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Figure 1. (a) Conventional AWG with 0.85 dB loss  and (b) vertically tapered AWG with 0.15 dB loss.
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facets. With the new AWG, –40-dB cross
talk was achieved, which confirms that the
use of low-loss technology does not lead
to an increase in cross talk.

AWG cross talk is attributed to optical
path length phase fluctuation in the ar-
rayed waveguides.1 If there were no phase
error, one could obtain a level of approxi-
mately –60 dB (�n=0 in Fig. 2). The reason
it was not possible to achieve an infinitely
low cross talk level is that the envelope of
the electric field at the second slab inter-
face is not a smooth Gaussian shape.
Phase error is caused by effective-index
nonuniformities in the arrayed-waveguide
region, i.e., by refractive-index fluctua-
tions and core width and thickness
nonuniformities. Figures 3(a) and 3(b)
show a simulation of the demultiplexing

properties of an AWG with 64 channels,
100-GHz spacing, and spatial sinusoidal
phase fluctuations. It is assumed that the
spatial sinusoidal phase fluctuation is ex-
pressed by

�ñc (�)=nc (�)+�n (s)•sin
 �——

�(s)   , (1)

where �(=1 Narray) and s denote the array
number and the order of spatial frequency
fluctuation, respectively; nc (�) is the ideal
effective-index distribution; �n (s) is the
amplitude fluctuation; and �(s) is a half-
period of the index fluctuation. For exam-
ple, �n (10)=1�10-6 means that the index
fluctuation amplitude is 1�10-6 with a
half-period of � (10)=Narray /10). The lo-
cation of the sidelobe and cross talk (sepa-
rated from the center wavelength) de-
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Figure 3. (a) Cross talk with fluctuation of �n(10) = 1x10-6.
(b) Cross talk with fluctuation of �n(10) = 3 x 10-7.

Figure 2. Demultiplexing properties of a vertically tapered AWG.

Wavelength (nm)

Wavelength � (�m)

L
o

ss
 (

dB
)

L
o

ss
 (

dB
)

Wavelength � (�m)

1540 1545 1550 1555 1560 1565 1570

0

-10

-20

-30

-40

-50

T
ra

ns
m

it
ta

nc
e 

(d
B

)

T he capacity of arrayed waveguide
gratings (AWGs) has increased
dramatically, to the point that as

many as 400 channels can now be incor-
porated into a single wafer. A capacity of
1080 channels with 25-GHz channel spac-
ing has been reported in tandem AWGs
with a multichip configuration. Although
the total capacity of the transport can be
increased to the terabit level by use of
wavelength-division multiplexing, signal
processing in the electrical layer remains a
serious problem because of the limits in
electrical signal processing speed. The op-
tical signal processing devices that can play
an important role in solving this issue in-
clude dispersion slope equalizers, polar-
ization-mode dispersion (PMD), equaliz-
ers, temporal pulse shapers, and optical la-
bel recognition circuits.

Arrayed waveguide
grating loss and cross talk 
AWG losses, excluding those from absorp-
tion and scattering, are caused primarily
by the imperfect capture of light between
the slab and the array interface.1 To reduce
the amount of light lost at the slab–array
interface, Sugita et al.2 fabricated a novel
AWG with vertically tapered waveguides.
The height of the vertically tapered wave-
guides, which are formed between the ar-
ray and the slab waveguides, is almost the
same as that of other waveguides at that
junction; and the height gradually de-
creases as the propagation of light along
the array waveguides decreases. Figures
1(a) and 1(b) show the simulation of light
propagation near the junction of the first
slab and array waveguides by means of the
beam propagation method (BPM). As
shown in Fig. 1(b), the light components
that hit the gap regions are recaptured by
the vertically tapered waveguides. The loss
reduction per interface is 0.7 dB. Since it is
possible to achieve another 0.7-dB loss im-
provement at the second slab–array inter-
face, overall one could obtain a 0.7� 2
=1.4 -dB loss reduction. The vertically ta-
pered waveguide regions and the AWG are
fabricated simultaneously. Controlling the
photolithography and etching conditions
forms the vertical taper. Figure 2 shows the
demultiplexing properties of an AWG with
a vertical taper. Fiber-to-fiber insertion
loss of this new AWG is 1.2 dB, which is
1.4 dB lower than that associated with
conventional AWGs. The 1.2-dB total in-
cludes 0.6-dB fiber-coupling losses at both
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pends on the period of spatial fluctuation
s. It is obvious from Fig. 3 that the effec-
tive-index fluctuation should be less than
10-6 to achieve cross talk of less than 
–40 dB. It is possible that the dependence
of cross talk on index fluctuation �n can
be obtained as [side lobe]��n2.

Arrayed waveguide 
grating dispersion 
Phase errors cause not only cross talk but
also dispersion in AWGs.3 Figures 4(a) and
4(b) show theoretical dispersion proper-
ties for 64-channel, 100-GHz spacing
AWGs having spatial sinusoidal phase
fluctuations as given in Eq. (1), which
shows that a spatial low-frequency phase
fluctuation (indicated by the small s) caus-
es dispersion inside the passband of an
AWG. The dependence of dispersion 	 on
the index fluctuation �n and on the chan-
nel spacing 
v is approximated as
	��n/
v3. Since 	 is inversely proportion-
al to 
v3, the dispersion of an AWG with
narrow channel spacing is much more
susceptible to phase errors than the dis-
persion of an AWG with wide channel
spacing.

For most flat spectral response AWGs,
one can achieve a wide passband by
broadening the input electric field to the
point that it is much wider than that of an
output waveguide. Y-branch, multimode
interference (MMI), and parabola wave-
guides are used as input waveguides. In
some of the broadening waveguides, the
phase front of the electric field becomes
nonuniform due to each specific broaden-
ing technique. Deformation of the incom-
ing phase front leads to excessive phase
perturbation in array waveguides, even in
the absence of effective-index fluctuations.
This phase perturbation is the cause of
dispersion in AWGs.

Arrayed waveguide gratings with
large channels and narrow spacing
Thanks to improvements in waveguide
fabrication technologies, adjacent and
background cross talk of less than –20 and
–30 dB has been achieved for 400-channel,
25-GHz spacing AWGs4 (see Fig. 5). The
index difference of the core is 1.5%, which
allows for a minimum bending radius of
2 mm. The AWG in question was fabricat-
ed on a single 6-in.(15-cm) silicon wafer.

The characteristics of the manufactur-
ing equipment, including an electric fur-
nace and a mask aligner, limit the maxi-
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Figure 6. 1080-channel, 25-GHz AWGs with tandem configuration.

Figure 5. (a) Entire and (b) single-channel demultiplexing properties of 400-channel, 25-GHz AWGs.

Figure 4. (a) Dispersion of Gaussian AWGs with �n(1) = 5x10-5

(b) Dispersion of Gaussian AWGs with �n(3) = 2x10-5.
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mum available wafer size of the planar
lightwave circuit (PLC). For this reason, it
is difficult to fabricate AWGs with, for ex-
ample, as many as 1000 channels. One
possible way to increase the total number
of channels is to use two kinds of AWG
cascaded in series. We have demonstrated
a 10-GHz-spaced, 1010-channel optical
multiplexer/demultiplexer by connecting
primary and secondary AWG filters in tan-
dem.5 The tandem configuration enabled
us to accommodate any channel spacing
and any number of channels. We did,
however, encounter one problem: the pri-
mary filter had such a high transmission
loss (10 dB) that the total loss of any given
channel was greater than 13 dB.

Here we report a low-loss 25-GHz-
spaced multiplexer/demultiplexer with
1080 channels that covers the S, C, and L
bands of a fiber amplifier. It consists of a
primary 1�10 passband-broadened AWG
with 2.5-THz channel spacing and ten sec-
ondary 1�200 AWGs with 25-GHz spac-

ing. The cross talk of the secondary AWGs
is approximately –37 dB. This tandem
configuration enables us to construct 
flexible wavelength-division multiplexed
(WDM) systems; that is, secondary AWGs
can be added when the demand for band-
width increases. Output port k (k = 1, 2,
… 10) of the primary AWG was connected
to the input port of the secondary AWG k
by means of an optical fiber. Two condi-
tions were imposed on these AWGs. First,
the center wavelength of 200 channels of
AWG k was designed to coincide with that
of passband k from the primary AWG out-
put k. Next, passband k was sliced with the
AWG k without any noticeable loss. By se-
lecting M=108 channels from N=200
channels for each AWG k, we achieved a
total of M�N=1080 channels. Figure 6
shows the transmission spectra of all 1080
channels generated by the tandem config-
uration. All the channels were aligned at
25-GHz intervals, without missing any
channels in the 1435–1650-nm wave-

length range. The signal around the 
-40-dB level came from components pro-
duced by the phase errors that remain in
the secondary AWGs and from the unnec-
essary channels that remained because
they were imperfectly blocked by the pri-
mary filter passbands. The loss values
ranged from 4.5 to 10 dB and are 7.5 dB
lower than those previously reported.5 The
substantial loss reduction resulted mainly
from our use of the low-loss primary filter
with Gaussian passbands. The adjacent
cross talk ranged from –45 to –28 dB. The
low level of cross talk resulted from the
photosensitive phase error correction.6

The cross talk that accumulated at each
channel from all the other channels
ranged from –33 to –19 dB.

Lattice-form, programmable
dispersion equalizers
The transmission distance in optical-fiber
communications has been significantly in-
creased by the development of erbium-
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Figure 8. (a) Delay time of 320-km DSF and PLC compensator. (b) Enlarged view of channels 2 and 7.

Figure 7. Configuration of WDM dispersion compensator.



doped fiber amplifiers. As a consequence,
the main factor that limits the maximum
repeater span is now the chromatic disper-
sion of the fiber. One advantage of the
PLC optical delay equalizer7 is that vari-
able group-delay characteristics can be
achieved by the phase control of silica
waveguides. In the lattice-filter configura-
tion,8 the delay time 
� generated by the
PLC equalizer is proportional to 
L of the
asymmetrical Mach–Zehnder (MZ) filter.
In contrast, the operating bandwidth is
determined by the free spectral range
(FSR) of the MZ filter, which is inversely
proportional to 
L . For this reason, if we
chose to create a PLC equalizer with a 
40-nm bandwidth, we would need several
hundred MZ filters, which, of course,
would be impractical. To solve the prob-
lem, we combined PLC equalizers with
AWGs, as shown in Fig. 7. In this configu-
ration, equalizers were used to compensate
for the dispersion associated with each
channel. Figure 8 shows the performance
of the WDM dispersion equalizer for an
eight-channel, 40-Gbit/s, 320-km trans-
mission. The concave line is a delay time of
320-km dispersion-shifted fiber (DSF).
The circles are the experimental delay
times of the PLC dispersion equalizer. The
experimental delay values are in good

agreement with the delay curve required
to compensate for the delay values of
DSFs. The two figures on the right-hand
side are enlarged views of channels 2 and 7.

Polarization-mode
dispersion compensator
Polarization-mode dispersion (PMD) has
a serious adverse effect on long-haul, high-
bit-rate transmission systems. To first-or-
der approximation, PMD splits an optical
signal into fast and slow polarization com-
ponents. Because PMD has a statistical na-
ture that varies with time, we need to com-
pensate for it adaptively. Optical PMD
compensators that consist of a polariza-
tion controller and a tunable or fixed po-
larization-dependent delay line are not
subject to electrical processing speed lim-
its and can, therefore, be used for high-
speed signals. Figures 9(a) and 9(b) show
the schematic configuration and wave-
guide layout of the fabricated PMD com-
pensator,9 which consists of two polariza-
tion beam splitters (PBSs), two half-wave-
plates (HWPs), two thermo-optic phase
shifters (PS1, PS2), two tunable couplers
(TC1, TC2), and a polarization-dependent
delay line. The PBSs have balanced
Mach–Zehnder interferometer (MZI)

configurations with stress-applying amor-
phous Si films and phase-bias adjustment
heaters on their arms. The tunable cou-
plers also have balanced MZI configura-
tions with heaters. The compensator splits
an incoming signal into TE and TM com-
ponents at the first PBS. The TM compo-
nent is converted to TE polarization at the
first HWP, thus allowing the TE and TM
components to interfere with each other.
The two components pass through phase
shifters and tunable couplers and are sub-
sequently delayed in the polarization-de-
pendent delay line. The original TM com-
ponent was reconverted to TM polariza-
tion at the second HWP and recombined
with the TE component at the second PBS.
The fabricated compensator can compen-
sate for PMD without limit by means of
the reset operation. We used PS2 and TC2
to control the compensator and PS1 and
TC1 to reset PS2 and TC2.

We evaluated the fabricated compen-
sator with an emulator having a 43-Gbit/s
transmission signal. The device measured
65 mm x 30 mm, and the on-chip loss was
8.2 dB. A transmitter multiplexed four
10.7-Gbit/s pseudorandom binary se-
quences (PRBSs) from a pulse-pattern
generator into a 43-Gbit/s PRBS, and then
modulated continuous-wave light from a
distributed-feedback laser diode with a
43-Gbit/s nonreturn-to-zero PRBS. The
transmitted signal was electrically regen-
erated and demultiplexed into four-chan-
nel, 10.7-Gbit/s signals. To evaluate the
compensator, we installed a first-order
PMD emulator behind the transmitter. We
also installed a polarization controller in
front of the emulator so that the two sub-
sequently delayed polarization compo-
nents had the same power. The compen-
sator positioned in front of the receiver
was controlled so as to maximize the de-
gree of polarization of the incoming opti-
cal signal. We measured the bit error rates
(BERs) when the differential group delay
(DGD) in the emulator was set at 12.5 ps.
Figure 10 shows the measured power
penalty at a BER of 10-9. The penalty with-
out the compensator is greater than 6 dB
at a DGD of 10 ps and continued to in-
crease sharply with the DGD. In contrast,
the penalty with the compensator is slight-
ly greater than 1 dB at a DGD of 12.5 ps.
We confirmed that the compensator sig-
nificantly improves the PMD tolerance
from 5.5 to 12 ps.
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Figure 9. (a) Schematic configuration of PMD compensator 
(a-Si : amorphous Si; HWP: half-wave plate).

(b) Layout of PMD compensator on PLC; (HT: heater).
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Summary
Although silica-based waveguides are sim-
ple circuit elements, various functional de-
vices can be fabricated by use of spatial
multibeam or temporal multistage inter-
ference effects such as arrayed-waveguide
grating multiplexers and latticed program-
mable filters. Temporal pulse shapers10 and
optical label recognition circuits11 are at-
tractive for optical-layer signal processing.
The cross talk and dispersion properties of
AWGs have been described. For practical
applications, low-loss and low-dispersion
flat-response AWGs are critically impor-
tant. Large-channel AWGs are attractive for
use in telecommunications and also for use
in integrated optical portable spectrum 
analyzers.
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Figure 10. Measured power penalty as 
a function of DGD at a BER of 10-9.
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