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A Small-Size Polarization Splitter Based on a Planar 
Optical Phased Array 

ARJEN R. VELLEKOOP AND MEINT K. SMIT 

Abstract-A novel planar polarization splitter based on an optical 
phased array is proposed and demonstrated. The dispersive properties 
of an array of bent optical waveguides is utilized for splitting the two 
polarizations present in the input waveguide. An experimental device 
for operation at a 633-nm wavelength, with dimensions of 0.6 x 2.5 
mm2, was designed and fabricated using conventional (high-quality) 
optical lithography. Insertion losses as low as 0.5 dB and far-end 
crosstalk values of 17-21 dB have been achieved. 

I .  INTRODUCTION 
PROBLEM in designing coherent optical receivers A is that the polarization state of the input signal is 

arbitrary. This problem may be solved by applying a po- 
larization controller, which adjusts the polarization of the 
detected signal to that of the local oscillator, using a feed- 
back signal derived from the detected signal. Because of 
the small magnitude of the Pockels effect in 111-V semi- 
conductors, it will be difficult to miniaturize such a con- 
troller in a monolithical integrated circuit to any extent. 
Further, a number of controllers would be required for 
endless control. 

Recent progress in polarization scrambling techniques 
[ 11 indicates the possibility of polarization-insensitive co- 
herent detection. The polarization at the transmitter is 
scrambled with a high frequency. However, the high 
scrambling frequency imposes a large receiver bandwidth 
requirement, and the “on-off” effect leads to a 3-dB min- 
imum loss. 

Another approach is polarization diversity, i.e., split- 
ting the two polarizations in the receiver and processing 
them separately. The most important component in a po- 
larization diversity system is the TE-TM polarization 
splitter. 

Several concepts have been proposed for planar polar- 
ization splitters. Bergman et al. [2] proposed a splitter 
based on intersecting waveguides (device length 25 mm),  
which showed a 1.7-dB insertion loss and a 12-15 dB 
crosstalk. Ura et al. [3] demonstrated a focusing grating 
coupler with a 4-dB coupling loss, a 14-17-dB crosstalk, 
and a total device area of 1 x 11 mm2. Aarnio [4] re- 
ported the smallest splitter device made so far. It was also 
based on a grating coupler (device length 5 mm) but with 
a channel isolation of 9-1 1 dB. Neyer and Dang [5] re- 
ported a 3-dB loss figure and a 20-dB crosstalk for a con- 
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figuration based on two-mode interference ( device length 
20 mm). Mikami [6] achieved loss and crosstalk values 
of 1.7 dB and 20 dB, respectively, using a 15-mm long 
directional coupler. In addition, this device requires a 
tuning circuit for proper operation. 

In this paper, a new planar polarization splitter with a 
0.5-dB loss and a 20-dB crosstalk for the TM channel and 
a 1.7-dB loss and 17-dB crosstalk for the TE channel is 
presented. The component, which is based on an optical 
phased array and is realized by conventional optical 
lithographic technology, has dimensions of 0.6 x 2.5 
mm2. 

11. BASIC CONCEPT 
Smit [7] proposed and demonstrated that a properly de- 

signed array of concentrically bent waveguides has both 
focusing and dispersive properties. However, the com- 
ponent had considerable loss (evidenced by the occur- 
rence of multiple foci in the focal plane), which is char- 
acteristic in phased arrays. The power coupled to higher 
order beams can be reduced by spacing the individual ele- 
ments more closely. This can be achieved by providing 
the concentric array of a fan-in and fan-out coupling sec- 
tion at both ends, as is shown in Fig. 1. These coupling 
sections gradually adapt the incoming and outgoing beams 
to the set of guided modes. To obtain a smooth connection 
between the concentric sections and the coupling sec- 
tions, an adapter section is required. 

The phase transfer of the complete phased array (in- 
cluding coupling and adapter sections) can be controlled 
by choosing the radii R, of the concentric section such that 
the total length of each channel equals an integer number 
of wavelengths. This choice of the phase transfer will 
transform the divergent incoming beam into a convergent 
outgoing one with the same angular intensity distribution 
so that the source field at the transmitter side will be re- 
produced in the focal plane at the receiver side. Since the 
phase transfer is determined by the product of the propa- 
gation constant 0 and the total length 1, of each channel, 
a small variation of 0 will result in a variation of the phase 
transfer, which is proportional to the channel length. If 
the array is properly designed, the channel length I, will 
increase linearly with i. Consequently, on changing 0, the 
outgoing wavefront will tilt, thus leading to a lateral shift 
of the focal position. 

Since the propagation constant 0 in a waveguide de- 
pends on the polarization as well as the wavelength, the 
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Fig. 1. Polarization splitter geometry with coresponding design parame- 
ters (drawing is not to scale). 

phased array can, in principle, operate as a polarization 
splitter as well as a wavelength (de)multiplexer, provided 
the parameters of the structure are suitably chosen. 

of the adapter section. Through a proper choice of the 
Ri's,  the array is designed such that ai ( P o )  = 0 for all i. 
Consequently 

111. POLARIZATION SPLITTER ANALYSIS 
A .  Phase Transfer 

With the array geometry as depicted in Fig. 1, it is eas- 
ily seen that the phase transfer of the ith channel relative 
to the central channel follows as 

9, = - p  * ( I ,  - I o )  

= -0 ( 2  * (s, - SO) + \k (R ,  - Ro)} ( 1 )  

in which k * ( R ,  - Ro)  is the difference in length between 
the ith and the central channel of the concentric section, 
and 2 * (s, - so) is the same difference for the two adapter 
sections. To obtain focusing action, the radii R, are cho- 
sen equidistant in principle and rounded to the value for 
which the relative phase transfer +, equals an integer mul- 
tiple of 27r. The solution of R, from (1) is discussed in 
more detail in Appendix A. 

B.  Dispersion and Aberration 
Each channel of the phased array can be characterized 

by the coordinate CY, of its starting point at the transmitter 
side (a, being the angular coordinate in a polar coordinate 
system, as depicted in Fig. 1 ). The relative channel length 
1, - lo can be developed in a Taylor series as (Appendix 
A) : 

in which f is the focal length, t is the length of the fan-in 
and fan-out sections, and so is the central-channel length 

The phase-transfer function Gi ( P )  thus contains linear, 
quadratic, and higher order terms in ai. The linear term 
describes the dispersion of the array. The tilting angle de 
of the outgoing wavefront is determined by the tangent of 
the phase difference between two adjacent channels, which 
is expressed as a fraction of the wavelength ( A 9 / 6 ) ,  di- 
vided by the distance f e A a  between the channels ac- 
cording to 

At the receiver end, this angular tilt will cause a lateral 
displacement of the focal point 

For the waveguide structure as described in Section IV, 
which is operated at 633 nm, the relative difference be- 
tween PTE and P T M  is approximately l . 3  percent. If the 
polarization splitter is designed to have zero dispersion at 
the center value Po = 1 ( & E  + & M ) ,  A P / P  becomes 
k0.65 percent for the TE and the TM channel, respec- 
tively. 

Withf = 100 pm, t = 100 pm, so = 190 pm, and \k 
= 1.3 rad, which are representative values for a splitter 
design as discussed in Section IV, the dispersion angle 
BTE,TM = 1.5" and the corresponding dispersive dis- 
placement d = k2.5 pm. This means that the distance 
between the TE and TM receiver waveguides thus be- 
comes 5 pm. 
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The dispersive properties of the splitter also apply to 
wavelength variations so that a wavelength shift AA will 
decrease the splitter performance. As long as these vari- 
ations are within + lo  percent of the relative difference 
( PTE - P,,)/P,, the effect will be small. With the above 
values, the acceptable wavelength fluctuation AA is ap- 
proximately & 1 nm. For longer wavelengths ( 1.3 and 
1.55 nm) and higher contrast, the wavelength stability re- 
quirements will become less critical. 

At the central propagation constant Po the wavefront 
curvature is 1 /f. With varying propagation constant, the 
second-order term of (2) introduces an additional phase 
difference between adjacent channels proportional to the 
square of the angular coordinate of the ith channel ( C Y ; ) .  
This phase difference leads to an additional wavefront 
curvature A c ,  which is described by the second derivative 
of 9. It can be inferred that this extra curvature is de- 
scribed by 

dc -1 d 2 9 / d a 2  _ - _ . -  - 
dP f 2  P 2  . 

The corresponding change in the focal length is 

The aberration a is thus found as 

For small values of so, the ratio d / a  approaches $'P. In 
the above example, the aberration a T E , T M  of the two chan- 
nels thus becomes f3.4 pm. 

C. Insertion Loss 
The field intensity distribution in the focal plane is de- 

termined by the multiplication of the array function of the 
phased array (Fig. 2,  pattern b ) ,  with the angular radia- 
tion pattern of the singular waveguides (Fig. 2 ,  pattern 
a )  leading to a decreasing field intensity next to the op- 
tical axis (Fig. 2 ,  pattern c). To estimate the correspond- 
ing loss, the mode profile of the singular waveguides is 
approximated as Z(x) 2: exp ( - 2 x 2 / w i ) ,  where the ef- 
fective beam waist wo is computed from wo = 2 / &  - 
Z(x) dx, and where the integral is being taken from 0 to 
00. The radiation pattern of such a Gaussian profile fol- 
lows ;If 

2 1 0 ;  2 Z(O) = [ e - @  ] 

in which the effective beam width Bo = A / r w 0  = 2/Pw0 
( A is the wavelength in the film). 

The dispersion angle Omax corresponding to the maxi- 
mum acceptable loss L,,, thus follows as 

(9) 

Fig. 2. Field intensity distribution I as a function of the dispersion angle 
8. The field intensity (pattern c )  is formed by the product of the angular 
radiation pattern of the singular waveguides (pattern a ) ,  and the array 
function of the phased array (pattern b ) .  

For the waveguides described in Section IV, Bo becomes 
approximately 6" .  With a maximum acceptable channel 
loss L,,, = 0.5 dB, the dispersion angle Om,, becomes 
1.5". 

D. Channel Crosstalk 
Small derivations in the transfer characteristics of the 

array from the ideal case will predominantly affect the 
channel isolation properties and will have less of an effect 
on the insertion loss. There are a number of mechanisms 
degrading the channel isolation, and these will be dis- 
cussed as follows: 

If the receivers are placed close to each other, part 
of the receiver power in the focal plane will not only 
couple to the intended receiver waveguide but also 
to the adjacent one. Because the field distribution in 
the focal plane is the optical image of the transmitter 
mode profile, this effect is easily estimated by taking 
the overlap integral of the fundamental modes of the 
adjacent waveguides. An expression for this mech- 
anism is derived in Appendix B. For the wave- 
guides described in Section IV and a waveguide 
spacing of 5 pm, a channel isolation of -60 dB is 
predicted. 
Adjacent waveguides in the fan-in and fan-out sec- 
tions will exhibit some mutual coupling. Because the 
waveguides in the fan-out section are excitated with 
the same phase and only a slightly different ampli- 
tude, there will be negligible mutual coupling. Once 
it arrives at the fan-in section, the light has travelled 
through channels of different lengths. Conse- 
quently, the modes in the different waveguides will 
have different phases, and some mutual coupling that 
distorts the output plane phase distribution will oc- 
cur. This mechanism will be negligible for most ap- 
plications, as is shown in Appendix C. 
Due to the higher order terms in (3), a degradation 
of the focal field will occur, thus leading to an in- 
creased crosstalk between the two different receiver 
channels. It is seen from (2) that the contribution of 
the third and higher order terms is approximately a 
fraction a 2  of the linear term. Even at the ex- 
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treme ends of the array, this contribution will gen- 
erally be less than 1 percent. 

4) Transitions between straight and bent waveguides, 
as well as waveguide imperfections, may cause par- 
tial conversion of the fundamental mode to higher 
order lateral modes. If these modes, with different 
propagation constants, are guided by the array 
waveguides, which is the case for the bimodal 
waveguides applied in the present design, they will 
distort the phase transfer. Similar distortion will oc- 
cur in the case of polarization conversion at wave- 
guide imperfections 

5 )  Random fluctuations in the waveguide properties 
(width, thickness, refractive index), will produce 
local variations in the propagation constant /3 and 
will consequently lead to random phase fluctuations 
in the output plane. These phase fluctuations pro- 
duce background radiation in all directions, thus 
leading to channel crosstalk. 

The two latter effects, which are due to stochastic imper- 
fections in the waveguides, can only be determined ex- 
perimentally. 

IV. POLARIZATION SPLITTER DESIGN 
Because an accurate measurement configuration oper- 

ating at a 633-nm wavelength is available, the experimen- 
tal polarization splitter was designed for this wavelength. 
However, using the same principles mentioned before, 
polarization splitters operating at longer wavelengths 
(e.g., 1 .3  or 1.55 pm)  can easily be designed. 

An important issue in designing the polarization splitter 
is the choice of the waveguide width and the optical con- 
trast. A small waveguide width w allows for a close spac- 
ing of the receiver waveguides. Through ( 5 ) ,  this leads to 
a small value off ,  t ,  and so and, consequently, a small 
device size. The minimal waveguide width is determined 
by the geometrical reproducibility of the lithographic pro- 
cess. A compromise was found in a waveguide width of 
2 pm. 

A high effective-refractive-index contrast allows for a 
small radius of curvature but causes the waveguide to be- 
come multimode and the waveguide attenuation to in- 
crease. A compromise was found in a bimodal waveguide 
structure with a contrast A n  = 0.02, which combines a 
waveguide attenuation of 2 dB /cm with negligible radia- 
tion loss for radii greater than 700 pm. The computations 
were based on the work of Pennings et al. [8]. 

The splitter was designed on an insertion loss L,,, of 
0.5 dB, which occurs with the above waveguide param- 
eters at a dispersion angle of 1.5" (10). With this value 
of the dispersion angle, a focal lengthfof 100 pm is re- 
quired to arrive at a dispersive displacement of d = 2.5 
pm. As shown in Appendix B,  the predicted channel iso- 
lation for a channel separation of 5 pm is - 60 dB. 

The adjacent waveguides in the fan-in and fan-out sec- 
tions will exhibit some mutual coupling. In Appendix C. 
it is shown that this coupling is negligible if the length z 
is chosen the same as the focal length t = f = 100 pm. 

TABLE I 
DESIGN PARAMETERS AND THEORETICAL PROPERTIES OF THE POLARIZATION 

SPLITTER 

= 633 nm wavelength 

propagation constant TE %E = 15.58 urn 
propagation constant TH hH = 15.38 urn 
central propagation constant 8, = 15.48 urn 
propagation constant shift A8 = tO.10 urn 
focal length f = 100 urn 

= 800 Um 

fan-in fan-out section length t = 100 pm 

transceiver maximum angle 
number of waveguides N = 24 
adapter central length S = 190 vm 

concentric section angle P = 1.3 rad 

-1 

-1 
-1 
-1 

A0 

RO 
central channel radius 

a = 0.23 rad max 

dispersion angle eTE,TH = i1.50 

dispersion displacement dTE,TM = r2.5 um 
aberration aTE,TM = t 3 . 4  um 

= 0.45 dB channel insertion loss 
channel crosstalk < -45 dB 

Lmax 

The number of waveguides Np determines the aperture 
width of the phased array. Due to the finite width of the 
array aperture, the field distribution at the output plane 
will be truncated and side lobes, which cause channel 
crosstalk, will occur in the focal plane. For a rough esti- 
mate of the side-lobe levels, it is noted that the power in 
the side lobes will be of the same order as the power in 
the truncated part of the field distribution. This power is 
equal to the spillover at the input plane. If a,,,,, is chosen 
to be twice the effective beam width eo, the spillover is 
estimated to be less than 0.01 percent. In the worst case, 
dll this power is coupled into the adjacent channel so that 
the channel crosstalk will be -40 dB at the most. For the 
2-pm waveguides chosen, Bo = 6".  With f = 100 pm, 
this leads to Np = 24. 

To avoid radii smaller than 700 pm at the lower part of 
the concentric section (see Fig. l ) ,  Ro is chosen to be 800 
pm. To connect the fan-in and fan-out sections smoothly 
with the concentric section, the adapter section contains 
two circular waveguide sections with slightly different ra- 
dii. If the central adapter section length so is chosen too 
small, the radius of one of the circular sections may be- 
come smaller than 700 pm. From Appendix A, it follows 
that this will not happen if so 2 Ro sin amax. A value of 
so = 190 pm is found to be sufficient. 

Once f ,  t ,  and so are determined, the concentric-section 
sector angle follows from ( 5 ) .  With a relative propagation 
constant shift Ap/p = 0.65 percent, this angle becomes 
\k = 1.3 rad. 

Table I summarizes the design parameters and the cor- 
responding theoretical properties of the phased array. 

V. SIMULATION 
A numerical simulation can be performed by following 

the transmitted signal through the device. First, the lateral 
fundamental-mode profile is calculated in the transmitter 
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Fig. 3. Numerically simulated power transfer for the TE and the TM chan- 
nel as a function of the propagation constant p. The design values for 
PTE and PTM are indicated. 

waveguide using the effective-index method. Next, the 
two-dimensional diffraction field in the input plane of the 
phased array is determined. The coupling of this field to 
the guided modes of the array is computed by taking the 
overlap integral of this input field with the sum field of 
the individual modes in the input plane of the array. To 
compute this sum field, it is assumed that the excitation 
coefficients of the individual channels are proportional to 
the amplitude of the excitating field. The propagation 
through the array is described by exp ( -j/31,), where I, is 
the total channel length. At the output plane, the sum field 
of the individual channels now becomes the source field. 

Finally, the two-dimensional diffracted field in the fo- 
cal plane is calculated. This field is overlapped with the 
modal fields of the receiver waveguides to compute the 
power coupled to the different receiver channels. 

The coupling at the receivers and the higher order terms 
in (2) (Sections 111-D-1 and 111-D-3) are inherently ac- 
counted for in this simulation. The mutual coupling is 
negligible (Appendix C) , whereas the stochastic imper- 
fections can only be determined experimentally. Fig. 3 
shows the power coupled to the TE and TM channel as a 
function of 0. The lobes occurring below -45 dB are 
caused by the finite aperture of the phased array and are 
in good agreement with the rough estimate made in Sec- 
tion IV. As can be seen from Fig. 3 ,  the predicted inser- 
tion loss and channel isolation at the values of /3 corre- 
sponding to PTE and PTM are approximately -0.5 dB and 
- 50 dB, respectively. 

VI. FABRICATION 
The experimental devices were realized using a 

Si02/A1203 /Si02 waveguide structure on a silicon sub- 
strate. The waveguides werc fabricated by RF-sputter de- 
positing a 0.25-pm A1203 film ( n  = 1.69) onto a ther- 
mally oxidized silicon substrate, as described by Smit et 
al. [9], [ 101. The lateral waveguide structure is produced 
by atom-beam milling a 40-nm step in this layer through 
a photo-resist pattern. The 2-pm waveguide pattern is ob- 
tained by projecting a chromium mask, which is created 
by an optical pattern generator (ASET COMBO 250), onto 
an image-reversal resist film (Hoechst 5214 E) with a 4 X 
Canon reduction camera (FPA 141). The etched structure 
is covered with a 0.6-pm RF-magnetron sputtered Si02 

Fig. 4. Photograph of the polarization splitter. The two bent waveguides 
at each side of the phased array and the two straight waveguides are 
reference channels. 

layer ( n  = 1.46) so that an embedded ridge-guide struc- 
ture is obtained. 

Fig. 4 shows a photograph of the experimental device. 
The two bent waveguides at each side of the phased array 
and the two straight waveguides are used as reference 
channels. By comparing the simultaneously excitated ref- 
erence channels with the receiver channels. loss and cross- 
talk values can be determined. 

VII. EXPERIMENTAL RESULTS 
The experimental device was investigated by selec- 

tively coupling TE- or TM-polarized light from an He-Ne 
gas laser operating at 633 nm into the planar waveguides 
with a prism coupler, as described by Pasmooij et al. [ 1 13. 
The device was cleaved at the position indicated in Fig. 
1. The endface of the device is projected onto a CCD 
video camera with a microscope objective. The signal 
from the camera is digitized and processed by a computer. 
Fig. 5 shows photographs of the camera observations for 
the two polarizations. An intensity scan over the different 
channels is shown in Fig. 6 .  

Insertion loss can be determined by comparing the in- 
tensity of the receiver channel with the intensities of the 
reference channels, as is shown in Fig. 6. Table I1 lists 
the values measured for four different devices. The values 
measured for devices 3 and 4 are less representative due 
to a poor match of the required values of PTE and PTM. 
From the listed values, it is clear that an insertion loss 
close to the theoretically predicted value of 0.5 dB is ob- 
tained for the TM channel (device 2). The extremely low 
values listed in Table I1 are most probably due to mea- 
surement errors, which are estimated to be within f0.5 
dB. The higher loss for the TE channel is not yet under- 
stood. 

Channel isolation is determined by comparing the 
transmitted signal intensity for a single polarization with 
the signal level in the other channel after removing a 
20-dB optical attenuator. The crosstalk values of 17-20 
dB (devices 1 and 2) are worse than the theoretical pre- 
dictions but are comparable with results published so far. 
Stochastic waveguide imperfections (Sections 111-D-4 and 
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Fig. 5. Camera observations of the channels at the cleaved-end face of the 
device for (a) TE polarization and (b) TM polarization. 
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Fig. 6 .  Intensity scan of the TM polarization. Estimated insertion loss is 
0.25 dB. 

TABLE I1 
MEASUREMENT RESULTS OF FOUR DIFFERENT DEVICES. CROSSTALK VALUES 
ARE DETERMINED I N  RELATION TO THE OTHER RECEIVER C H A N N E L .  I N  THE 

SECONO COLUMN, THE MEASURED MISMATCH OF THE EXPERIMENTAL 
DEVICE RELATIVE TO THE DESIGN VALUE Is INDICATED 

0.03 -21.1 

0.05 1.7 -17.0 

0.12 1.5 -17.6 
4 0.12 2 . 1  -19.0 

-19.3 
-20.2 
-13.3 

0.3 -17.0 

111-D-5) may be responsible for this performance degra- 
dation. Results of research on these effects will be pub- 
lished in future work. 

VIII. CONCLUSIONS 
A new polarization splitter based on an optical phased 

array is reported. A number of experimental devices were 
realized using conventional (high-quality) optical lithog- 
raphy with 0.5-1.5-dB insertion loss and 17-20-dB cross- 
talk. These results are comparable with the best results 
reported so far, but they have been achieved with a con- 
siderably smaller device size (0.6 X 2.5 mm2). 

APPENDIX A 
THE PHASE TRANSFER 

The individual waveguides of the fan-in and fan-out 
coupling section can be described by their angular devia- 
tion ai relative to the central channel (Fig. 1) with ka,,, 
being the relative angles of the extreme channels. The ith 
waveguide of the fan-in section is smoothly connected to 
the concentric section by an arc over an angle a; and with 
a radius 

Pi = 

ai = { i  - i ( N p  + 1 ) )  * d p / f  

( A I )  
so + (f+ t )  - ( 1  - cos .Ij) 

sin ai 

1 5 i 5 Np (A2) 

in which so is the length of the central channel in the 
adapter section,fis the focal length, t is the fan-in section 
length, w is the waveguide width, and Np is the number 
of waveguides. The radius of the corresponding channel 
in the concentric section is 

R , =  Ro + 2  f - t t + 2  e t a n i a ;  (A3) ( 3 
where Ro is the radius of the central channel. 

becomes 
The total relative length Zj - lo of the ith channel thus 

Zi - lo = P (Rj - Ro) + 2 * (ayi * pi - SO). (A4) 
The development of (A4) in a Taylor series in ai, after 
substitution of (Al)  and (A3), yields the expression of 
(2). To meet the phase-transfer requirement for the ith 
channel, Ri has to be changed by a small amount dR; (to 
be calculated further on). This change dRj  introduces a 
connection error between the adapter section and the con- 
centric section. This error can be prevented by dividing 
the adapter section into two circular waveguide sections 
(each over an angle $ CY,,,) with radii 

Pi1 Pi - AP; ( A5a ) 

pi2 = p; + Ap; - dR; (A5b ) 
in which 

dR; (a; # 0) .  (A6) 
Apj 

2 - 4 2  + 2 * cos a;) 

If ai = 0, then dRj = 0 and the adapter waveguide be- 
comes straight. The length si of the ith channel in the 
adapter section follows as 

(A71 s. t = a. 1 . ( ~ i - $ * d R i )  

so that the corresponding total relative length becomes 

1, - Zo = P (Ri - Ro) 

+ 2 (CY; * p; - SO) - dR; (P + a). (A8) 
To obtain focusing action, the dR; have to be chosen such 
that ( Z i  - lo )  equals an integral number of wavelengths. 
If the solution is chosen closest to zero for the dRi, Rj  will 
become nonlinear in ai, as can be seen from (A3). Be- 
cause the tangent of ai is described by a; + $ * a? + 
O(a5), this nonlinearity can be avoided by choosing for 
dRi the value closest to 

APPENDIX B 
MODE COUPLING IN THE RECEIVER CHANNELS 

At the receiver, the channel isolation is determined by 
the overlap of the modes in the receiver channels. The 
channel isolation follows from the overlap integral 

* ( f + t + $so) c y 3 .  

(B1) 

U ( X )  * U ( X  - d,) dr 

r l =  
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in which d, is the distance between the center lines of the 
receiver waveguides, and U ( x )  is the lateral mode profile 
in the waveguides. Substitution of the expressions for 
U ( x )  into (Bl) yields the following results: 

2 - (1 - b )  - exp [ - v  (d, - w )  * m / w ]  

n = [  1 + 2 / ( V *  &) 

in which w is the waveguide width, V is the normalized 
frequency, and b is the normalized propagation constant 
as described by Unger [12]. 

For the waveguide structure described in Section IV, V 
and b have the values 4.7 and 0.78, respectively. With w 
= 2 pm and d, = 5 pm, the channel isolation becomes 
10 log 11 < -60 dB. 

APPENDIX C 
MUTUAL COUPLING BETWEEN Two WAVEGUIDES 

To obtain a rough estimate of the coupling effects in the 
fan-in section, the coupling between two adjacent wave- 
guides is considered using the weak-coupling approach. 
The mutual coupling between two adjacent waveguides 
depends on the distance between those waveguides and 
the waveguide properties. For weak coupling, the cou- 
pling coefficient can be described as [12] 

(C1) - v . a ( z ) / w  c ( z )  = K e 

with 

(c2 1 2 * vu2 
K =  p * w 2  * (U’ + U ’ )  * (1 + 2v) 

in which U and v are the normalized transverse propaga- 
tion coefficients, p is the propagation constant, w is the 
waveguide width, and a ( z )  is the z-dependent distance 
between the two waveguides. This distance is propor- 
tional to z in the phased array according to 

(c3) 
W 

a ( z )  = - - z .  
f 

The cumulative coupling effect over a length t of the fan- 
in section follows from the integral of (Cl) as 

It is seen that the contribution to the integral for z > t is 
negli ible ( < 2 percent) if ( v / f  ) t 2 4. With v = V 
* where V and b are the normalized frequency and 
propagation constant with values 4.7 and 0.78, respec- 
tively, the corresponding length t approximately equals f .  

Substitution of these values into (4) yields I (  03 ) = ( f  
- P/v) 2: 0.0032. The power transfer to the adjacent 
waveguide is described by sin2 { I (  t )  } , and it follows that 
the cni inl in~ effects in the fan-in section are negligible. 

Although the computations were based on the weak-cou- 
pling approximation, which fails close to the output plane, 
it is believed that the results are indicative for the mag- 
nitude of the effects. 
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