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I review our recent progress on photonic functional devices based on a silica planar 
lightwave circuit.  First, I describe lattice-form optical devices for chromatic dispersion slope 
compensation, and the dynamic equalization of chromatic and polarization-mode dispersion and 
gain non-uniformity, in high-speed wavelength division multiplexing transmissions.  Then, I 
describe optical signal processing devices for communications that contain label recognition and 
optical code division multiple access circuits for next-generation optical networks.   
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1. Introduction 

Silica planar lightwave circuit (PLC) based devices are widely used in wavelength division 
multiplexing (WDM) systems because of their superior properties [1].  Optical communication 
systems are advancing steadily [2].  The bit rate per wavelength is being increased to 40 Gbit/s or 
more in point-to-point WDM transmissions, and optical networks are progressing toward ring, 
cross-connect, and packed-switched systems.  These advanced optical systems require highly 
functional optical devices in order to exceed the electrical speed limit.  If we are to realize high-
speed WDM links, we must develop compensators to deal with the undesirable characteristics of 
optical fibers, namely, chromatic and polarization-mode dispersion and gain non-uniformity.  
Lattice-form filters, which comprise cascades of alternating symmetrical and asymmetrical Mach-
Zehnder interferometers (MZIs), are suitable for realizing these compensators, because they can 
achieve various characteristics adaptively and flexibly.  After a brief description of PLC fabrication, 
properties, and development, I report recent advances in these lattice-form filters.  In the latter half 
of this review, I describe optical signal processing devices for next-generation networks, mainly 
focusing on a label recognition device based on optical digital-to-analogue (D/A) conversion and an 
optical code division multiple access (CDMA) circuit for the two-dimensional coding of time and 
wavelength.  I shall conclude by commenting on the future development of PLC based functional 
devices.   
 
2. PLC technology 

PLC based circuits are fabricated on a silica on silicon substrate by a combination of flame 
hydrolysis deposition and reactive ion etching [1].  The typical waveguide bending radius is around 
2 to 25 mm, and large-scale integrated circuit chips can be as large as several centimeters square.  
This fabrication process can provide a uniform refractive index and core geometry, and the 
propagation loss throughout a large wafer is low (about 0.01 dB/cm).  The cross-sectional 
configuration and the basic properties of the waveguide are summarized in Fig. 1 and Table 1, 
respectively.  We utilize the thermo-optic (TO) effect for precise phase adjustment with an accuracy 
of better than 0.01π.  Hybrid integration with a PLC and active components including lasers, 
modulators, amplifiers, and detectors is also being vigorously developed [3].  As shown in Fig. 2, 
PLCs are steadily progressing toward highly functional devices based on the development of basic 
fabrication, design, and measurement technologies.  Arrayed-waveguide gratings (AWGs) utilizing 



multi-beam interference are widely used in WDM networks, and their characteristics, including 
crosstalk, channel number and spacing, are being improved.  Lattice- and transversal-form filters 
are adequate for constructing compensators to deal with undesirable fiber characteristics.   
 

       
Fig. 1  Cross-section of PLC                                    Fig. 2  Progress on PLC devices   

 
Table 1  Properties of PLC   

 
 

3. Compensators for undesirable fiber characteristics 
3-1. Lattice-form optical filters 

Figure 3 shows the basic configuration of a lattice-form optical filter, which comprises a 
cascade of alternating n+1 symmetrical and n asymmetrical MZIs (n: natural number) [4].  The 
symmetrical and asymmetrical MZIs function as tunable couplers and delay applying parts, 
respectively.  Such filters are attractive because they can realize several kinds of dynamic 
compensator for chromatic and polarization-mode dispersion, and gain non-uniformity.  Since they 
confine lights in the MZIs without radiation, their properties are superior to those of transversal-
form devices [5] in that their losses and loss variations are intrinsically smaller.  The transfer 
functions of the lattice filters are given by a Fourier series with terms identical to the symmetrical 
MZIs,  
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where z denotes exp(j2πneff∆Lf/c0) and ai is the complex expansion coefficient of the series (j: 
imaginary unit, neff: effective refractive index of the waveguide, ∆L: length difference between two 
arms of the asymmetrical MZI, f: frequency, c0: light speed in a vacuum).  By changing ai, we can 



obtain arbitrary and flexible filter characteristics whose performance limits are determined by the 
number n.   

The problem with the lattice filters lies in the difficulty of tuning the MZI phase parameters 
[6].  Recently, we proposed a novel method for tuning the phases in lattice filters accurately to 
obtain desired characteristics without the need for monitor couplers, thus reducing both device size 
and loss [7].  As shown in Fig. 4, our method utilizes an incoherent light and a coherent wavelength 
tunable laser, respectively, to derive phase information selectively for each symmetrical and 
asymmetrical MZI.  TO phase shifters are then driven using the obtained results.   

 

 
Fig.3  Basic configuration of lattice-form filter   

 

 
Fig. 4  Experimental setup for measuring relationship between phase and intensity   

 

3-2. Chromatic dispersion compensators 
Variable chromatic dispersion compensators are becoming increasingly important in high-

speed optical transmission systems with bit rates of 40 Gbit/s or more, where it is essential to 
compensate adaptively for the various dispersions of installed fibers and the dispersion change 
caused by changes in the environmental temperature or path differences in optical networks.  The 
allowable dispersion limit is inversely proportional to the square of the bit rate.  We realized the 
first variable dispersion compensator with a lattice configuration [6], and have recently improved its 
characteristics by adopting the adjustment method shown in Fig. 4 [7].  Figure 5 (a) and (b), 
respectively, show the measured power transmittance and the relative delay time versus the 



wavelength of the compensator (TE mode), whose size, relative index difference (∆), ∆L, and 
numbers of symmetrical and asymmetrical MZIs are 33 x 75 mm2, 0.75 %, 2.067 mm, and seven 
and six, respectively.  The minimum fiber-to-fiber loss was 1.7 dB and the loss deviation was less 
than 2 dB over the entire band.  The dispersion could be varied from –150 to 150 ps/nm every 30 
ps/nm over 40 GHz, which can be used for 40 Gbit/s based non return to zero (NRZ) signals.  We 
have also realized a low-loss compensator module with polarization insensitive properties, and 
confirmed its operation over the entire C-band [8].   
 

         
(a)  Power transmittance                                               (b)  Relative delay time   
Fig. 5  Measured characteristics of variable chromatic dispersion compensator   

 
The fiber dispersion slope, which generates a different dispersion in each wavelength 

channel, is also one of the factors that degrade the quality of high-speed WDM transmission 
systems.  However, it has been difficult to compensate stably for the dispersion slope of 
dispersion shifted fiber (DSF) and non-zero dispersion shifted fiber (NZ-DSF), which are 
indispensable if we are to achieve large capacity transmissions.   We used the lattice configuration 
 

 
Fig. 6  Configuration and parameters of dispersion slope compensator   



to realize slope compensators for N x 20 and 40 Gbit/s transmissions, whose configuration and 
parameters are shown in Fig. 6 [9], [10].  An array of lattice compensators was integrated on one 
silica waveguide wafer with a ∆ of 1.5 % in order to integrate all the equalizers monolithically.  
The pre-dispersion compensated wavelength components on the International Telecommunication 
Union (ITU) grids are combined by a conventional multiplexing AWG and transmitted into the 
fibers.  Each compensator is composed of five asymmetrical MZIs cascaded in series, and each 
has a different compensation value.  Figure 7 (a) and (b), respectively, show the relative delay 
time obtained with the compensators for 16 x 20 Gbit/s, 640 km and 8 x 40 Gbit/s, 320 km DSFs, 
respectively.  The fiber-to-fiber losses were about 7 dB.  We trimmed the waveguide phase shifts 
using local heating and quenching with a high electrical power to decrease the electrical offset 
power, and reduced the total power of a few tens of watts by over 80 %.  We were able to 
construct two other configurations flexibly, namely, two AWGs interleaved with a compensator 
array or a compensator array installed behind a demultiplexing AWG, for in-line or post-
dispersion compensation, respectively.  In addition, we have been investigating a slope 
compensator within a single signal bandwidth for ultra high-speed time division multiplexing 
(TDM) transmissions of more than 100 Gbit/s [11].   
 

         
(a)  16 x 20 Gbit/s compensator                               (b)  8 x 40 Gbit/s compensator   

Fig. 7  Measured relative delay time of dispersion slope compensators   

 
3-3. Polarization-mode dispersion compensator 

Polarization-mode dispersion (PMD) is becoming a serious problem, especially in North 
America and Europe, where even 10 Gbit/s based transmission is impossible in some installed 
fibers because their PMD coefficient is a few ps/km0.5.  The differential group delay and 
polarization state of the two orthogonal polarization modes vary greatly and randomly with time 
depending on changes in environmental perturbation.  This makes adaptive compensation essential 
for PMD compensators.  Figure 8 shows the configuration and parameters of our PMD compensator 
[12].  The polarization beam splitters have symmetrical MZI configurations with stress-applying 
amorphous silicon films.  The compensator splits an incoming signal into TE and TM modes at 
polarization beam splitter (PBS) 1, and converts the polarization of the TM components to TE at 
half waveplate 1.  Phase shifters 1 and 2 change the relative phase between the original TE and TM 
modes, and tunable couplers 1 and 2 couple the two modes.  The two combinations of the phase 
shifter and tunable coupler balance each other complimentarily, and function as an endless 



polarization controller with PBS1 providing the reset operation.  The two modes are then introduced 
into a polarization dependent delay line for compensation and combined again.  This compensator is 
inherently transparent in terms of signal speed.  The on-chip loss was 8.2 dB.  We evaluated the 
compensator with a 43 Gbit/s, NRZ signal, and the measured power penalty versus PMD is shown 
in Fig. 9.  The PMD providing a 1 dB power penalty could be enlarged by 5.5 to 12.0 ps by using 
the PMD compensator.   
 

 
Fig. 8  Configuration and parameters of PMD compensator   

 

 
Fig. 9  Measured power penalty versus PMD   

 
3-4. Dynamic gain equalizer 

A dynamic gain equalizer is needed to flatten the various gain profiles of optical fiber 
amplifiers, whose gain spectra may change due to environmental fluctuations or the add/drop of 
WDM signals.  We have developed a dynamic gain equalizer whose configuration is shown in Fig. 
10 [13].  The polarization properties were eliminated by the polarization diversity technique.  The 
fiber-to-fiber loss including the diversity device was 9.0 dB.  The equalizer comprises ten 
asymmetrical MZIs with one tunable coupler on either side whose free spectral ranges (FSRs) 
increase in 8 nm steps from 8 to 80 nm.  One output port in each asymmetrical MZI is connected 
to one input port in the next-stage MZI in series.  Although the device in Fig. 10 is not completely 
lattice-form and its loss properties are somewhat inferior to the configuration in Fig. 3, it is easier 
to adjust and thus obtain the desired characteristics.  Figure 11 shows raw and equalized spectra 



for the amplified spontaneous emission (ASE) of an erbium-doped tellurite fiber amplifier 
(EDTFA).  The ASE spectrum is flattened over a 68 nm wavelength range with a 0.9 dB ripple, 
and we were able to attain a wideband gain equalizer that covers both the C- and L-bands.   
 

 
Fig. 10  Configuration of dynamic gain equalizer   

 

 
Fig. 11  Raw and equalized spectra of EDTFA ASE   

 
4. Optical signal processing devices for communications 
4-1. Label recognition device 

Optical label recognition may become one of the key technologies for future photonic 
routing networks, where each router has to provide an ultra-high throughput exceeding the electrical 
speed limit.  Figure 12 shows a PLC device for recognizing a 10 Gbit/s, four bit pulse pattern based 
on an optical digital-to-analogue (D/A) conversion technique and its operational principle [14].  The 
pulse train is split into four replicas that are delayed by an integer multiple of the pulse interval and 
are weighted by different factors corresponding to each delay time.  Then one time slot of the 
multiplexed output pulses is extracted by gating.  Thus the label is recognized by this D/A 
conversion in the optical region.  The total fiber-to-fiber loss was 9.9 dB including a weighting loss 
of 6.6 dB.  Figure 13 shows the measured D/A output versus the pulse patterns.  We used 10 Gbit/s, 



return to zero (RZ) pulse sequences with a wavelength of 1550 nm for the measurement.  The solid 
curve is theoretical.  With the current measurement system, the D/A output has a minimum 
detection limit due to noise, but the experimental and theoretical data agreed well.   

 

 
Fig. 12  Configuration and operational principle of optical label recognition device   

 

 
Fig. 13  Measured D/A output versus the pulse patterns   

 
4-2. Optical CDMA device 

Optical CDMA (OCDMA) is a multiple access scheme that discriminates channels with 
differently assigned codes.  It is attractive because it can offer asynchronous multiple access and is 
capable of realizing 1:1 or 1:N access and routing operations in a common channel without optical 
switches, in addition to allowing flexible bandwidth assignment.  We have proposed a novel optical 
encoder/decoder, shown in Fig. 14, for time-spreading/wavelength-hopping (two-dimensional) 
OCDMA, that can provide more flexible codes and greater capacity than two schemes utilizing only 



time or wavelength coding [15].  We monolithically integrated an AWG and an array of sixteen 
delay lines.  The fiber-to-fiber loss was 9.0 dB.  The AWG demultiplexes optical signals with a 
wide bandwidth into sixteen wavelength components.  Each wavelength component is followed by 
a delay line with an alternate cascade of five symmetrical and four asymmetrical MZIs in series.  
The symmetrical MZIs with TO heaters operate as switches, and we doubled the arm length 
differences of the asymmetrical MZIs in order.  We can obtain delays of 0 to 15 ∆L, where ∆L was 
set at 0.542 mm for 10 Gbit/s operation.  A millisecond order switching time is sufficient for 
OCDMA code assignment.  This delay line configuration requires the fewest MZIs, and 
consequently reduces the device size.  Each wavelength component experiences a different delay 
based on the code assignment and is again multiplexed into the output waveguide by the same 
AWG.  We fabricated three devices, two for encoders and one for a decoder, and measured auto- 
and cross-correlations, namely, recovered and unrecovered properties, respectively, in sixteen one-
coincidence code combinations.  We encoded the two RZ pulses with a wide bandwidth over a data 
signal time slot  at  the two encoders  where  different code sequences were assigned.   The encoded 

 

 
Fig. 14  Encoder/decoder for time-spreading/wavelength-hopping OCDMA   

 

               
Fig. 15  Measured auto- and cross-correlations   



pulses  are  recovered  only  when  they  have  a  conjugate  code  sequence  that  matches that in the 
decoder, and under this condition the total delay at each wavelength becomes the same through the 
encoding and decoding procedure.  With twelve code combinations, we were able to obtain 
extinction ratios of more than 10 dB between auto- and cross-correlations, two of which are shown 
in Fig. 15.  The device has other uses including label generation and recognition in photonic routing 
networks.   

 
5. Summary 
 I described our recent advances in photonic functional devices based on PLC technology 
with reference to optical systems requirements.  My main focus was on chromatic dispersion and 
PMD compensators, a gain equalizer, and optical signal processing devices for communications, 
namely, an optical label recognition device and an encoder/decoder for two-dimensional optical 
CDMA.  I believe that these devices will play important roles in the coming advanced optical 
networks.  Low-loss and stable PLC technologies continue to be used to develop highly functional 
optical devices, by themselves or in combination with high-speed active devices.   
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