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Abstract—We measured the phase and amplitude error distri-
butions in InP-based arrayed-waveguide grating (AWG) multi/de-
multiplexers using Fourier transform spectroscopy with interfer-
ogram restoration. The interferogram restoration was used to re-
duce the effect of the group-velocity dispersion of the waveguide.
It was based on a wavenumber scale transformation or a disper-
sion balance between two arms in the interferometer. We derived a
criterion for choosing the appropriate restoration method by esti-
mating the worst-case measurement error in the presence of second
order dispersion. After selecting a method using the derived crite-
rion, we obtained isolated fringe patterns, from which we were able
to obtain the phase and amplitude distributions in 50 and 200 GHz
AWGs. Using the obtained distributions, we examined the origin
of the crosstalk and chromatic dispersion in InP-based AWGs. The
results revealed that the main origin is phase error as found with
SiO2-based AWGs.

Index Terms—Crosstalk, optical filters, waveguide grating,
wavelength division multiplexing (WDM).

I. INTRODUCTION

T HE ARRAYED-WAVEGUIDE grating (AWG) multi/de-
multiplexer [1]–[5] is a key component in wavelength divi-

sion multiplexing (WDM). The AWG is a multipath interferom-
eter whose paths are constructed by using arrayed waveguides
with a constant length difference between neighboring waveg-
uides. The optical performance of this filter can be fully char-
acterized by the phase and amplitude of each path. Thus, the
knowledge of phase and amplitude distributions helps us to un-
derstand what should be improved to obtain high levels of per-
formance, such as low crosstalk [6]–[8] and low dispersion. We
have developed a method to measure the phase and amplitude of
each path [9], [10]. This was based on Fourier transform spec-
troscopy with a low coherence interferometer. Using a broad-
band light source whose coherent length is shorter than the op-
tical path length difference in the AWG, we obtain a series of
isolated fringes, from each of which we derive the phase and
amplitude for the corresponding path. We have reported some
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results relating to the measurement of SiO-based AWGs, in-
cluding an improvement in the crosstalk by phase error compen-
sation [6]–[8] and the origin of the crosstalk degradation [11]
and chromatic dispersion [12].

AWGs based on other materials, such as InP [13]–[15],
polymer [16] and LiNbO [17], have already been reported. Of
these, InP-based AWGs show a superior potential for mono-
lithic integration with active components such as detectors,
lasers, amplifiers, modulators and switches [18]–[22]. It is also
important to measure the phase and amplitude distributions of
AWGs based on this material in order to obtain information
allowing us to improve their performance. One problem that
arises when measuring the distribution of an AWG based on
dispersive material is the fringe broadening caused by the
group-velocity dispersion (GVD). This fringe broadening leads
to a degradation in measurement accuracy, because the overlap
of neighboring fringes becomes serious. Thus, the effect of
dispersion makes it difficult to estimate accurately the phase
and amplitude distributions of AWGs with a large dispersion
and a small path difference.

The aim of this paper is to show how to measure accurately
the phase and amplitude errors of an AWG based on a dispersive
waveguide. Section II derives the measurement error in phase
and amplitude in the presence of second order GVD. Then we
estimate the measurable limit for the AWG and the dispersion
parameters. Section III considers two methods for reducing the
measurement error caused by the GVD. One method is to bal-
ance the dispersion in the test arm with an equal dispersion in the
reference arm. However, this balance method can only eliminate
the dispersion at a particular path in the AWG and the disper-
sion effect still exists at other paths. Another method is a numer-
ical approach based on a wavenumber scale transformation [23],
[24]. Although this method requires information on dispersion
parameters, the dispersion effect can be eliminated at any path
in the AWG. In Section III, we clarify the criterion for a suit-
able choice of restoration method by estimating the worst-case
measurement error. Using this criterion, we successfully mea-
sure the phase and amplitude distributions in 50 and 200 GHz
InP-based AWGs. Section IV presents these experimental re-
sults. Section V discusses the effect of the phase and amplitude
error distributions on the crosstalk and the chromatic dispersion
in the InP-based AWG.

0733–8724/00$10.00 © 2000 IEEE
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Fig. 1. Schematic setup for phase and amplitude distribution measurement
(BLS: broad-band light source; BS: beam splitter; R: retroreflector; M: mirror;
and PD: photodiode)

II. M EASUREMENT ERROR IN PHASE AND AMPLITUDE

DISTRIBUTIONS IN THE PRESENCE OFSECOND-ORDER

DISPERSION

A. Measurement Principle

The measurement of the phase and amplitude distributions of
the AWG is based on Fourier transform spectroscopy with a low
coherence interferometer [9], [10]. Fig. 1 shows a schematic of
the setup for the distribution measurement. The setup consists of
a Mach–Zehnder interferometer (MZI) with a broad-band light
source. The AWG under test is placed in one arm of the interfer-
ometer. Since the AWG contains paths with a constant length
difference between neighboring waveguides, the transfer
function can be written as

(1)

where and are the amplitude and phase of the light propa-
gating through theth arrayed waveguide, is the propaga-
tion constant of the waveguide, is
the length of the th path and is the length of the central path
which contains the input and output waveguides and two slab
waveguides. By changing the path lengthof the other arm of
the interferometer, we obtain the interferogram

(2)

where is the power spectrum of the light source; is
related to the fringe for theth path in the AWG and is given by

(3)

The value of for is defined by its complex
conjugation: . If we can extract
the fringe from the interferogram , we can calculate

and from the Fourier transform of

(4)

(5)

Fig. 2. Schematic of a part of an interferogram for the AWG, when the fringe
overlap is (a) small and (b) large because of the GVD in the waveguide

where is the transfer function of theth path.

B. Derivation of Measurement Error for a Dispersive
Waveguide

In a practical measurement, we cannot obtain a completely
separated fringe , because there are also contributions
from neighboring fringes, near the
fringe peak position , as shown in Fig. 2. As the figure shows,
the contributions from the neighboring fringes increase with
increasing GVD. The truncation of is an effective way of
minimizing these contributions. If we use as the truncation
width, then the truncated fringe can be expressed as

(6)

where is a truncation function defined by

for

otherwise
(7)

Because of the truncation and fringe overlap, is not equal
to and this causes measurement errors inand . We
have derived the measurement error for a nondispersive wave-
guide [10]. Here, we will derive the measurement error for a dis-
persive waveguide by extending that for a nondispersive wave-
guide.

The fringe for a dispersive waveguide can be expressed
analytically when and , respectively, are given by

(8)

(9)

where
and phase and group indexes at, respectively;
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half width;
center wavelength of a light source.

Using (3), (8), and (9) and carrying out the integration, we obtain

(10)

where

(11)

(12)

is the half -width for a nondispersive wave-
guide and is the dispersion factor. The envelope of is
broadened and its amplitude is depressed in the presence of.

Using (6)–(7) and (10)–(12) and performing a Fourier trans-
form of , we obtain the transfer function

(13)
where

erf erf (14)

(15)

(16)

(17)

(18)

and erf is the complex error function with a complex variable
, defined by

erf (19)

In the derivation of the above equations, we used approxima-
tions , and . Now,
we can express the measurement error in phaseand amplitude

as

(20)

(21)

where is the transfer function, as in (5), without any mea-
surement error.

To conclude this section, we consider the effect of truncation
with the help of the term for in (13). We thus assume
that the other terms, which correspond to the effect of the fringe

(a) (b)

Fig. 3. Polar diagram ofS (�)=S (�) for (a)X � jU j and (b)X >
jU j.

overlap, are zero. When , the values of and are in-
dependent of , because . This means that and

are equal to the values obtained without the trunca-
tion. In contrast, the truncation causes measurement error when

, because depends on. Therefore, we should con-
sider the effect of both truncation and fringe overlap in the pres-
ence of .

C. Measurable Limit Due to Second-Order Dispersion

It is important to consider the measurable limit when an
error tolerance is given. In this subsection, we first estimate the
worst-case measurement errors in phase and amplitude caused
by fringe overlap and truncation. Using this knowledge, we then
discuss the measurable limit due to second order dispersion.

For simplicity, we use five dominant terms ( )
in (13) with approximations and
for . This does not greatly change the result, because i)

rapidly decreases with increasing; ii) does not
differ greatly from those of neighboring paths; iii) is gen-
erally much shorter than in the AWG layout. Under these
conditions, is given by

(22)

where is an
unknown phase factor.

The worst-case errors in phase and amplitude become clear
when we consider the vector addition of contributions from

and . Fig. 3
shows a polar diagram of when and

, where . The value of
lies within a circle with a radius of . The open

circles in Fig. 3 represent the points at which
is minimum or maximum. The closed circles correspond to
the points at which is maximum or minimum.
When , the value of and are in the range

(23)

(24)
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Therefore, the worst-case errors and are given by

(25)

(26)

In contrast, when , we find that and
as shown in Fig. 3(b).

Equations (25)–(26) indicate that plays an important
role in the worst-case measurement errors. According to
(14)–(15), and for or follow:

(27)

(28)

These relations indicate that the worst-case errors estimated
from (25) to (26) for or are equal to these
obtained for and . Therefore, we will consider the
effect of and only in the range and .

Fig. 4 shows contour plots of and for
as a function of and , which is computed from (25)
to (26). The error decreases with increasingfor any
value. Therefore, we can find the minimum value offor
a given and an error (or ). Since this relation is
unchanged when , we define the minimum value by

or . Fig. 5 shows the change in
as a function of for ranging from 0 to

2. The value must be increased as increases.
The broken lines in Figs. 4 and 5 show for
and , where is the parameter

related to the wavenumber measurement range. It is effective
to use parameter for comparing measurement errors within
the same measurement range. Parameter means that the
wavenumber is apart from . Since
is the free spectral range (FSR) of the AWG, there are at least
two AWG transmission peaks in the range .

We have already shown that the value is a function of
, (or ) and (or ). Since

and , we obtain

(29)

This means that the maximum value of determines
the upper limit of . To estimate this value, we first
examined the relationship between and . Fig. 6 shows

as a function of for . As shown
by the broken line in Fig. 6, the maximum value of for

is well approximated by a single function

(30)

where and are fitting parameters ( ). This fitting
function could be used as an error value ranging from 0.001 to
0.1 with a slight change in and . Another important feature

Fig. 4. Contour plots ofj�j (—) andj�j (- - -) for " = 0 as a function of
� and�. The broken lines show�� = �C , whereC = (� � � )n �L.

Fig. 5. � as a function of� for " = 0; 0:5; 1:0; 1:5 whenj�j = 0:02
(—), j�j = 0:02 (- - -).

found from Fig. 6 is that the maximum value of for a phase
error within is almost the same as that for an amplitude
error. Therefore, in the following estimation, the use of im-
plicitly assumes that .

Using (30), we then calculated the value of
) as a function of for different error values. The

result are shown in Fig. 7. The value of has a peak
near and the peak value decreases with the decreasing
error value. Fig. 8 shows the peak values of
and , where is the value of for which

has a peak value. The maximum measurable value
of in the presence of can be read from this
figure for an allowable error from 0.001 to 0.1.

In the last part of this section, we estimate the maximum
measurable length for a given and using the obtained
maximum value of . The criterion for this estima-
tion is that the errors of and are less than or equal
to 0.02. We selected this criterion because the value of 0.02
rad is close to the typical value of phase measurement error
caused by noise. The criterion determines 2

and . Under these conditions, we cal-
culate the maximum measurable length for an FSR of

THz, where is the velocity of light in a vacuum.
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Fig. 6. � as a function of" for C = 0; 1.

Fig. 7. Relationship between" and2� " =� .

The results are shown as a function of (Fig. 9). If the max-
imum path length in an AWG exceeds the length shown in this
graph, we need to reduce the effect of GVD using one of the
methods shown in the next section.

III. I NTERFEROGRAMRESTORATION TO REDUCE

MEASUREMENTERROR

A. Balance Method

A simple method for reducing the effect of the GVD in the
waveguide is to balance the dispersion of the reference arm
with that of the measurement arm ( ) in the interferom-
eter. This is possible by using either a computational approach
in which is added to the phase term in the middle of
(2) or an experimental approach in which a waveguide with the
same dispersion and length is placed in the reference arm. The
resultant interferogram is given by (3) with a difference that

. If this balance method provides
sufficiently separated fringe patterns, we can obtain the transfer
function for the th path as

(31)

Fig. 8. 2� " =� (" ) and � (" ) as a function of allowable
maximum error j�j , j�j , where " is the " value for which
2� " =� (" ) has the maximum value.

Fig. 9. Maximum measurable length versusj� j for an AWG whose FSR
c�� = 6:4; 3:2; and1:6 THz.

where

(32)

Thus, the balance method is equivalent to reducing the path
length of the AWG.

Although this method eliminates the dispersion at a particular
path where , the dispersion effect still exists at the
other paths. The maximum measurement error for this balance
method occurs for a path whose index or . Using
(30), we obtain

(33)

The condition for the number of arrays can be written as

(34)

Thus, the maximum measurable number of arrays decreases
with increasing FSR . Another useful form of the measur-
able condition results from representing the number of arrays
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Fig. 10. Maximum measurable FSR versus channel spacing of an AWG for
several materials when the maximum allowable measurement errorj�j =
j�j = 0:02.

TABLE I
GROUP INDEXES n , DISPERSION� FOR

DIFFERENTMATERIALS AT DIFFERENTWAVELENGTHS

in terms of a parameter , where
is the available maximum number of channels in the

AWG. We can thus rewrite (34) as

(35)

Fig. 10 shows the maximum measurable FSR as a func-
tion of channel spacing for several waveguide materials under
the assumption that and (

). The dispersion parameters for waveguide ma-
terials used for calculation is listed in Table I. For SiO- and
LiNbO -based AWGs, THz ( ) for

GHz and THz ( ) for
GHz are the limit of the FSR ( ) to measure within an al-
lowable error of less than 0.02. Since the FSR of almost all
AWGs satisfies the above condition, this balance method can
be employed for SiO- and LiNbO -based AWGs. In contrast,
an InP-based AWG whose FSR of THz ( )
for GHz or THz ( ) for

GHz cannot be measured within the same error
tolerance.

Fig. 11. Required condition for the spectral width of a light source as a
function ofj� jL �� . For the balance method,L = [p� (M � 1)=2]�L
and for wavenumber scale transformationj� j = 0. The broken line
shows the range of spectral width where the maximum measurement error
j�j = j�j � 0:002.

TABLE II
AWG DESIGN PARAMETER

B. Wavenumber Scale Transformation Method

Another way to reduce the effect of the GVD in the wave-
guide is to use a numerical algorithm. This method is based on
a wavenumber scale transformation [23], [24], where

(36)

Fourier transform in terms of the new wavenumbergives a
restored interferogram

(37)

This restored interferogram is the same that obtained by mea-
suring a nondispersive waveguide. If the restored fringe is suf-
ficiently separated from the neighboring fringes, the transfer
function for th path can be approximated as

(38)
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where

(39)

Thus, this method is equivalent to reducing the higher order dis-
persion ( ).

The measurement error in and estimated from
the Fourier transform of is no longer affected by the GVD
in the waveguide. Although this method requires knowledge of
the waveguide dispersion parameter and a more complicated
calculation than the balance method, there is no restriction on
the channel number or channel spacing of the AWG under test.
Therefore, (35) can be used as a criterion, when we select a
restoration method.

C. Required Condition for Spectral Width of Light Source

In the preceding subsections, we showed that either or both
restoration techniques can reduce the effective value of
to satisfy the condition as in (29). We recall it by rewriting it as

(40)

Since the value of the left-hand side in (40) is determined when
the restoration method is selected, we can obtain the condi-
tion for for a given allowable error by using (30) and (40).
It cannot be solved analytically, however, it is generally written
as , where and are, respectively, the
allowable minimum and maximum values ofand are a func-
tion of . Finally, the condition for the spectral width

of a light source is given by

(41)

For the special case where , and .
Fig. 11 shows the condition for as a function

of . The broken line in Fig. 11 shows an ex-
ample of the range of for and

. As the figure shows, the range of
decreases with increasing value and the widest
tolerance for selecting the value can be found when

. Another important feature of the condition is that
an AWG with a wider FSR requires a light source with a wider
spectral width.

We have derived the required conditions for the dispersion
parameter , path length , FSR and spectral width
for the AWG measurement. We believe that the derived condi-
tions can easily be extended to the measurement of other types
of linear circuits which do not include recursive circuits such as
distributed Bragg gratings, ring resonators and Fabry–Perot in-
terferometers.

IV. EXPERIMENTAL RESULTS

We show the results of experimental phase and amplitude
distribution measurements undertaken using the restoration
methods mentioned in the preceding section. The devices under
test were two types of InP-based AWG [14], [15]. Table II lists
the parameters of these AWGs. For the distribution measure-
ments, we used a fiber-optic MZI [10]. For the coupling of the
light into the InP-based AWG, we used two lensed fibers. The

Fig. 12. Part of an interferogram for a 50-GHz AWG (a) before and (b) after
wavenumber scale transformation.

Fig. 13. Interferogram for a 200-GHz AWG (a) before and (b) after applying
the balance method.

light source was a super luminescent diode with
m ( THz) and a center wavelength of 1535 nm. We
have for the 50 GHz AWG and
for the 50-GHz AWG.

Figs. 12(a) and 13(a) show measured interferograms for the
AWGs with channel spacings of 50 and 200 GHz, respectively.
The fringes of both interferograms overlapped, thus preventing
us from obtaining isolated fringes. To allow us to choose a suit-
able interferogram restoration method, we measured the transfer
function of a reference waveguide using Fourier transform spec-
troscopy. The phase of the transfer function was fitted with the
function given by (8). Then the dispersion parameters were de-
termined as and m. These values were
used to calculate the measurable maximum FSR for

when the balance method is applied.
Since the maximum measurable FSR for the 50-GHz AWG

was 1.68 THz, which is smaller than the FSR of 3.2 THz,
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we used a wavenumber scale transformation to reduce the
effect of second order dispersion in the interferogram. We
calculated the value of for
( ) using a discrete Fourier transform. Then
we obtained using a fast Fourier transform (FFT) with
respect to the scale.

In contrast, we used the balance method for the 200 GHz
AWG, because the measurable maximum FSR was 3.48 THz
and this is larger than the FSR of 1.6 THz. We calculated the

value using an FFT and added to its phase
term. Then we obtained a restored interferogram using an FFT.

Figs. 12(b) and 13(b) show the restored interferogram for the
50 and 200 GHz AWGs, respectively. We successfully obtained
isolated fringe patterns. Although the balance method did not
completely remove the effect of the second order dispersion near
the edge of the array [Fig. 13(b)], the fringes were well separated
because of the long path difference of the 200 GHz AWG.

Fig. 14(a) and (b) show the amplitude and phase error dis-
tributions calculated from the restored interferogram for the 50
and 200 GHz AWGs, respectively. We obtainedand (

–214) for the 50 GHz AWG and ( –25) for the 200 GHz
AWG. The phase and amplitude of the other waveguides could
not be measured because of noise. The effect of these errors on
the AWG performance will be discussed in Section V.

We consider here the accuracy with which and were
measured. For this purpose, we calculated the transmission
spectra from the phase and amplitude distributions
and from (Fig. 15). In the calculation of ,

given by (31) was used for the 200 GHz AWG to include
the effect of GVD. For the 50 GHz AWG, was calculated
from and . Then we converted the wavenumber
scale to so that and obtained .
The agreement of and shows that we obtained

and without serious deformation during the interferogram
restoration.

V. CROSSTALK AND DISPERSION IN ANAWG BASED ON A

DISPERSIVEWAVEGUIDE

A. Crosstalk

Here we discuss the crosstalk in an AWG based on a disper-
sive waveguide using the expression of the AWG transfer func-
tion

(42)

where

(43)

With a wavenumber scale transformation given by (36), we ob-
tain

(a)

(b)

Fig. 14. Phase and amplitude distributions for (a) 50 GHz AWG and (b) 200
GHz AWG.

(44)

These relations shows that the maximum crosstalk level of the
AWG is independent of , because .
Thus, the maximum crosstalk of the AWG based on a dispersive
waveguide is determined only by the phase and amplitude dis-
tributions. The effect of on the AWG amplitude response
is related to the change in the wavenumber scale frominto

, which causes the change in, for example, the FSR and peak
wavelength.

To examine the effect of phase error on the crosstalk in the
50-GHz InP-based AWG, we divided the phase error distribu-
tion into random and slowly-varying components.
Here and correspond to Fourier components whose
order is and , respectively. These are shown as the
light and heavy lines in Fig. 14(a). The transmission spectrum
assuming was calculated and is shown as the broken
line in Fig. 15(a). This reveals that the main origin of the
crosstalk is random phase error with an rms of 0.16 rad. The
broken line in Fig. 15(b) shows the transmission spectrum of
the 200 GHz AWG when there are no phase errors ( ).
The crosstalk was also caused by phase error in the 200-GHz
AWG. These results are the same as found with SiO-based
AWGs [9]–[11].
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(a)

(b)

Fig. 15. Transmission spectrum for (a) 50 GHz AWG and (b) 200 GHz AWG.
(� : jT (�)j ; — : jT (�)j ; - - - : jT (�)j assuming (a)� = 0 and
(b) � = 0)

B. Chromatic Dispersion

The AWG dispersion consists of the GVD of the AWG central
path and multipath interference dispersion, which are, respec-
tively, related to and as shown in
(42)–(43). The group delay and the dispersion can
be expressed as

(45)

(46)

where the superscript indicates its relation to the multipath
interference and to the GVD.

When there are no phase or amplitude errors,
regardless of . The reason is that the transfer

function can be written as

(47)

and then has a real value. However, in a practical AWG, there
are phase and amplitude errors, which lead to nonzero values of

and . The values of and , as
well as those of and , depend on unlike
the maximum crosstalk.

In order to consider the effect of on and
, it is useful to rewrite the first and second derivatives

of by using . This is because
is the same as the value we would obtain for a nondispersive
waveguide, as shown in (44). The results are given by

(48)

(49)

where we use the relation .
In the terms of the phase response, it is sufficient to consider

the range where is less than the channel spacing of the
AWG, where is the center wavenumber of the passband. For
an AWG whose channel spacing is less than 200 GHz,

m . Using this knowledge and neglecting(
), we obtain

and . When is negligible,
we can approximate and as

(50)

(51)

where

(52)

(53)

Since nm when m and
m, the contribution of the term

to (51) is as small as less than 0.1 ps/nm even if there is a
large group delay ps. Thus, we can approx-
imate unless expressed in
picosecond units is times larger than in ps/nm
units.

The use of the neglected term in
gives the dependence of [or ] on the channel
or wavenumber at which the AWG is measured. When we as-
sume that the deformation of the phase and amplitude distribu-
tions occurs only, as in typical cases, at the arrayed-waveguides,
the error distributions are independent of channel. In this case,
the values of [or ] for different channels are
almost the same. Thus, the fractional difference of [or

] between two channels is given by

(54)

(55)

where and are the center wavenumbers for two chan-
nels. Even if THz, the dispersion difference

is 2.1% for m. Therefore,
we can consider that and are independent of
the channel or wavenumber at which the AWG is measured.
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(a)

(b)

Fig. 16. Group delay for (a) 50 GHz AWG and (b) 200 GHz AWG. [� : �(�);
— : ~� (�); - - - : ~� (�) assuming (a)� = 0 and (b)� = 0]

Using the above knowledge, we discussed the dispersion
in InP-based AWGs. Fig. 16 shows the calculated group
delay for 50 and 200 GHz AWGs. The open circles show

obtained from an FFT of the interferogram [25]–[27].
The phase was calculated and approximated by a
power series expansion about the point to order

. Then, we used the expansion coefficients to
calculate the first and second derivatives of . The
solid line shows calculated using the distributions
of and and (52)–(53). The agreement of

and shows that the effect of GVD on the
estimation of is negligible. This result agrees well with
that mentioned above. Since the calculated contains

, the results also show that is negligibly
smaller than . This result is reasonable because the
estimated value of is ps/nm for the
50 GHz AWG and ps/nm for the 200 GHz
AWG. As Fig. 17 shows, we were also able to evaluate the
dispersion both from an FFT of the interferogram and
from the phase and amplitude distributions.

Finally, we examined the effect of phase error on the group
delay and dispersion [12]. For this purpose, we calculated

and assuming for the 50 GHz
AWG. The results are shown as the broken lines in Figs. 16(a)
and 17(a). This shows that the slowly-varying phase error is the
main origin of the dispersion. This feature is the same as that
found with SiO -based AWGs [12]. For the 200 GHz AWG, the
group delay and dispersion were calculated assuming

(a)

(b)

Fig. 17. Dispersion for (a) 50 GHz AWG and (b) 200 GHz AWG. [� : D(�);
— : ~D (�); - - - : ~D (�) assuming (a)� = 0 and (b)� = 0]

and are also shown as the broken lines in Figs. 16(b) and 17(b).
As with the 50 GHz AWG, the group delay for the 200 GHz
AWG was caused by phase error.

VI. CONCLUSION

We accurately measured the phase and amplitude distribu-
tions in InP-based AWGs through the use of Fourier transform
spectroscopy with a low-coherence interferometer in combi-
nation with an interferogram restoration technique (balance
method or wavenumber scale transformation). We estimated
the worst-case measurement error caused by fringe overlap
and truncation to clarify the measurable limit in the presence
of second order dispersion. The results showed that: 1) the
worst-case measurement error in phase expressed in units
of radians and that in fractional amplitude within the same
measurement range were almost the same and 2) the product of
second order dispersion and path length in the AWG
must be less than 0.68, when we require that the worst-case
measurement errors in phase and amplitude are less than 0.02.
We showed that one or both of the interferogram restoration
methods can reduce the measurement error to within a given
tolerance, regardless of the value. This is because,
the balance method can reduce the effective value ofto

and wavenumber scale transformation can
reduce the effective value of to 0 when the value
is known. We obtained a criterion to allow us to choose a
suitable interferogram restoration method. This criterion is
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the maximum measurable FSR of the AWG with the balance
method, shown as a function of channel spacing and.

Using this knowledge, we selected one of the interferogram
restoration methods for the measurement of 50 and 200 GHz
InP-based AWGs. After employing the selected technique, we
successfully obtained the phase and amplitude distributions.
The measured distributions in phase and amplitude revealed
that the main origin of the crosstalk and dispersion in InP-based
AWGs is phase error. This feature of phase error in InP-based
AWGs was the same as that found with SiO-based AWGs
[11], [12]. We believe that Fourier transform spectroscopy with
a low-coherence interferometer and interferogram restoration
techniques will play an important role in the improvement
of the crosstalk and dispersion in AWGs based on dispersive
waveguides.
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