-
ence interference, in which the AWG is seen as a 1 1 linear cir-
cuit placed in one arm of an interferometer, as depicted in Fig. 2.
The distance between the prism and the reflector is changed
mechanically. When the optical length in both arms of the in-
terferometer is matched, a fringe is produced in the waveform
recorder. The optical length is different for each AW; thus, it is
possible to measure each AW independently [15]. The Fourier

1Within the paper, not all the design values are shown, since they are sensitive
information belonging to AOUK.

Fig. 1. 1�N AWG layout, divided into four parts for calculations: the IWs
+ first SC, the AWs, the second SC, and the OWs.

Fig. 2. FS setup for the measurement of the AW amplitude and phase
distributions.

transform of the fringe allows us to obtain the amplitude and
phase for each AW. This is an indirect method to measure the
AW field, amplitude, and phase, distribution, since it is not pos-
sible to measure directly this distribution once the AWG has
been fabricated. As this is an end-to-end measure, it is reason-
able to think that it may include other effects from the second
SC and the overlap with the OW. Under these conditions, (1)
yields a perfect representation of the transmittance, since the
coefficients and are measured end to end, and therefore
they include the contributions of all the parts of the device to the
OW. These measurements depend both on the frequency and on
the OW considered. In fact, the errors can be due to different
causes, for instance, truncation of the field distribution at the
input side of the AWs and coupling in the AWs, which can be
avoided to some extent at the design stage, or unavoidable fab-
rication errors due to the material un-uniformity or finite pho-
tomask resolution [16]. The design of the devices used for this
paper avoids truncation and coupling in the array, and therefore
only fabrication errors are present.

In the next sections, the validation of the model follows. In
Section III, the SC modeling is verified. This can be done sep-
arately from the rest of the model, under certain assumptions
that follow. It involves the numerical resolution of the Fresnel
integral and the comparison of the results with the AW field, am-
plitude and phase, distribution measured by FS. In Section IV,
the two remaining parts of the model are tested for an AWG-G.
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(a) Amplitude (b) Phase

(c) Amplitude (slab defocused) (d) Phase (slab defocused)

Fig. 3. AW amplitude and phase measured (solid line) and simulated (dashed line) distributions under (a), (b) ideal and (c), (d) defocused situations of SC 1.

These parts are the focusing of the AWs and the OW overlap in-
tegrals. The verification is carried out by combining these parts
with the previously checked SC modeling and comparing the
simulated and measured spectrums and dispersion. Only after
the model has been validated for Gaussian devices is the inves-
tigation for flat-top devices initiated in Section V.

III. SLAB COUPLER MODELING VERIFICATION

As mentioned previously, to calculate the field distribution
at the end of each SC, the Fresnel diffraction integral must be
solved numerically. The next two subsections deal with the ver-
ification of the first and second SC, respectively.

A. Input Slab Coupler Verification

To check the implementation of the Fresnel integral for the
first SC, the following inputs are provided to the model:

1) IW taper and spatial modal field , where is
the IW coordinate;

2) first SC length ;

3) slab refractive index ;
4) AW spacing ;
5) AW number ;
6) design frequency 193.95 THz.

The output from the model is the field distribution for the AWs
, which is retrieved numerically, where is the coor-

dinate at the end of the first SC [13]. The obtained field distri-
bution is compared with the measurements in Fig. 3(a) and (b).
First, the amplitude obtained by simulation exhibits sidelobes,
as can be seen from Fig. 3(a) from waveguide numbers 30 to
124 and 378 to 472. This fact is consistent with the following
analytical derivation. The modes in the IW are found by solving
the Maxwell’s equation with the particular boundary conditions
of the square waveguide [17], yielding

(2)
which is a cosine in the core and a decaying exponential in the
cladding, where is the waveguide width, and are the
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solutions of the transverse-electric (TE) mode eigenvalue equa-
tion, and is a power normalization coefficient [17]. It is pos-
sible to calculate the diffraction analytically using the Fourier
transform and rewriting the real mode from (2) as

(3)

where is 1 for and 0 elsewhere, and rect(x) is
1 for and 0 otherwise. Then, using the Fourier transform,

, instead of the Fresnel integral, as in [13]

exponentials (4)

with and given by [13], as follows:

(5)

The values of , , and for the given inputs make the deltas
to be at . Hence, the convolution operator leaves the sinc
function also at . Note that the zeros of the sinc function

are located at

(6)

Therefore, the truncation of the cosine function in (3) will yield
a sinc-like field distribution over the AW interface, with zeros
related to the IW width. Since , with the design
parameters given previously, we obtain

(7)

This is an important difference when using real modes instead
of the Gaussian approximation in [13] and the first of the dis-
crepancies we found between the simulation and the FS mea-
surements, since the latter does not have these sidelobes, as can
be seen in Fig. 3(a). The sidelobes are approximately 28 dB
below the maximum, and they are located also in the AWs for
which the phase distribution is not retrieved with the FS mea-
surement method, as can be seen in Fig. 3(b). These two facts
lead to the conclusion that the FS measurement method, which
is interferometric, may conceal the sidelobes. This has been
also reported by Takada et al. in [15]. In that paper, the au-
thors show that it is not possible to measure the amplitude and
phase distribution for all the AWs since the measurement is lim-
ited by electrical noise and that only for the waveguides where
the field amplitude is high, i.e., the central AWs, the measure-
ment is valid, with measurement error increasing as one departs
from the central waveguides. Recently, some numerical pro-
cessing techniques have been reported to enhance measurement
accuracy [18]. Moreover, the FS is an end-to-end measurement
method, and the simulator is providing the AW amplitude in a
direct way, without being affected by the second SC or the OW
overlap integral,or the limitations of the FS method. Therefore,

if FS measurements are used for comparison with the Fresnel
integral in the SCs, only the central waveguides should be com-
pared, as for instance waveguides 150–350 in Fig. 3.

Concerning the comparison of the simulated and measured
phase distribution for the AWs [Fig. 3(b)], note that the mea-
sured phase is slightly curved, while the simulated is perfectly
straight. We considered this can be due to second-order phase
errors introduced in the array or the slabs during the fabrication
of the devices. The second-order phase errors are equivalent to
defocusing of the AWG. It is possible to model defocusing by
altering the slab length while maintaining the waveguide ge-
ometrical arrangement. Although we did not develop an analyt-
ical expression to evaluate the defocusing through the model
presented in [13], it is still possible to explore its effects by nu-
merical simulations. Fig. 3(c) and (d) corresponds to the situa-
tion where the SC 1 is defocused by 18 m. This value was
obtained empirically, after some simulation iterations, without
following any optimization procedure. From the figures, it can
be observed that the amplitude and phase distribution are best
matched in this case and that the sidelobes are still present.

Therefore, with the results and derivation presented, we can
conclude that the model reproduces the first SC, and that it can
be used to describe additional effects as defocusing.

B. Output Slab Coupler

To cross-check the second SC, the one-to-one imaging nature
of the AWG must be taken into account: if the AWG is designed
symmetrically, i.e., with the same SC length and AW spacing at
both sides of the device, the field pattern produced at the output
of the second SC must be very similar to the IW mode field. The
reasoning is valid as long as the number of AWs is properly
chosen, in such a way that the truncation of the field distribution
in the AWs is kept low. The test performed in this subsection
consists of the propagation of the field from the IW to
the output plane of the AWG, for .2 This must yield a
field distribution in the output plane before the OWs, named

, similar to that in the IW, since the AWG configuration
with two identical SCs is a one-to-one imaging device, as men-
tioned previously. The phase shifts are skipped since they are
only responsible, in a first approximation, for the movement of
the image (lens pattern) along the output focusing plane

. Therefore, the calculation performed can be roughly sum-
marized analytically as

(8)

where FT means Fourier transform, thereby ending with a
reversed image of the input due to the two consecutive direct
Fourier transforms [19]. In the numerical calculations, the
Fourier transform is replaced by the Fresnel integral, as in the
last subsection. After this discussion, the inputs to the modeling
tool are as follows:

1) IW taper spatial modal field , where is the
IW coordinate;

2) SC 1 and SC 2 length ;
3) slab refractive index ;

2This is equivalent to skipping the phase shifts due to the AWs (see [13]).
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4) AW spacing ;
5) AW number ;
6) design frequency 193.95 THz.

Then, the two slabs are simulated consecutively. For a frequency
, this should yield the input image focused at ,

i.e., the center of the output plane [13]. The results are presented
in Fig. 4. As expected, the input image is reproduced over the
output plane, since the output pattern and the IW mode are iden-
tical, as seen in the figure. Therefore, it is possible to conclude
that the second SC is being modeled properly.

Hence, up to this point, the modeling of the SCs using the
Fresnel integral has been successfully cross-checked with the
FS measurements, and moreover, the discrepancies found have
been analyzed and discussed analytically as well. There are still
two parts of the modeling that have not been verified: the fre-
quency-dependent focusing through the AWs and the overlap in-
tegral of the lens pattern with the OW mode field. These
two characteristics are checked in the next section for a Gaussian
AWG design.

IV. FULL GAUSSIAN AWG MODEL VALIDATION

The full model test consists on the end-to-end simulation of
the AWG, which yields the field transfer function for a given
IW–OW pair. In linear systems theory [20], the transfer function
characterizes time-invariant systems, as the AWG. In our case,
we will name it , with its module and its phase ,
from which it is possible to find the transmittance, the group
delay, and the dispersion defined by

dB (9)

(10)

CD (11)

The inputs to the model are the same as those in the last test,
plus the following with respect to the AW grating order and the
OW mode field:

1) IW taper and spatial modal field , where is
the IW coordinate;

2) OW taper and spatial modal field , where is
the OW coordinate;

3) slab couplers length ;
4) slab refractive index ;
5) AW spacing ;
6) AW number ;
7) Design frequency 193.95 THz;
8) grating order ;
9) AW length increment .

In addition, the AWG channel to be verified is number 24 in
the AOUK design, with a target frequency of 194.1 THz. These
design parameters correspond to a 1 40 AWG with 100-GHz
channel spacing. Besides these inputs, further assumptions have
to be made regarding the AW amplitude and phase distributions
to be used in the simulation, since both phase distributions mea-
sured by FS and the simulated in the previous section are avail-
able. The use of the simulated field distribution would yield the
ideal transfer function for the AWG, since as can be seen in

Fig. 4. IW mode field b (x ) (solid line) and lens pattern f (x ) (dots).

Fig. 3, the ideal AW field distribution does not contain any fabri-
cation imperfection. To take into account the fabrication errors,
the measured AW field distribution can be used instead, or even
only part of it—the amplitude, the phase, or both. This is one
of the advantages of having a piecewise modeling, and it is also
an approach that has been used by other authors that investigate
the impact of the imperfections with a formulation similar to
(1), as for instance in [21]. We tried all the possible combina-
tions—amplitude errors only, phase errors only, and amplitude
and phase errors together. The best match with the measured
transmittance was obtained when using only the measured phase
distribution, along with the simulated amplitude for the AW field
distribution . This is consistent with the conclusions of
Section II-A in which the simulated amplitude revealed some
details that are not captured by the FS method. Moreover, as the
measured phase distribution is used, no extra defocusing in the
slabs is included, since it is already contained in it. Notice also
that not all of the measured phase distribution can be used in
the simulations, since some parts are noisy, as can be observed
in Fig. 3. As commented at the end of Section II, only the mea-
sured data obtained from the central waveguides in the array is
usable.

A. Transmittance

The results for the inputs and assumptions described previ-
ously are shown in Fig. 5(a) and (b). The first plot is an enlarged
view of the second one, to show the simulated bandwidth shape
versus the measured one, which at a glance are in good agree-
ment. To be more precise, the bandwidths at 1 and 3 dB have
also been compared. For the measurement, the bandwidths are

32.672 GHz and 55.290 GHz, respec-
tively, while for the simulation, they are 33.250 GHz
and 55.850 GHz. The differences are 0.578 and
0.560 GHz for 1- and 3-dB points bandwidths. The match is
good since the difference is of approximately 2% and 1%, re-
spectively. The second plot in the same figure shows the floor
level of the transmittance, i.e., the level of the AWG response
out of the passing band. It is well known that this level is due to
fast phase errors [22], i.e., the rapid variations over the measured
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(a) (b)

Fig. 5. Transmittance (normalized to the maximum) (in decibels) measured (solid line) and simulated (dashed line). (a) Passband detail. (b) Floor-level detail.

Fig. 6. Left axis (picoseconds per nanometer): Dispersion measured (solid
line) and simulated (dashed line). Right axis (decibels): Normalized simulated
transmittance (dotted line).

curved phase distribution in Fig. 3(b). The use of the measured
AW phase distribution in the simulations yields a floor level
matching the one in the measurement. Therefore, under the pre-
viously mentioned assumptions, the transmittance passing band
shape, bandwidth, and floor level are well reproduced by the
model.

B. In-Band Dispersion

One of the possibilities of the model is to retrieve numeri-
cally the phase information [13] for the transfer function ,
and thus the in-band dispersion of the filter using (11), which is
not possible following the approaches that use (1). The simula-
tion results are compared with the dispersion measurements in
Fig. 6, where the transmittance has also been plotted to distin-
guish clearly the in-band dispersion. The dispersion is mainly
due to the slow errors on the AW phase, as concluded in [22],
i.e., the slight phase curvature present in Fig. 3(b). The shape

Fig. 7. Diffraction loss (solid line) and the particular value for the AWG design
under analysis (asterisk) estimated with the model.

of the dispersion curves is very similar inside the 20-dB band-
width points of the transmittance. Outside the band, the disper-
sion differs. Notice that for this parameter, it is more difficult to
match exactly the measured magnitude, although the simulated
values are in the order of the measured. This may be due to the
FS measurement precision of the phase errors, as mentioned in
[15]. Despite this, the match is good for the in-band dispersion
values, which are the relevant ones.

C. Insertion Loss

The measured insertion loss for channel 24 at 194.1 THz is
2.76 dB. There are several loss factors in the AWG, as described
for instance in [10] and [13].

1) Diffraction Loss: The diffraction loss corresponds to the
two transitions SC 1 to AWs and AWs to SC 2, and it is re-
lated to the AW mode- field radius and the AW spacing

[10]. Fig. 7 shows the diffraction loss for different values
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(a) (b)

Fig. 8. Transmittance (in decibels) measured (solid line) and simulated without fabrication errors (dashed line). (a) Full-band view. (b) Top view.

of and the estimated for the AWG design provided
by AOUK following the method in [13]. The estimation from
AOUK is 0.4 dB for each AW–SC transition, i.e., 0.8 dB for
both. The estimation using the model is 0.8268 dB for the total,
close to the expected.

2) Coupling to Output Waveguide: The coupling loss is
related to the overlap of the lens pattern and the OW
mode field . It can be calculated numerically with the
overlap integral of the lens pattern with the OW mode field
for perfect alignment (that is, for a frequency 194.1 THz
corresponding to the center of the passing band of the output
port number 24 being considered in this analysis). The result is
0.0269 dB of loss. Under ideal conditions, it should be 0 dB,
since the lens pattern should be a perfect image of the IW
mode field, equal to the OW. The difference arises from a small
truncation and the phase errors, both in the AWs.

3) Fiber Butt-Coupling, Propagation, and Calibration
Loss: These losses have been estimated and provided by
AOUK and are not simulated in the model, which only repro-
duces the IW–OW losses. The nonoptimized fiber butt-coupling
loss is 0.5 dB for each fiber attached to the waveguides, which
makes a total of 1 dB, due to the input and output fibers. The
propagation loss, due to the maximum length of the device, with
an insertion loss coefficient of 0.025 dB/cm, is 0.7 dB. Finally,
the error estimated for the measurement method is 0.2 dB.

4) Total Loss: With the two predictions from the model,
diffraction and coupling to the OW loss, and the inputs pro-
vided by AOUK, the total loss is 2.8268 dB, very close to
the measurement 2.76 dB. Therefore, the part of the insertion
loss due to internal changes in the design of the AWG is well
reproduced by the model.

D. Conclusions for the AWG-G Modeling

In this section, the model has been validated for Gaussian
AWG devices. The measured transmittance shape, bandwidth,
and floor level, the in-band dispersion, and the insertion loss
are reproduced by the model. The design data provided by
AOUK and the FS measured phase errors were used in the
model. Therefore, the model is suitable not only to design

AWG devices, but also to investigate in a piecewise manner,
which is the impact of the different sources of errors in the
AWG response.

V. FULL FLAT-TOP AWG MODEL VALIDATION

The choice of the Gaussian AWG type to start the model
validation follows after the natural evolution that has taken
place in the AWG market: a shift from Gaussian (a relatively
simple device) to flat-top (more complex structure) devices.
Once the model has been validated for AWG-G devices, the
study of AWG-F devices follows. The AWG-F design and
measurements given by AOUK for the analysis correspond
to a 1 8 AWG with 50-GHz channel spacing. The AWG-F
flat-top operation is attained by a multimode structure placed at
the input side of the first SC. It provides a double-peaked mode
field at its output. This field is imaged to the output side of the
second SC, yielding a flat-top transmittance when overlapped
with the OW mode. The following design data are supplied by
AOUK:

1) IW multimode structure size and spatial modal field
, where is the IW coordinate;

2) OW width and spatial modal field , where
is the OW coordinate;

3) slab couplers length ;
4) slab refractive index ;
5) AW spacing ;
6) AW number ;
7) design frequency 195.725 THz;
8) grating order ;
9) AW length increment .

To establish a reference case for the analysis, a simulation with
this design data and without fabrication errors is performed. The
results are shown in Fig. 8, compared with the measured spectra.
The measurement is performed only to 40 dB from the max-
imum, since the interest is concentrated in the passband. The
floor level may not be relevant, because it is a 1 8 device
[23]. In order to yield a good performance, the AWG-F should
have a passband resembling a box-like function, symmetric and
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(a) Amplitude (b) Phase

Fig. 9. AW field distribution FS measurements for the AWG-F under study: (a) amplitude ideal (solid line), measured (dotted line), and forced asymmetry (dashed
line) and (b) phase ideal (solid line), measured (dots), and measured without horn at the input side (dashed line).

with a very flat top. The simulation results are shown in dashed
lines in the figure, where the passband and an enlarged view of
its top are shown. For this design case, the passband roll-off of
the fabricated device is very close to the ideal one, as shown
in Fig. 8(a), down to 20 dB. However, there are significant
differences on the top of the passing band, plotted in Fig. 8(a).
Referring to this figure, and to quantify the differences, two pa-
rameters are used: the passband ripple, defined as the difference
between the passband maximum and the passband dip, and the
passband asymmetry, which is the difference between the two
passband peaks. While the ideal design is very symmetric, and
the passband ripple is low (about 0.1 dB), the fabricated device
exhibits an asymmetry of 0.2 dB and a ripple of 0.35 dB, as
shown in Fig. 8(a).

Therefore, these degradations are due to fabrication errors,
and they are going to be investigated in this section. As for the
AWG-G, FS measurements of the device have been performed.
They are shown in Fig. 9, along with the ideal AW field dis-
tribution from the simulation without fabrication errors versus
the AW number (the waveguide length increases with the AW
number).

Concerning the AW amplitude distribution, in Fig. 9(a), sev-
eral discrepancies are found comparing it with the ideal one.
First, the size of the sidelobes is lower in the measurement than
in the ideal simulation. Second, the measured amplitude distri-
bution is asymmetric, i.e., the sidelobes do not have the same
level. We believe that the most likely cause for the former is
the sidelobe cancellation, as concluded in Section II-A, while
the cause for the latter could be errors in in the long wave-
guides, as explained in [24].

Regarding the phase distribution for the AWs, in Fig. 9(b),
there are several discrepancies also between the ideal (solid line)
and the measured (dots). First, for the center AWs, there is a
phase ripple in the measurement, while the ideal distribution
indicates this part should be flat. Second, for the AWs where the
amplitude sidelobes are, there is an additional curvature, down
for waveguides between 75 to 125 and up for waveguides 350 to

390 approximately. As mentioned previously, with the FS setup
in Fig. 2, an end-to-end measurement is performed. Therefore,
present in the result are not only the errors due to the SCs and
the AWs, but also in this case any kind of phase and amplitude
error due to the input horn. In order to distinguish the different
contributions to the phase errors, we performed a measurement
of another identical device with the same design, but replacing
the input horn with a regular IW of width 6 m. The phase error
for the latter case is shown with a dashed line in the same figure
[Fig. 9(b)], and it exhibits the down and up trend observed and
commented on previously for the same waveguides. Moreover,
no ripple is present for the center waveguides, and therefore we
can conclude that the ripple is due to the input horn, while the
slow phase curvature is due to the SCs and the AWs.

Hence, the investigation along these subsections will focus
on how all of these errors affect the bandwidth at 0.5, 1, 3, and
20 dB points, the passband dip (or ripple), and the passband
asymmetry. The analysis will be carried out with different com-
binations of the measured and simulated results for the AWs in
order to identify which errors are responsible for which degrada-
tions in the response, in a similar way as we did for the AWG-G
in Section IV.

A. Simulation With the Measured AW Amplitude and
Phase Errors

In this case, we perform the simulation neglecting the AW’s
field distribution produced by the Fresnel diffraction integral in
the first SC. Instead, we substitute it by the measured one, repre-
sented in dots in Fig. 9(a) and (b), and perform the simulation for
the rest of the device, the phase change of the AWs, the Fresnel
integral for the second SC, and the overlap integral for the OW
[13]. The transmittance obtained is shown in Fig. 10 in dashed
lines. The discrepancies with the measured transmittance are
present outside and inside the passband. The result leads to the
same conclusion as that for the AWG-G: the FS measurements
cannot be directly utilized as the field distribution for the AW in
our simulation model. Therefore, the FS measurements must be
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(a) (b)

Fig. 10. Transmittance (in decibels) measured (solid line) and simulated with the measured AW amplitude and phase (dashed line). (a) Full-band view. (b) Top
view.

processed and combined with the ideal AW field distribution in
a similar way as for the AWG-G.

B. Simulation With Only the AW-SC Phase Errors

Hence, in this case, we investigate the impact of the phase
errors due to the slabs and the AWs, which were measured
and shown in Fig. 9(b) with a dashed line. To include these
errors in the numerical simulations, first the Fresnel integral
is solved numerically for the first SC, and the ideal amplitude
and phase distributions for the AWs are obtained, as shown
in Fig. 9(a) and (b) with solid lines. Second, the ideal phase
is modified accordingly to the AW–SC phase errors, i.e., the
latter is added to the former, while the ideal AW amplitude
is kept. After this numerical manipulation, the rest of the
device is simulated, as indicated in the previous section. The
result obtained for the transmittance is shown in Fig. 11. First,
the enlarged view (a) shows a good match in the roll-off of
the filter down to 40 dB, and moreover, the measurement
floor level is not exceeded as in the previous case. Second,
there is an asymmetry in the simulated transmittance passband
top, shown in Fig. 11(b). Note that the asymmetry is in the
same direction as that in the measurement (the contrary would
mean that an error exists in the simulator) and that the value
is 0.16 dB, which, compared with the measurement 0.2 dB, is
a fairly good approach. However, the result is no so good for
the passband ripple, which for the simulation is approximately
0.13 dB, while for the measurement, it is 0.35 dB, as indicated
previously.

The results seem to demonstrate that the asymmetry in the
passband top is mainly due to the AW–SC phase errors. To con-
firm this fact, we performed another simulation with a similar
device design whose transmittance measurements showed high
passband asymmetry and little ripple. We proceed in a sim-
ilar way as that described in the previous paragraph, with the
AW phase errors. The result is shown in Fig. 11(c) and (d).
The transmittance obtained through simulation has a passband

asymmetry of approximately 0.77 dB, while the measurement
has 0.92 dB. Again, the difference between the simulation and
the measurement is very low, and then it is possible to conclude
that in the AWG-F designs under test, the main source of pass-
band asymmetry is the AW–SC phase errors.

C. Numerical Fit Using AW Field Modified With the Aid of
FS Results

The conclusions from the previous section lead to the investi-
gation of the passband ripple, since it has not been properly re-
produced by the simulations when using only the AW–SC phase
errors. In the following simulation, we included the AW–SC
phase errors as well, as in the previous subsection. Besides this,
we also modified the ideal AW field amplitude distribution to
push some asymmetry on the sidelobes, in a similar way to the
measured AW amplitude distribution represented with dots in
Fig. 9(a). This is shown in the same figure with a dashed line.
After this, we performed the simulation of the rest of the de-
vice as before and obtained the transmittance shown in Fig. 12.
The subplot (b) shows how the ripple is increased with respect to
Fig. 11(b) when some asymmetry is included in the AW’s ampli-
tude distribution. The measurement shows a ripple of 0.35 dB,
and the simulation has 0.25 dB. However, note also that the pass-
band asymmetry is reduced to 0.1 dB, which, compared with
the former case, is a reduction of 0.06 dB. Hence, the joint con-
clusions from these two subsections are the following: the pass-
band ripple and asymmetry are related to both the AW amplitude
asymmetry and the AW–SC errors. Nevertheless, the passband
asymmetry is mainly governed by the AW–SC errors, while the
ripple is mainly due to the AW amplitude asymmetry.

There is still a magnitude that has not been cited: the band-
width. The 0.5-, 1-, 3-, and 20-dB bandwidths (the -dB band-
width is the difference, in wavelength or frequency, between the
points at which the transmittance falls dB at both sides of its
maximum) for the cases under study are shown in Fig. 13(a).
The percent bandwidth error (PBE) with respect to the mea-
surement, labeled as AOUK in the figures, is also shown in
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(a) (b)

(c) (d)

Fig. 11. Transmittance (in decibels) measured (solid line) and simulated with only AW–SC phase errors (dashed line). (a) First AWG-F, full-band view. (b) First
AWG-F, top view. (c) Second AWG-F, full-band view. (d) Second AWG-F, top view.

(a) (b)

Fig. 12. Transmittance (in decibels) measured (solid line) and simulated with AW–SC phase errors and amplitude synthesized amplitude asymmetry (dashed
line). (a) Full-band view. (b) Top view.

Authorized licensed use limited to: Johns Hopkins University. Downloaded on April 9, 2009 at 14:54 from IEEE Xplore.  Restrictions apply.



MUÑOZ et al.: AWG MODEL VALIDATION 2773

(a) Bandwidth (b) Percent Error

Fig. 13. (a) Bandwidth analysis and (b) percent error for the AWG-F transmittance tests.

Fig. 13(b). As can be seen, the best match regarding the band-
width points corresponds to the last simulation case, in which
the AW–SC phase errors and the AW amplitude asymmetry
are taken into account, with deviations from the measured
bandwidth below the 2% for 0.5-, 1-, and 3-dB bandwidths
and less than 4% for the 20-dB bandwidth. The following
additional conclusions can be derived observing the PBE from
Fig. 13(b). First, when the AW ideal amplitude and phase are
used, the PBE is less than 4% for all the points. In this case, the
simulated passband was very symmetric (Fig. 8), and therefore
the highest error is on the top of the passband, at the 0.5-dB
bandwidth point. Second, when using only the AW–SC errors,
although the asymmetry is better approximated (Fig. 11), the
PBE is bigger for the 0.5-, 1-, and 3-dB bandwidth. Therefore,
the asymmetry approximation using only AW–SC increases the
PBE on the top of the band. Finally, when using the AW–SC
phase errors with some AW amplitude asymmetry (labeled
as “processed” in the figure), the top of the band trend was
better reproduced [Fig. 12(b)], which is consistent with the
PBE shown in Fig. 13(b), the lowest of all the cases presented
previously. Notice also that comparing the case without errors
(ideal situation) and with processed errors (closest to the real
device), the latter have direct impact on the top of the band. For
instance, the PBE at 0.5 dB is very low for the latter. Moreover,
in none of the cases is the impact significant on the lowest part
of the passing band (20-dB point). This is consistent with the
conclusions from [22], where the floor level and close points
from the passing bands were shown to be affected by fast rather
than slowly varying errors, which are the ones included with
the AW–SC phase errors.

Note that we have reached these partial conclusions without
taking into account the errors due to the input horn that have
been skipped in all the simulations by retaining only the AW–SC
phase errors. Moreover, errors in the input horn can also lead
to asymmetries in the amplitude of the field distribution for
the AWs. Therefore, we could conclude that the rest of ripple

and asymmetry is due to the horn errors. To confirm this, we
provide an additional simulation case to exemplify how an
improper design of the multimode structure at the input side
of the device can lead to these kinds of errors. The situation
proposed consists on an off-center-fed multimode interference
(MMI) coupler [25]. The MMI is also used to produce a
double-peaked image for flat-top AWG devices, similar to the
one provided by a waveguide horn. The MMI design is the
following: width 17 m and length 198 m, and it is fed by
a 6 m waveguide offset by 0.15 m from the MMI center.
The input, propagation, and output field intensities are shown
in Fig. 14. The intensity for the output mode is shown in
Fig. 15(a), along with the horn mode provided by AOUK for the
previous tests, which was found using a mode solver, and it is
not measured from the AWG under test. The off-center feeding
of the MMI yields an asymmetric double-peaked output mode,
as represented in Fig. 15(a) with a dashed line. The amplitude
of the diffraction of the asymmetric MMI mode through SC
1 is shown in Fig. 15(b), and it exhibits asymmetric sidelobes
as the FS measurement in Fig. 9(a) for the AWG-F device.

The AWG design parameters for this simulation case are the
same as previously, and only the input horn mode is replaced by
the previously mentioned asymmetric MMI mode. The obtained
transmittance is shown in Fig. 15(c) and (d). In (c), the passband
shape is shown for the simulation and the measurement. The dif-
ferences that arise at the lower part of the passing band are due
to the differences between the MMI and horn modes, rather than
the asymmetry. This is mainly due to the different fall from the
maximum in the modes, as can be checked in Fig. 15(a) from

15 to 5 m. A close look at the passband top [Fig. 15(d)]
shows how the AW amplitude asymmetry accentuates the pass-
band deep, while the asymmetry between the passband peaks is
also leveraged. The same AW–SC phase errors than before have
been added to the simulated AW phase distribution, which has
been obtained from the diffraction through SC 1 of the MMI
mode.
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Fig. 14. MMI (a) input, (b) propagation, and (c) output modal intensities.

Hence, the joint conclusion of these sections is that the asym-
metry and deep in the passband are due to both the AW–SC
errors and the asymmetry in the AW amplitude distribution.

VI. CONCLUSION

This pape has presented the validation of the AWG Fourier
optics-based mathematical model presented in [13] using the
design data, measured spectrums, and amplitude and phase er-
rors of previously fabricated AWGs. First, the validity of the SC
modeling was explored. The modeling of the SCs is performed
numerically with the evaluation of the Fresnel diffraction inte-
gral, rather than the Fourier transform, to yield exact results.
The measured AW field distribution, amplitude, and phase were
compared for Gaussian and flat-top devices with the simulated
diffraction, and some discrepancies were revealed that, after an
analytical cross-check of the numerical simulations and conclu-
sions from other authors in the literature, it is believed are due to
the FS measurement method. Thus, it is concluded that the FS
measurements cannot be used directly in this modeling tool, but
rather they must be combined with results from the simulations
and processed properly.

The validation of the full model, SCs, phase change in the
AWs, and overlap integral for the OWs was carried out first for
Gaussian AWG devices, for which, in a particular design case,
the transmittance obtained with the model matched the passband
shape, bandwidth, and floor level of the measured transmittance.
Moreover, the in-band dispersion, also given by the model, and
the insertion loss, are in good agreement with the measured one.

After the model validation for Gaussian AWG devices, the
formulation and numerical tool was used to establish rela-
tionships between the fabrication errors and the degradations
present in flat-top AWG devices. Two different fabricated
devices were studied under different simulation cases, each cor-
responding to different assumptions on the fabrication errors. It
was concluded that the passband asymmetry in AWG-F devices
is mainly due to AW–SC phase errors and that the passband
ripple is mainly determined by the asymmetry of the amplitude
of the field distribution in the AWs. However, it was observed
that a small part of the ripple and passband asymmetry is also
determined by the combination of both the AW–SC phase
errors and the AW amplitude asymmetry. This was determined
with an additional simulation case, in which the possibility
of an incorrect design was considered in the input multimode
structure used to make the AWG flat-top.
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Fig. 15. (a) Horn (solid line) and off-center-fed MMI mode fields (dashed line). (b) AW field distribution for the MMI field. (c) Transmittance measured (solid
line) and simulated with the off-center-fed MMI AW field distribution (dashed line). (d) Zoomed view.

Hence, it has been proven how a piecewise modeling, such as
that used throughout this paper, is more useful and flexible in
deriving precise conclusions about the impact of each kind of
fabrication error, which cannot be analyzed using other models,
as for instance, the ones using formulations similar to (1).

The performance analysis with this piecewise model can be
very helpful for AWG manufacturers, since the causes of re-
sponse degradations after fabrication can be identified and iso-
lated, to some extent, as has been shown in this paper. There-
fore, feedback data can be provided to the designers, which can
be used to apply corrections to their designs at precise parts of
the device, for example, the slabs, the array, or other construc-
tion elements in an AWG.
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