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Abstrac t  

Configurations, basic characteristics, and the methods for implementation of wavelength-division multi- 
plexers/demultiplexers as the key elements of the end stations in fiber-optics eonnnunication systems axe 
considered. The most important studies directed at practical implementation of wavelength-division mul- 
tiplexers in specific devices based on SiO,~ and InP are reviewed in detail. SiO2-based multiplexers exhibit 
lower losses, whereas devices based on InP make it possible to use the technologies of microelectronics 
and integrating optics and to fabricate radiation sources and passive components on the same substrate. 
Schemes for optical multiplexers with adding and dropping of channels and examples of their implementa- 
tion are given. It is emphasized that high-density wavelength-division multiplexers have small sizes and are 
fabricated by conventional lithography, which makes them promising in wideband optical commmfieation 
systems. 

1. Introduct ion  

The intensive development of fiber-optics (FO) communication systems and the possibility of t ransmit t ing  
large data flows through an FO waveguide pose tile problem of using to full advantage tile entire passband of an 
FO waveguide. At the early stage of development of FO communication systems, the possibility of wide-band 
communication lines based on a single optical carrier with time-dividing channeling was considered. In this 
case, the bandwidth of t ransmit ted frequencies was found to be limited by dispersion phenomena in the  fiber 
and mnounted to a negligible fraction of the passband of the FO waveguide. Later on, various methods  for 
spectral multiplexing (demultiplexing) of optical channels were developed [1, 2]. Separation of channels was 
accomplished with the use of various dispersive components; most often, planar diffraction gratings were used. 
In a number of studies [3 6], waveguide spectral analyzers of the Michelson echelon were used as waveguide 
spectral nnfltiplexers; such an analyzer is, in fact, a waveguide phase grating with a relatively small number  of 
interfering rays and a large constant phase difference between neighboring rays. In the available publications, 
there are a number of terms used tbr the above systems for the ti'equency-division multiplexing/demultiplexing 
in the waveguide integrated circuits: a waveguide spectral analyzer (WSA) of the Michelson echelon type,  a 
waveguide spectral mult iplexer/demultiplexer [or wavelength-division multiplexer/demultiplexer (WDM/D)] ,  
and a spectral mult iplexer/demultiplexer based on arrays of phased waw;guides (PHASAR, AWG, and AWR). 
Conceptually, all the mentioned systems belong to the same (:lass with minor structural differences. Therefore,  
in what follows, we will use the terms adopted from the cited papers. 

Recently, as can be judged from numerous publications, the W D M/D  are the most promising systeins for 
multiplexing the channels because these systems make it possible to use the entire passband of an FO wave- 
guide for communication purposes. Furthermore, a merit of WDM consists in the possibility of implementing 
them with the use of the well-known and well-developed technologies of microelectronics and integrated optics, 
which makes it possible to integrate optical and electronic components in the same chip and also ensure a 
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connection to an FO waveguide. The FO waveguide systems are fabricated by photolithography and do not 
present any unresolvable problems in mass production. 

Modern development of FO communication systems, theoretical and experimental studies of WDM, and 
technological potentials of their fabrication make it possible to pass from the problem of FO communication 
line by large distances (continent-to-continent and town-to-town) to the solution of problems of intercity 
communication lines inclusive of building-to-building lines. In this case, it turns out that, with allowance 
made for the progress in computer techniques, there is an increase in the requirement for the use of increasingly 
larger databases, the necessity of varying these data in real time, and so on. Correspondingly, an expansion of 
the frequency range is also required. The key to the solution of the aforementioned problems is the wide use 
of WDM in the output stages of FO communication lines. According to the review of available publications, 
the scientific and technological base for the industrial use of WDM/D has basically been established. 

2. Basic  S c h e m e s  and F u n d a m e n t a l  Charac ter i s t i c s  

The first suggested schemes of WDM/Ds and WSAs were conceptually the different variants of the known 
spectral device - the Michelson echelon [3-9]. The differences between them were largely related to the method 
of their implementation and the domain of applicability. The formulas defining the basic characteristics of 
WDM/D and WSA are virtually similar in view of the reversibility principle, and they can be derived by 
analogy with the derivation of bulk Michelson echelons [10] with allowance made for the fact that the optical 
beams propagate along the planar (channeling) waveguides or fiber-optics waveguides. Figure 1 shows the 
schemes of disperse WSA systems of transparent type (a), of WDM based on channeling waveguides (b), and 
of WSA based on fiber-optics waveguides (c). The formulas defining the basic characteristics of WDM and 
WSA fabricated on the basis of single-mode waveguides are written as 

h 
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In fornmlas (1), the following notations are used: 
D~ as angular dispersion, 
T4 as resolution, 
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Agv as the angular interval between the neighboring orders of the spectrum, 
6A and 6~ as minimum dist, ance and ininiumnl angle between the lines Rayleigh resolved, 
b as dispersion factor, 
h, as constant path difference between the adjoining stages (waveguides), 
X0 as widt, h of the stages (channels), 
5'1 and 2/2 as effective refractive indices of the steplike structure and the operative waveguide, 

as the wavelength in vacmnn, 
N as number of interfering rays (channels), 
K as the spectrum order. 
For waveguide nmltiplexers based on channel waveguides and FO waveguides (Fig. lb and lc), the dif- 

ference A^/ in the above formulas should be changed to the value of the effective refractive index of the 
corresponding waveguide. In addition, in the case of a reflective WSA, doubling of the optical path length 
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Fig. 1. Schemes of disperse systems: transparent WSA (a), WDM based on chauneling waveguides (b), and VfSA 
based on fiber-optics waveguides (c). (a): i) and ii) thin-fihn waveguides, iii) quartz substrate, iv) planar lens, and 
v) devices for recieving optical signals; (c): 1) laser, 2) planar lens, and 3) fibers. 
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should be taken into account, i.e., A7 should be replaced by 25'. In all the above cases, the expression for 
the dispersion factor is tound to be more complicated than that  for a bulk Michelson echelon because of the 
waveguide propagat ion of radiation. For a WSA (Fig. la) [11], we have 

OA3" Onj 
b = A 3 " -  - Z x ,  ' (2) 

3 

where nj are the refractive indices of the waveguides' media. The  second and third terms on the right-hand 
side of (2) are determined by the waveguide dispersion and the material  dispersion of the waveguides' media 
with allowance made for a fraction of radiation propagating in each medium. Analysis of the dependences 
of the dispersion factor on 3`1, 3'2, and A 7 [11] showed that the terms appearing in (2) can be both negative 
and positive and the value of b can exceed A 3' several times. 

The schemes shown in Fig. I can be fabricated either in hybrid or in waveguide versions. In the former 
case, optical signals A1,...  , An are introduced into the carrier waveguide and then into the dispersive system 
either with the use of a lens and a coupling prism or directly from a FO waveguide with the use of a waveguide 
lens. The spec t rum of the received signal is observed at the exit of the dispersive system in the focal plane of 
the output lens. On the basis of theoretical  studies reported in [6-9], the corresponding models with specified 
calculated parameters  were constructed, and consistent results were obtained. In particular, longitudinal 
modes produced in a He-Ne laser and separated by 0.08 ,~_ were resolved by using the FO spectral analyzer 
with a resolution of 10 G [8]. 

A promising feature in the development of waveguide spectral multiplexers is the integration of dispersive 
and focusing components (see, e.g., [6, 9]). This integration was first suggested and implemented in [6] by 
forming a quadratic-phase distribution at the exit of the dispersive system; this distribution was obtained 
by a slight variat ion in the length of optical channels in the dispersive system. Focusing was observed in 
a planar waveguide in the focal plane of the focusing system. Later,  this scheme was improved (see, e.g., 
[7]) and is now used with insignificant modifications in the major i ty  of works devoted to WDM/D. In such 
a scheme, the input  and output of the dispersive system are coupled with the use of two star couplers that  
act as tbcusing components (Fig. 2). Optical signals at fixed wavelengths A1,...  , A,, coming from the FO 
waveguide are fed to the input of one of the star couplers, propagate along the planar waveguide, and excite 
the channel waveguides of the dispersive system. The latter ha~s a constant ditt>rence in optical path lengths 
between neighboring channels. Optical signal are spatially separated in wavelengths Aj, . . .  , A, in the second 
star coupler and are then fbcused at the output  facets of FO waveguides. Thus, the inimt optical signals are 
demuMplexed. If the ray path is reverse, the system operates as a multiplexer. 

The wavelengths for the TE and TM polarizations are found to be (tifterent if the waveguides exhibit 
birefringence, i.e., if the effective refractive indices for the TE and TM waves (lifter. In order to compensate 
for this difference, a half-wave plate (shown by the dotted line in Fig. 2) is inserted in the middle of the 
waveguide array. The principal optical axis of this plate is set at 45 ° to the waveguide surface in order to 
change the polarization direction of the T E  wave to tha t  of the TM wave and vice versa. Thus, the effect of 
polarization is completely eliminated. In spite of the fact that  o ther  methods of solving this problem have 
been suggested, the ha l f  wave-plate method was preferred because it allowed one to eliminate completely the 
sensitivity to polarization without decreasing the waveguides' birefringence [12, 13]. 

3. Implementation of Wavelength-Division Multiplexers/Demultiplexers 

In connection with the prospects ibr direct use of WDM in communication systems, the following issues 
become especially important: 

at tenuation of optical signals when they pass through the multiplexer, 
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Fig. 2. Dispersive WDM system with the input and output coupled by two star couplers. 

maxinmm nunlber of channels, 
flatness of the amplitude frequency characteristic of the multiplexer over tile channels in the entire range 

of wavelengths (frequencies) of the mlfltiplexer and in a single channel, 
cross-talk interferences, 
insensitivity to polarization, 
the cost of the system. 
These issues are directly related to the materials from which the waveguides are made, to the construction 

of the waveguides, to the details of the circuit design, to the system's characteristics required for specific 
applications, and so on. Some of these issues are considered in what follows. 

3.1. W a v e l e n g t h - D i v i s i o n  M u l t i p l e x e r s / D e m u l t i p l e x e r s  B a s e d  on  SiO) 

When using multiplexers, losses in the systenl are of fllndamental importance. The losses include those 
in rectilinear waveguides, in bent portions, and at connections of planar waveguides with channel waveguides 
and FO waveguides. Considering the losses in general, it is cnstomary to deal separately with "on-chip" losses 
(i.e., ill tile waveguide scheme) and the losses ill the fiber-to-fiber coupling. The latter losses include those at 
the connection of the input FO waveguide with the planar waveguide of tile star coupler and those occurring 
ill inputting the radiation from the second star coupler into the output FO waveguides (Fig. 2). 

Losses ill the waveguides and ill the bent portions of the channel waveguides Call be minimized by choosing 
the appropriate materials of waveguides, their parameters, and using bends with fairly large radius of curva- 
ture. The losses at the connections of the channel waveguides with the planar waveguides of star couplers 
can be significant. In order to reduce these losses, it was suggested to use horns and narrowing wavegnides, 
to vary the distance between output ends of the chamlel waveguides, and so on. For a SiO2/Si waveguide 
system, the fiber-to-fiber losses alnount to 2.3-2.8 dB [14 16]. At the same time, the on-chip losses are equal 
to 1.7 dB [14]. 
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Fig. 4. Cross section of the channel waveguides shown in Fig. 3. 

The losses in WDM were studied systematically using a program tha t  accounted for radiation propagation 
in three-dimensional space [17, 18]. The influence of various parameters of tile channel waveguides (such as 
the thickness of the plate, the waveguide width, the ridge height, etc.) on losses in transferring power from the 
channel waveguides to the star coupler was investigated. The region where channel waveguides are connected 
to the star coupler and the cross section of channel waveguides are illustrated in Figs. 3 and 4. ~Ib relate the 
fields in the channel waveguides feeding the radiation to the star-coupler region to the field at the other side 
of the star coupler, the Fourier transtbrm can be used. Since all the channels are fbcused at a point on the 
other side of the star coupler and since the channels ibrm a periodic array, it is merely required to simulate 
the field emitted from a separate channel. The fields fbrmed as a result of the excitation by other channels 
are obtained by superposition. The procedure for calculating the fields involves the following: 
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Fig. 5. Generation of a phasar from the P-curve. 

The light propagation from a single waveguide channel to the end of the ar ray is considered. Then  
overlapping of the fields with the waveguiding-plate modes is calculated in order  to determine the fields 
produced by using tile star coupler. After that,  the fast Fourier transform is performed.  As a result, the field 
at the other end of the star coupler is obtained. 

A study of the losses showed that, in order to maximize the coetficient of l;ransfer through the star coupler, 
one should use thick waveguide layers, small difference between refl'active indices of the waveguiding layer 
and the substrate, short ridged waveguides, and large filling factors w/a. The  on-chip losses can be lower 
than 0.2 dB for the WDM [a waveguide-grating router (WGR)] shown irr Fig. 3 with the fbllowing opt imum 
parameters of the waveguides: 

thickness of waveguiding plate t = 0.5 pm, 
height h = 4 pm and width w = 7 #m of the ridge, 
distance bctween midlines of the channels a = 9 pro, 
relative difference in refractive indices A n / n  = 0.67% with nsubstr = 1.4457. 
Reduction of losses in the signal propagation depends to a large extent on the appropriate choice of the 

optical:channels' shape. A method for solving the problem of minimizing tile losses is suggested in [19] and 
is based on the procedure reported in [20]; this method consists in the use of a family of polynomial (P and 
WP)  curves (Fig. 5). The lat ter  make it possible to connect the start and end points with curves having 
continuously varying curvature and optimize radiation propagation along the channels with minimum losses. 
Thus, the ininimum dimensions of the system are defined by a given level of losses. Calculations are performed 
using a simple algorithm on a PC. The method proposed was used to design and fabricate a multiplexer based 
on the SiO2 waveguide layer deposited by gas-phase epitaxy onto silicon substrate.  The parameters of this 
multiplexer are listed in Table 1. 

The measured fiber-to-fiber losses were 5 + 2 dB, the average spectral interval between the channels was 
199.5 GHz, and the average passband of the chammls measured at the half-peak intensity was 44 GHz. Within  
the channel's passband, the cross-talk interferences amountcd to 35 dB. 

As a result of the channels' coupling, aberrations appear. In order to diminish these effects, a correcting 
scheme can be used [21]; this scheme optimizes the location of foci of star couplers and the lengths of channels 
in the dispersive system in such a way as to ensure a more precise execution of the Fourier transform in tile 
star couplers. A multiplexer described in [21] can operate as an N x N switch. If N lasers are coupled to 
the inputs of the multiplexer, with each of the lasers being tuned within N wavelengths, then any laser can 
be coupled to an), output  channel. 

In addition to ridged waveguides, buried waveguides and waveguides coated with special layers are used. 
In this case, waveguides whose core had all increased refractive index due to doping, composite waveguides, 
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TABLE 1. Parameters of the SiO2 Waveguide Multiplexer. 

Operating wavelength 1.55 #m 

Refl'active index of the substrate 1.469 

Difference in the refractive indices 1.5 • 10 -2 

Dimensions of the channel 

(width x total height x etched height) 6.5 x 4.5 x 2.5 #m 

Number of input /output  channels 16/16 

Spectral resolution 16 nm (200 GHz) 

Number of channels 60 

Length of the dispersive component 6.1 mm 

Distance between the channels at the input of the star coupler 20 #m 

Interference order 60 

Difference between optical path lengths in two neighboring channels 63.1 #m 

Dimensions of the system 4.2 x 1.7 cm 

TABLE 2. Characterist, ics of Channel-Waveguide Multiplexers. 

Parameters 

Center wavelength A0 

(designed value) 

Spectral  separation of 
channels AA 

Number  of channels N 

Difference in the path 
length AL 

1.5476 pin 

(1.548 #m) 

Experimental  (theoretical) results 

1.5521 # m  

(1.552 tim) 

] .5498 #m 

(1.550 #m) 

0.8 mn (100 GHz) 2 1111] 15 11111 

12.8 Itm 

16 

50.3 # m  

32 

63 # m  

1.5496 #m 

(1.550 #m) 

0.4 mn (50 GHz) 

64 

63 m 

Slab arc length of the 2.38 into 5.68 mm 11.35 mm 24.2 mm 

star coupler f 

Order  of interference 'm 12 47 59 59 

Nmnber  of channels in 30 60 100 100 
the dispers i~ system 

On-chip losses for A0 2.4 dB 2.3 dB 2.1 dB 3.1 dB 

Passband at a level of 6.3 mn (6.3 nm) 0.74 nm (0.75 ran) 40 GHz (37 GHz) 19 GHz (21 GHz) 
- 3  dB 

Cross-talk intert~rences < -28  dB < - 2 9  dB < - 2 8  dB < - 2 7  dB 
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and so on [9, 19, 22-24] were employed. The  core of the channel waveguides has typically an area of 25- 
50 p.m 2 and the difference in refractive indices amounts to a fraction of 0.01 n, which ensures that the losses 
in the radiation propagation along the waveguides and in the regions of waveguide connections to the FO 
waveguides are low (0.05 0.1 dB and ~ 0.1 dB, respectively). Table 2 lists the experimental and theoretical 
characteristics of multiplexers fabricated on the basis of channel waveguides with the cross-section area and 
the difference between the refractive indices equal to 7 x 7/.tin and 0.75%, respectively [25]. 

Comparison of the theoretical and experimental  results listed in Table 2 for various types of multiplexers 
shows that characteristics such as the center wavelength, the number of channels, the spectral interval between 
the channels, and the passband at a level of - 3  dB can be rather accurately predicted by the ray-propagation 
method [25]. Thus, waveguide spectral multiplexers based on SiO2/Si make it possible to realize low fiber- 
to-fiber losses and integrate the optical and electronic circuits on the basis of Si. 

Progress in the field of development of low-loss SiO2/Si waveguides and WDM/D based on them made it 
possible to fabricate reliable and economical modules of nmltiplexers for systems with spectral compression. 
The multiplexing 1 x 8 modules based on SiO.)/Si are brought up to the commercial level [26]. In the 
operation of a multiplexer, stabilization of the center wavelength is extremely important,  which necessitates 
temperature control; the latter requires knowledge of the temperature  dependence of the center-wavelength 
shift. In connection with this, the aforementioned modules were subjected to thermal tests. In this case, 
the multiplexer's parmneters such as the shift of the center frequency with temperature and the thermal 
degradation were of the most interest. The  tests were performed bo th  for systems based on bare crystals 
and for modules encapsulated in plastic. The  modules were provided with special heaters and temperature 
sensors (thermistors). The  tested modules had the following characteristics: 

induced losses < 10 dB, 

interval between channels equal to 200 GHz (1.6 nln), 

polarization sensitivity less titan +0.05 ran, 

effect of losses by polarization amounting to less than 1 dB at room temperature,  

used power 5 W, 

c ~ e  dimensions 100 x 55 x 17 ram. 

The results of tests of encapsulated modules demonstrated that  the induced losses varied insignificantly 
(within ±0.5 dB) after operation for 950 h at a temperature of 85 ° C. The  center wavelength shifted by less 
than 0.01 nm in the course of testing. These experimental results show that  the encapsulated multiplexer 
modules can operate reliably and stably even at enhanced temperatures.  

3.2. Wavelength-Divis ion Mul t ip lexers /Demul t ip lexers  Based on InP 

Until recently, WDM (phasars) based oil SiO2/Si have demonstra ted the best performance and seemed 
to be the most suitable for practical purposes. However, substantial progress has recently been made ill 
the development of waveguide systems based on semiconductor compounds.  The latter IIlake it possible to 
integrate both passive and active devices on the same substrate. Thus,  multiplexers based on the deep- 
profiled-ridged-waveguide structure shown in Figs. 6 and 7 were fabricated [27]. The structure consists of a 
quaternary InGaAsP layer (1 #m thick) and an upper InP layer (1 #m thick), which were grown by molecular- 
beam epitaxy from gaseous sources. The waveguide, 2.5 #m thick, was deeply etched (by ~0.6 pro) below the 
carrier laver by multistep reactive-ion etching [28] in order to remove the polymer from the ridge sides and 
to obtain vertical side walls. The s tructure 's  parameters were designed for obtaining the same propagation 
constants for the TE  and TM polarizations. The advantage of a s t ructure  with deep etching consists in the 
fact that the birefringence is independent of the depth of etching; rather,  it is defined solely by the thickness 
of the waveguiding layer and by the waveguide width. Another advantage of this structure is the high degree 
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Fig. 6. A deep-profiled ridged (nonbirefringent) waveguide structure. 

Fig. 7. SEM photograph of the demultiplexer based on a deep-profiled ridged waveguide structure. 

of optical confinement, which makes it possible to use bends with small radius of curvat.ure (/~ ~ 70 tim) 
without a significant increa.se in the losses. Thus,  very small-sized multiplexers can be fabricated. 

Measurements performed for two polarization-insensitive phasars with 4 and 16 channels in the region 
of 1.55 #m and with dimensions of 0.5 × 0.5 m m  and 1.0 × 0.9 nlln, respectively, yielded the following 
characteristics: 

intervals between neighboring chmmels 3.2 and 2.03 nm, 

cross-talk interferences 28 and 20 dB, 

induced losses 11 and 13 dB. 

These results indicate that  the above multiplexers are suitable for monolithic integration with active 
devices, such as diode lasers, amplifiers, detectors,  and so on. 
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4. Integration of Optical Devices 

The prospects  of using the W D M / D  in the end stations of FO communication sys tems are directly related 
to the possibility of their integration with the radiation sources, detectors, amplifiers, and so on. 

4.1. In tegra ted  Sources  of  Radiat ion  

In the t ransmit t ing stations, tile radiation coming from an array of lasers opera t ing  at the wavelengths 
A1,. . .  , An should be combined and introduced into a single channel in order to be inpu t ted  in the FO wave- 
guide of the  optical comnmnication line. This can be accomplished by using a Y-coupler  array, by combining 
the laser radiat ion with the use of an WDM, by integrating the amplifiers and W D M  into a single unit with 
a single ou tpu t  channel, and by other methods [29-31]. 

Combiners  based on InP [31] were integrated on tile same substrate  with an a r ray  of tbur lasers with 
distr ibuted feedback (DFB) and wavelength 1.55 #m; the spectral  interval between individual emit ters  is 
equal to 2 nm. In this case, the induced losses were significant. Later, the losses were somewhat  reduced. 
Previously, a similar system consisting of six DFB lasers was repor ted  in [29]. Figure 8 i l lustrates an integrated 
scheme of a module that  involves four DFB lasers integrated with a polymeric power 1 × 4 combiner fabricated 
on the same InP substrate.  A pllotograph of the cross section of a polymer buried s t ruc ture  is shown in Fig. 9. 
The module  was fabricated in two stages. The first stage consisted in fabrication of a laser s tructure with 
buried ridged waveguides by molecular-beam epitaxy and by etching with a reactive-ion heron. A junction 
between the  active and passive regions w0~s accomplished by vertical etching down to the substrate  with the 
use of a CH4/H2 /Ar  mixture. The second stage of fabricat ion of the module consisted in the formation of 
a passive combiner based on a polysulfone waveguide as a waveguide layer and of P M M A  frmning layers. 
Polymeric layers were deposited onto the InP substrate with the use of a centrifuge, and the stripe waveguides 
of the combiner were then formed by photolithography and reactive-ion etching [32]. 

Similar modules were fabricated using arrays of lasers with a distributed Bragg reflector (DBR) [33] 
(Fig. 10). As distinct from the DFB lasers operating at a fixed wavelength de te rmined  by the period of 
the Bragg structure, the DBR lasers make it possible to tune the wavelength more flexibly by varying the 
current in the passive section of the Bragg reflector. Thus, an increase in current f rom 0 to 30 mA resulted 
in a variat ion in the laser wavelength by 4.5 nm. Four D B R  lasers operated in the  wavelength region of 
1.55 #m, wi th  the spectral interval between their wavelengths being 4 am. The active-region length of the 
lasers was about  0.900 ram, and the Bragg-reflector section was 0.5 m m  in length. By varying the current in 
the Bragg reflector, it was possible to tram the laser wavelength to an accuracy higher than  -4-0.2 nm. The 
WDM was fabricated using three stages of growth by metal-organic  vapor-phase ep i taxy  (MOVPE).  hfitially, 
an active layer composed of four GaInAsP strained potent ia l  wells with an optical confinement was formed. 
Laser active regions were subjected to dry etching, and a passive senficonductor layer having a bandgap of 
1.3 # m  was obtained by selective epitaxial growth, in the course of which a silicon ni tr ide mask was used. As 
a result, a s tructure composed of active and passive regions (facet-to-facet connected) was realized [34]. A 
s t ructure  composed of a quaternary-compound thin layer inserted between the InP layers in order to be able 
to select precisely the grating's  thickness was grown on the upper  surface of the passive layer. Four gratings 
with differing periods were then fabricated with the use of one-dimensional tlolographic l i thography [35]. The  
first grat ing had a period of 240 ran, and the periods of other  gratings differed by 0.625 ran, which ensured a 
spectral  interval between the emission wavelength of the laser of 4 am. Ridged waveguides of Y splitters in 
the combiner  and the laser waveguides were fabricated in a single lithography process. The  measured power 
of each laser was 0.2 roW. The dimensions of the device constructed were 3 x 1 ram. 

In order to build optical networks with WDM/D,  it is expedient  to use radiat ion sources that  generate 
simultaneously a number of frequencies with stable and str ict ly controlled spectral  intervals between these 
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Fig. 8. Schematic diagramm of the integrated device. Overall dimensions of the chip are 1.2 x 0.5 mm. 
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Fig. 9. A photogra.ph of cross section of the buried polymer waveguide structure. 

fl'equeneies. The inultiffequency lasers are such sources [36]. These lasers (Fig. 11) are, in fact, amplifiers 
with cleaw~d mirror facets, which ( together with a single ou tpu t  port)  form an optical ca.vity. If the mnplifiers 
enstli'e a gain sufficiently high to compensate  for all the losses in the cavity, lasing occurs at tile wavelength 
defined by the filter in the corresponding channel. Thus, each of K amplifiers in the ports from 1 to N 
would emit the optical wavelength Ak. Intervals between optical chamiels are defined to a high accuracy by 
the internal resonator. Simultaneous operation at all wavelengths is achieved by a simple switching-on of 
all amplifiers. Specific information for each optical channel at Ak is provided by direct modulation of the 
bias current of the corresponding amplifier. The operation of a multifrequency laser involving 16 channels 
was demonstrated. The system can provide a power of 13 d B / m  per channel in the case where the signal 
is inputted in a single-mode fiber and all the channels are operating simultaneously. Each channel can be 
lnodulated to a rate of 622 Mb/s,  demonstrating thus a total  bit rate of 10 Gb / s  (16 x 622 Mb/s). The 
measured average interval between channels was 200 GHz. The direct modulation rate was limited as a result 
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Fig. 11. A multifreqnency laser with clea~ed mirror facets for networlcs with WDM/D. 

of delay related to the time of a single pass through the cavity and was equal to 2.5 GHz. If the system's size 
is reduced, a higher modulation rate can be attained. 

A comparison of mutifrequency lasers with the DFB-laser array made it possible to assess the advantages 
and disadwmtages of both systems. Thus, each individual DFB laser can be modulated with a very high 
rate because it has a short cavity. In addition, the size of a DFB laser chip is much smaller than that 
of a lnutifrequency laser because, in the former case, there is neither focusing grating nor waveguide array 
grating. However, an advantage of multifrequency lasers consists in the fact that they make it possible to 
obtain spectral channels located ~o a high accuracy determined by the use of an independent filter for each 
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Fig. 12. Schematic representation of a dispersive waveguide system integrated with photodetectors. 

emitted wavelength [37]. As distinct from multifrequency lasers, the individual wavelengths of DFB lasers 
can be shifted with respect to each other  as a result of degradation.  In addition to these disadvantages of 
the DFB laser array, it nmy be noted that  the internal losses of this array are proportional  to the number of 
channels; therelore, an increase in this number is nndesirable. As a result of the above comparison, we can 
draw the following conclusions: if a small number of channels is needed, the DFB lasers are superior owing to 
their compact size. However, if the nuinber of channels with different wavelengths increases, the possibility 
to control the position of optical channels ill spectral intervals, which is inherent in multifrequency lasers, 
can overcome the disadvantages related to their size. Thus, a multifrequency laser may  find use in systems 
with a waveguide spectral compression, which require a large number  of channels with different wavelengths 
but with a moderate rate of data  flow in each channel. 

4 .2 .  I n t e g r a t i o n  o f  W a v e l e n g t h - D i v i s i o n  M u l t i p l e x e r s / D e m u l t i p l e x e r s  a n d  
P h o t o d e t e c t o r s  

Integration of photodetectors based on InP with demultiplexers based on conventional (nonwaveguide) 
concave reflecting gratings and transmission gratings was reported in a number of publications [38-40]. A 
technology that is more sophisticated with respect to integration of demultiplexers with photodetectors was 
demonstrated on the basis of SiO2 [25, 41, 42] and also InP [43, 44] waveguides. A four-chamml demultiplexer 
having low losses was integrated monolithically to the photodetectors  [44]. The demultiplexer consisted of 
a dispersive waveguide system connected with planar focusing regions (Fig. 12). Ridged waveguides with a 
transverse difference in refractive indices equal to 0.037 and n, eff = 3.29 (for the TE  polarization) were nsed 
in the system. The width and height of the ridge were 2 and 0.35 #m, respectively. Light fl'om the output  
waveguides was fed to photodetectors  via a coupler system nsing tile penetrating field. Tile layer structure 
was optinfized with tile aim of increasing the absorption of the photodetector.  This s t ructure  was grown by 
NIOVPE on the 'l~+-InP substrate [45] and included the following layers: 

an undoped buffer InP layer 1.5 #m thick, 
all undoped wa~s~guiding InGaAs lever ()~gap = 1.3 / t in)  0.6 [/.II1 thick, 
an undoped upper framing waveguide la3<~r 0.3 #m thick, 
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an absorbing n-InGaAs (1 • 1017 cm -3) 0.27-#m layer, 
a nonwaveguiding contact p-InGaAs (2 • 10 ~s cm -3) layer 0.2 #m thick. 
The photodetector has dilnensions 150 × 80 #m. The internal quantum yield was higher than 90%. Outside 

of the photodetector, a layer structure containing thin waveguide layers was grown. 
The multiplexer's characteristics were measured with the use of a tuned laser. The measured interval 

between channels was 1.8 nra. The overall channel passband at the level of 0.5 was 0.7 nm. The demnltiplexer 
integrated monolithically with photodetectors featured losses equal to 3-4 dB for TE polarization and losses 
higher by 0.5 dB for TM polarization. The external sensitivity of the photodetector was 0.12 A/W. The 
overall external losses including the losses in the coupling between the photodetector and the waveguide were 
10 dB, and the cross-talk interferences amounted to 12-21 dB. The system, the photodetectors and the input 
stripe waveguides included, has dimensions 3.0 x 2.3 mm. 

4.3. Optical Multiplexers with Adding and Dropping of Channels 

An optical multiplexer with adding and dropping of channels [an add/drop multiplexer (A/DM)] is a 
device that provides simultaneous access to all chatmels at corresponding wavelengths in WDM/D-based 
communication lines [46-48]. Figure 13 shows the configuration of such a waveguide 16-channel optical 
multiplexer [47]. It involves four WDM/D and 16 double-gate thermo-optical (TO) switches. Four WDM/D 
having identical parameters are positioned at the site where their planar focal regions intersect. In the range 
around 1.55 #m, spectral intervals between channels and the dispersion region were 100 GHz and 3300 GHz 
(26.4 nm), respectively. The signals kl, k,), . . .  , 516 coming fl'om the multiplexer and having identical spectral 
intervals between them are connected to the main input ports (add ports). These 16 signals are separated 
with the use of WDM/D~ (WDM/D2) and are fed to the left-hand branches (right-hand branches) of TO 
switches. Any optical signal fed to a two-way TO switch comes through the cross port of either of fbur Mach 
Zehnder intert~rometers before arriving at the output port. On the other hand, any signal with a certain 
wavelength can be dropped from the main output port attd directed to the branching port by changing the 
corresponding condition in the switch. A signal with the same amplitude as the branched one can be added 
to the main output port if it is connected to the add port (see Fig. 13). For example, if the TO switches 
SW2, SW4, SW0, SW7, SW9, SWl2, SWla, and SW15 are in the position "ON," the separated signals A2, 54, 
A6, 57, A9, At2, Ar~, and Ala are dropped fl'om the main output port (the solid line) and are connected to the 
drop port (the dashed line) as shown in Fig. 14. The cross-talk interferences for the positions "ON . . . .  OFF" 
were less than 28.4 dB, with on-chip losses amounted to 8-10 dB. The above-described add/drop multiplexers 
are very promising for all communication lines incorporating WDM/D and enable the optical network to be 
transparent for signals with high bit rates and large formats. 

The outlook for wide practical application of A/DM has motivated researchers to develop tools for de- 
signing complex photonie integrated networks. For a tbur-channel A/DM, it was suggested to initiate design 
at the symbolic level and, starting from this level, perform a simulation and masking of the breadboard [49]. 
The system of computer-aided design (CAD) used was based on the known specialized system for design in 
the microwave range [50]. 

Sinmlation of a phasar was perlbrmed in two stages. Initially, a phasar configuration with the desired 
specifications (including the nnmber of input and output ports, the (:enter wavelength, and the spectral 
interval between channels) was devised. Then wave, propagation through the phasar was simulated. 

The design of the phasar configuration was based on the description given by Snfit [7] and included two 
star couplers comlected by array rectilinear and bent waveguides. A phasar having N input and M output 
waveguides was described by ( N + M )  x ( N + M )  S-matrices. The elements of the matrix S ij were calculated in 
the following manner. First, the field emitted by the port i and the coupling coefficients for each waveguide of 
the array were calculated by the method reported in [51, 52]. Then, the wave propagation in each waveguide 
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Fig. 13. Waveguide configuration of a 16-channel add/drop optical multiplexer with double-gate TO switches. 
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taking into account losses in tile connections and radiation losses in the bent  waveguides was calcula.ted. 
Finally, the coefficients of coupling between each waveguide in the array and tile output  waveguide j were 
calculated by the same me thod  as was used in the ease of input ports. 

A symbolic representat ion of the 6 x 6 phasar array along with the mask scheme is shown in Fig. 15. In 
the next stage, a model of A / D M  was designed. This multiplexer is composed of a 6 x 6 phasar  and reverse 
waveguide loops. The la t ter  incorporate switches of the Mach-Zehnder-interferoIneter type that  open and 
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Fig. 15. Symbolic representation of a 6 x 6 phasar and a. mask scheme. 

' :  

...... I '  

Fig. 16. Symbolic representa.tion of a four-channel A/DM curcuit. 

close the loops. A symbolic representation of A / D M  is shown in Fig. 16. 

A four-channel A/DM constructed identically to the design was implelnented based on InP  [53]. Compar-  
ison of the results of simulation with those of measurements showed that  the max imum of the  passband of 
an individual channel was shifted by 9 nm. This  was largely due to the difference between the  designed and 
fabricated waveguide structures. The measured losses amounted  to 7-9 dB, and the residual signal in the 
bandwidth of the neighboring channel was ~30  dB lower in ampl i tude  than the input signal. These values 
are in fair agreement with the results of calculations. 
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5. C o n c l u s i o n s  

Waveguide spectral multiplexers/demultiplexers are the key to solving the problem of using the entire 
extremely wide passband of fiber-optics waveguides. The most developed are WDM/D based on SiO2/Si and 
InP. The tbrmer feature lower on-chip losses, while the passive semiconductor (integrated optics) circuits can 
be directly integrated to the radiation sources, amplifiers, photodetectors, and the like. Furthermore, optical 
and electronic components can be combined on the same substrate. Optical WDM systems with dense 
arrangelnent of channels with different wavelengths are fabricated by standard (high-quality) lithography. 
Connections of optical planar integrated circuits to fiber-optics waveguides are well developed and do not 
introduce significant losses. The dimensions of devices (without encapsulation) do not exceed 1 2 cm 2. Such 
characteristics will lead to rapid development of a new generation of inexpensive and commercially viable 
devices not only for long-range communication systems but for local wide-band communication systems of 
the building-to-building type as well. 
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