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Abstract—We have developed a dispersion compensator that
uses arrayed-waveguide gratings (AWGs) and a spatial filter. The
compensator using AWGs with 380 waveguides in each array and
the diffraction order of 53, can compensate a total second-order
dispersion of 260 ps/nm with an eye-closure penalty of 1 dB for a
40-Gb/s nonreturn-to-zero (NRZ) signal. It is shown that the re-
quired spatial resolution of the spatial phase filter for compensa-
tion is 2.5–5 m for silica AWGs of usual design. The acceptable
fluctuation in the refractive index of the waveguides in the AWGs
is as large as 5 10 5.

Index Terms—Arrayed-waveguide grating (AWG), dispersion
compensation, dispersion compensator, gratings, optical commu-
nication, optical equalizers, optical pulse compression, optical
waveguide components.

I. INTRODUCTION

H IGH-CAPACITY photonic networks can be constructed
by using 40-Gb/s-based dense wavelength-division multi-

plexing (DWDM) because of its high signal-spectrum efficiency
and the larger tolerance it provides for lasing wavelength and
filter specifications. However, not only the total second-order
dispersion at the center wavelength but also the residual total
second-order dispersion due to the GVD (group velocity dis-
persion) slope of the fiber should be compensated for because
they are larger than the dispersion tolerance of 47.5 ps/nm of the
40-Gb/s-based WDM system [1], [2].

The GVD and GVD slope of the optical fiber can be
compensated by a fiber grating (FG) [3], [4] or a dispersion
compensating fiber (DCF) [5], [6]. Both devices can compen-
sate a large amount of total dispersion. However, the FG has
a group delay ripple which significantly degrades received
optical waveforms and the DCF has difficulty in compensating
the GVD and the GVD slope of a nonzero dispersion shifted
fiber (NZDSF) simultaneously. The dispersion equalizer with
cascaded Mach–Zehnder interferometers (MZIs) presented
by Takiguchiet al. [7] is promising because of its tunability;
however, its bandwidth is limited to about 400 GHz.
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We have developed a dispersion compensator that uses ar-
rayed-waveguide gratings (AWGs) and a spatial phase filter.
And this compensator successfully demonstrated second- and
third-order dispersion compensation. The results showed that
the dispersion compensator would have a compensation range
of 100 ps/nm for 12.5-ps pulses [8], [9]. This type of disper-
sion compensator is useful because it has a bandwidth of several
terahertz, can compensate second- and third-order dispersion si-
multaneously, and can compensate negative and positive disper-
sion. It should be noted that a AWG with a different filter has
already been used for various applications such as optical code
division multiplexing [10]–[12] and optical phase-shift keying
direct detection [13].

In this paper, we theoretically investigate the compensation
performance of the proposed compensator in a 40-Gb/s nonre-
turn-to-zero (NRZ) system and we evaluated it from the view-
points of eye-closure penalty and excess loss.

II. PRINCIPLE OFDISPERSIONCOMPENSATION BY USING

AWGs

The principle of dispersion compensation by using AWGs
is schematically shown in Fig. 1. Dispersion compensation
is performed by decomposing the input waveform of each
wavelength channel into its frequency components in AWG#1,
compensating the phase of each component of each wavelength
channel by a spatial phase filter located on the frequency plane,
and reforming the waveform by combining the components
in AWG#2. Note that AWG#1 and AWG#2 are the same. We
previously fabricated the dispersion compensator using the
reflection configuration because the size of the substrate needed
could be minimized [8], [9]. This dispersion compensation
method is based on the time-to-space-conversion optical signal
processing with diffraction gratings reported by Weineret al.
[14]. Recently, their group used a spectral phase equalizer to
transmit a 400-fs pulse over a 10-km fiber [15], [16]. A geomet-
rical explanation of the AWG-based time-to-space-conversion
is shown in Appendix.

III. T HEORETICAL MODEL OFDISPERSIONCOMPENSATION BY

AWGs

The time-to-space-conversion optical signal processing is
limited by the time window and the spectral window of the
optical system. The time window is the width of the time
converted to the space at a time, which is inversely proportional
to the spectral resolution of the AWG. If part of the waveform
is broadened beyond the time window, we cannot recover the
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Fig. 1. Configuration of a dispersion compensator with AWGs.

original waveform. In other words, the phase distortion in a
spectral plane within the resolution bandwidth has to be suffi-
ciently small for all spectral components. The spectral window
is the free spectral range (FSR or bandwidth) of the AWG,
which is usually 3–5 THz and much wider than the bandwidth
of the 40-Gb/s signal. Therefore, the spectral window does not
affect the dispersion compensation directly; however, it should
be wider than the whole bandwidth of the WDM signal.

The maximum total second-order dispersion that can be com-
pensated for is approximately given as [9]

(1)

where is a constant, is the diffraction order, is the number
of waveguides in each array, is the full width at half max-
imum of the input pulse when it is completely compensated for,
and is the center frequency of optical pulses.

Most of the characteristics of the compensator are determined
by and . Equation (1) indicates that is proportional
to the resolution of the AWGs, , for a given . The
bandwidth is equal to the free spectral range, . The size
of the substrate is roughly proportional to. Fig. 2 shows the
AWG design map for dispersion compensation. The bandwidth
is usually adjusted to the whole bandwidth of the WDM
system. When target is 16ch- or 32ch-, 200-GHz-spacing,
40-Gb/s-based WDM system, is set to 60 or 30 to obtain the
bandwidth of 3.2 or 6.4 THz. is set to the maximum value,
which is determined by the size of the substrate. The param-
eters of the AWG designed for 16 channel WDM system are
summarized in Table I and the white circle in Fig. 2 indicates
the designed values of and . These parameters correspond
to a WDM router with a channel spacing of 30 GHz and 117

Fig. 2. AWG design map for dispersion compensation;m and FSR versusN .

channels and the AWG can be fabricated on a 50-50 mm
substrate.

However, designing the dispersion compensator according to
(1) and Fig. 2 is not sufficiently accurate because we cannot
determine the value of. It is necessary to calculate an output
waveform taking the effect of finite resolution of the spatial filter
and the imperfect AWG into consideration.

Fig. 3(a) shows a schematic of the first AWG, which decom-
poses the input signals into its spectral components. The signal
input to one of the WDM channels, , is dis-
tributed into each waveguide of the waveguide array through
the slab waveguide A. It is assumed that the center angular fre-
quency of the input signal, , is the same as that of the AWG.
The light coupled to theth waveguide is given by

(2)
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TABLE I
DESIGN PARAMETERS OFAWG

where is the distribution coefficient. Each light propagating
through the waveguide in the waveguide array is skewed, and the
output light from the th waveguide into the slab waveguide B
is given by

(3)

where is the phase error due to the fluctuation of the refrac-
tive index of the waveguide. The total output waveform from the
waveguide array is given by

(4)

where is the normalized mode-field-distribution function
at the edge of the arrayed-waveguide, andis waveguide pitch.
The edges of the waveguides are located on a circle, so
is Fourier transformed on the circular locus and spectrally de-
composed. The waveform on the spectral locus is given by

(5)

where is a constant, is the effective refractive index of the
slab waveguide, is the velocity of light, and is the focal
length of the slab waveguide. The spatial phase filter, which
has a transmission function of , is located on the spectral
plane and modulates the phase of and compensates the
phase distortion of the input signal. The excess phase modula-
tion due to the circular focusing locus may also be compensated
by the appropriate spatial filter or lens. The waveform after the
spatial filter is given by

(6)

Fig. 3(b) shows the second AWG, which combines the spec-
tral components. The waveform in front of the edge of the wave-
guide array (on the axis) is given by

(7)

The light coupled to theth waveguide is given by

(8)

It is inversely skewed as it propagates through the waveguide.
The waveform at the edge of the slab waveguide D (on the
axis) is given by

(9)

where is the phase error due to the fluctuation of the refrac-
tive index of the waveguide. The waveform in front of the output
waveguide is given by

(10)

while the output waveform is given by

(11)

where is the normalized mode-field-distribution function
at the edge of the output waveguide. We can calculate the com-
pensated waveform by using (2)–(11).
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(a)

(b)

Fig. 3. (a) Schematic of the first AWG, which decomposes the input signal into its spectral components. The spatial phase filter on the spectral plane compensates
the phase distortion of input signals. (b) Schematic of the second AWG, which recombines the spectral components.

IV. DISPERSIONCOMPENSATIONPERFORMANCE

The main application target of the developed dispersion
compensator is the NRZ, 40-Gb/s-based WDM system because
it will be cost effective if an efficient dispersion compensator
is available. The dispersion-compensation performance of the
compensator was estimated from the viewpoints of eye-closure
penalty and excess loss for a 40-Gb/s signal. The turn-on
and turn-off waveforms of the original signal were assumed
to be those of super-Gaussian, respectively, with a steepness
parameter of 1.6 and a width of 25 ps. It was also assumed that
the original signal was not chirped. The original signal was
distorted by a pure second-order dispersive medium and input
to the dispersion compensator. The filter located on the spectral
plane had a parabolic phase shift for correcting the phase
distortion induced by the dispersive medium. The compensated
signal was received by an optical receiver that had a fifth-order

Bessel-Thomson filter with a 3-dB bandwidth of 28 GHz for
equalizing the detected waveform.

A. Dispersion Compensation by Using Ideal AWGs and a
Spatial Filter

Fig. 4(a) shows eye-closure penalty as a function of total com-
pensated dispersion of a compensator consisting of ideal AWGs
and a spatial filter. If the acceptable penalty is 1 dB, the total dis-
persion that can be compensated is about 260 ps/nm. It should
be noted that this compensator offers the same level of negative
dispersion compensation as that of positive compensation, so
the dispersion compensation range is from260 to 260 ps/nm.
The value of in (1) is calculated to be about 1.6 for the 40-Gb/s
NRZ signal. The larger the total dispersion to be compensated
for is, the longer the turn-on and the turn-off time of the input
waveform are. The compensator can not correctly reshape the
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(a)

(b)

Fig. 4. (a) Eye-closure penalty as a function of total compensated dispersion
when ideal AWGs and a spatial filter are used in the compensator. (b) Excess loss
due to dispersion compensation as a function of total compensated dispersion
when ideal AWGs and a spatial filter are used in the compensator.

part of waveform broadened over the time window. The time
window is about ps when and .

The excess loss due to dispersion compensation as a function
of total compensated dispersion is shown in Fig. 4(b). The
excess loss when compensating the total dispersion of 260
ps was less than 1.3 dB. The excess loss is attributed to the
light diffracted beyond the waveguide array #2. It occurs
when the residual phase distortion exists after spatial filtering.
Fig. 5(a)–(d), respectively, show eye patterns of the input
waveform, the back-to-back received waveform, the waveform
distorted by the dispersive medium with a total dispersion of
200 ps/nm, and the compensated waveform. All the figures
indicate that a clear eye-opening is obtained by using the
developed dispersion compensator.

B. Dispersion Compensation by Using a Spatial Filter with
Finite Resolution

We fabricated a spatial phase filter by electron beam lithog-
raphy and the maximum spatial resolution of the filter was about
0.1 m [8], [9]. Fabrication, however, takes a long time at the
maximum resolution when drawing filters with large areas. The
spatial resolution required for dispersion compensation has to be

(a)

(b)

(c)

(b)

Fig. 5. (a) Eye patterns of the input waveform, (b) back-to-back received
waveform, (c) waveform distorted by the dispersive medium with a total
dispersion of 200 ps/nm, and (d) compensated waveform.

estimated. The length corresponding to the spectral resolution
of the AWG, , is given by

(12)
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(a)

(b)

Fig. 6. (a) Eye-closure penalty as a function of the spatial resolution of the
filter when compensating total dispersion of 200 ps/nm. (b) Excess loss due to
dispersion compensation as a function of the spatial resolution of the filter when
compensating total dispersion of 200 ps/nm.

where and are group refractive index and effective refrac-
tive index of the arrayed-waveguide. And is usually 5–10

m, depending on the design of the AWG. For example, when
we use the parameters in Table I, is 6.3 m. Fig. 6(a) and (b)
show the eye-closure penalty and the excess loss as a function of
the spatial resolution of the filter when compensating total dis-
persion is 200 ps/nm. The excess loss is almost constant; how-
ever, the eye-closure penalty rapidly increases when the spatial
resolution of the filter exceeds . These results suggest that
the spatial resolution of the filter has to be roughly less than a
half of , which is usually 2.5–5 m.

C. Dispersion Compensation by Using Imperfect AWGs

In principle, the larger the size of the AWG is, the better the
dispersion-compensating performance becomes. However, fluc-
tuation in the refractive index significantly degrades AWG per-
formance [11]. Fig. 7(a) and (b) show the eye-closure penalty
and the excess loss as a function of the standard deviation of the
refractive index fluctuation when compensating the total disper-
sion is 200 ps/nm. The fluctuation was assumed to be random,
waveguide by waveguide, but it follows a Gaussian distribution.
The excess loss increases rapidly when the refractive index fluc-
tuation is larger than 1 10 while the eye-closure penalty in-
creases slowly. The refractive index fluctuation was reported to
be only 1.9 10 [11]. So these results indicate that the dis-

(a)

(b)

Fig. 7. (a) Eye-closure penalty as a function of the standard deviation of the
refractive index fluctuation when compensating total dispersion of 200 ps/nm.
(b) Excess loss due to dispersion compensation as a function of the standard
deviation of the refractive index fluctuation when compensating total dispersion
of 200 ps/nm.

(a)

(b)

Fig. 8. (a) Structure of a spatial filter for PSK detection. (b) Structure of a
spatial filter for third-order dispersion compensation.

persion compensator using AWGs is not affected by refractive
index fluctuation. This is because the effect of the fluctuation is
eliminated at the joint of the output waveguide. The fluctuation
causes wave-front distortion on the output of the arrayed-wave-
guide axis in Fig. 3). Such distortion has a high spatial fre-
quency due to the randomness of the fluctuation, so it does not
couple into the output waveguide.
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Fig. 9. Schematic configurations of the time-to-space-conversion optical signal processing using diffraction grating pairs and AWG pairs.

D. Practical Implementation

This paper focuses on the theoretical investigation of the
compensation performance of developed compensator; how-
ever, losses in the compensator should be discussed: 1) the
intrinsic loss of the AWG, 2) the coupling loss between two
AWGs or the coupling loss between the AWG and mirror, and
3) the loss of the spatial filter. The total insertion loss including
excess loss and these losses determine the signal-to-noise ratio
(SNR) of the signal.

The intrinsic loss of the silica AWG configured on a 5050
mm substrate is usually about 3 dB. The intrinsic AWG loss is
mainly due to the coupling loss between a slab waveguide and
a waveguide array, and the propagation loss in the waveguide
is quite low. Therefore, the larger AWG would have almost the
same loss. The coupling loss between the AWG and the mirror is
very large without coupling lens. Recently, we have developed
coupling lens, which reduces the coupling loss from about 5 to
1 dB. The lens converts the circular focal locus to a flat one to
eliminate excess second-order dispersion.

We had fabricated two types of phase filter for the previously
reported experiment, as shown in Fig. 8(a) and (b). The first type
of filter was used for quasidifferential processing of the PSK
lightwave signal for detection [13]. The loss of the filter was less
than 0.2 dB. The second type of filter was used for dispersion
compensation experiment and its loss was about 2 dB [8], [9].
For dispersion compensation, the second type is better because
it provides high spatial resolution and fine phase steps.

The total loss is given by

(total loss)

(intrinsic AWG loss)

(coupling loss between the AWG and mirror)

(filter loss) (excess loss) (circulator loss)

dB (13)

The total loss is larger than that of the DCF or the FG; how-
ever, it is easily compensated by an optical amplifier with a
small SNR degradation. It should be noted that the total loss
does not strongly depend on the dispersion compensation capa-
bility.

V. SUMMARY

The maximum total dispersion that can be compensated
by the developed compensator is about 260 ps/nm for a 40
Gb/s-NRZ signal when the AWGs have 380 waveguides per
array and the diffraction order is 53. The compensator can
compensate the dispersion (including GVD and GVD slope)
of one span (80–120 km) of NZ-DSF and it has the very wide
spectral range of about 3.5 THz. The required spatial resolution
of the phase filter located on the spectral plane is 2.5–5m,
which is much larger than the resolution available with electron
beam lithography. The excess loss or the eye-closure penalty
due to the refractive index fluctuation is not significant when
the fluctuation is less than 5 10 .
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Fig. 10. Slab waveguide configuration.

These results indicate that we can scale a compensator up ac-
cording to (1) and the value of is 1.6 for the 40-Gb/s NRZ
signal. The diffraction order, , is usually determined by the
whole bandwidth of the WDM system; therefore, largeris
used to obtain the higher performance compensator. The max-
imum size of the substrate is about 5050 mm at present;
however, larger substrates will be available and the compensator
with higher performance will be fabricated.

APPENDIX

Time-to-space-conversion optical signal processing using
AWGs is based on that of using diffraction grating pairs and
a spatial filter. One can easily understand the principle of the
method by comparing two types of time-to-space-conversion
optical system. Fig. 9 shows both systems schematically. The
first slab waveguide (Slab A) distributes an optical signal
into each waveguide of the waveguide array (Array #1). The
adjacent waveguides in the array have the same optical path
difference and work as a diffraction grating. Slab B, and C,
Array #2, and Slab D correspond to Lens B, Lens C, DG #2,
and Lens D, respectively.

Fig. 10 schematically shows a slab waveguide. The edges of
the waveguides are located in a circle on the locus ofand the
output plane is the circular locus of. The center of each circular
locus is on the corresponding circular locus. The length of the
line from the point to the point , is given
by

(A1)

where is the length of the slab waveguide.and are given
by

(A2)

respectively (A3)

Usually, and are under 0.05; therefore, (A1) is approxi-
mated to

(A4)

Consequently, the light propagating from locusto has a
phase term

(A5)

Equation (A5) means that the slab waveguide works as a lens
and both locus and are Fourier planes. The detailed analysis
of this geometry was reported by Dragone [18].
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