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FINAL REPORT 

INTEGRATED OPTICAL COMPONENTS FOR 

OPTICAL COMMUNICATION SYSTEMS 

to 

UNISYS CORPORATION 

from 

GEORGIA INSTITUTE OF TECHNOLOGY 
School of Electrical Engineering 



GEORGIA INSTITUTE OF TECHNOLOGY 
SCHOOL OF ELECTRICAL ENGINEERING 

ATLANTA, GEORGIA 30332 

TELEPHONE: ( 404 ) 894- 4701 

October 24, 1988 

Dr. Gerald F. Sauter 
Unisys Corp. 
P. O. Box 64525, M/S U1L14 
St. Paul Minn. 55164-0525 

Dear Jerry: 

Enclosed are three copies of the final report on our work on the 
design of an integrated optical switch for multimode communi-
cation systems. As you will see, we have finally arrived at a 
design which we believe will perform the function we were after. 

We are still proposing the use of acoustic transducers mounted in 
pits in the planar waveguide surface, so there will be additional 
work needed to collect the necessary engineering data on these 
transducers and on the acoustooptic interaction with multimode 
guided waves. The required additional steps are outlined in the 
report. 

By an amazing coincidence, one of my students told me that he had 
been working at Unisys in Huntsville with Michael Beasley 
(205/837-7610) and that he was convinced that Beasley was looking 
for a switch for a fiber communication system. If you have no 
objection, I will call him to see if this is true. If it is, I 
will ask for your permission to send him a copy of our report. 

Bill Hint's student has started to work on collecting the data 
required to make some initial material selections for a glass 
substrate for a multimode (or single mode) A-0 switch, and our 
work on the double-diffusion technique for making lenses and 
other passive components is proceeding well. 

We've enjoyed working with you and you colleagues and will keep 
you posted on our waveguide work. 

Sincerely, 

Carl M. Verber 
Byers Professor 

A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA 

AN EQUAL EDUCATION AND EMPLOYMENT OPPORTUNITY INSTITUTION 
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I. INTRODUCTION 

The program whose results are summarized in this report was 

initially guided by a Statement of Work which contained the 

following four tasks: 

Task 1. Integrated Optical Designs for Nonblocking Switches  

List, discuss and compare the possible integrated 

optical approaches to the design of a nonblocking 

switch. 

Task 2. Detailed Design Studies  

Using the results of Task 1, at least two approaches 

will be selected for the subject of detailed design 

studies. 

Task 3. Experimental Device Studies  

Critical devices and components identified in Task 2 

will be fabricated and characterized. 
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Task 4. Recommendations for Continued Switch Development  

This Task will be devoted to planning the next phase of 

this program. It is assumed that this will deal with 

the design and fabrication of a 32 x 32 nonblocking 

switch as well as preliminary work on a WDM system. 

As the result of discussions with the Unisys staff early in 

the program, it was decided that the experimental device studies 

would be removed from this program and that the constraints of 

the specific application, that of a switch in an fiber-optic 

avionics system, should be included at the start. This implies 

that reliability, maintainability, expandability and low cost are 

more important than high data-rate capability and leads 

immediately to the conclusion that multimode systems should be 

considered in preference to single-mode systems. 

II. INTEGRATED OPTICAL DESIGNS FOR NONBLOCKING SWITCHES 

A survey of integrated optical switches comprises Appendix A 

of this report. Switches based on total internal reflection, 

electrooptic gratings, directional couplers, interferometric 

principles, magnetic interactions, surface acoustic waves, etc. 

are described. These are all applicable to single-mode channel 

or to single-mode planar waveguides. This is due to the fact 

that the electrooptic and magnetooptic effects which are employed 

to control the waveguide index, fall off sharply with distance 

from the surface where the electrodes are located. It was 

therefore concluded that none of these designs were suitable for 

the multimode nonblocking switch, since there would be 

intolerable losses involved in the coupling of multimode fibers 

into a single-mode integrated optic switch. 

It is important to note that if the switch connects single-

mode input fibers to multimode output fibers, 'this conclusion is  

not valid. In fact, while the connection of an array of single-

mode fibers to an IOC is difficult, it can be done with less than 
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1 dB loss per connection. The connection of multimode fibers to 

the output of the single-mode IOC is much less difficult and 

entails negligeable loss. The switch design which we emphasize 

was conceived for multimode-to-multimode connections. Single-to 

multimode connection would favor one of the more conventional 

lithium niobate switches. 

In an effort to be fully consistent with the multimode 

device format suggested by the avionics application, we arrived 

at an acoustic design which has the advantage of allowing 

broadcast operation as well as nonblocking switching. 

'This acoustooptic (A-0) switch can also be used as a wavelength-

division multiplexing element and it can be adjusted to correct 

for source wavelength changes which may be due to component 

replacement or thermal .  drift. 

III. DETAILED DESIGN STUDIES 

A. GENERAL COMMENTS  

Integrated Optic Multimode Acoustooptic Switch  

The integrated optic multimode acoustooptic switch concept 

is shown schematically in Figure 1. The switch is based upon the 

principal that a simple lens will cause all rays incident at an 

angle a to come to a focus at a point on the focal line of the 

lens which is a distance ftan -1 0 from the optic axis. The Figure 

shows N parallel, equidistant input channels each of which is 

followed by a beam expander which is required to reduce the 

diffractive spreading of the beams. Each beam then passes 

through an acoustic beam which deflects it according to the 

frequency applied to the acoustic transducer. The acoustic waves 

are generated by miniature bulk transducers which are mounted in 

shallow pits which are ion-milled or reactive-ion etched in the 

waveguide. The transducers are designed to produce an acoustic 

wave which is not a surface acoustic wave (SAW), but a surface-

skimming wave (SSW) whose depth matches that of the multimode 

optical waves. The pits serve both to position and hold the 
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Figure 1. Schematic illustration of the multimode A-0 switch concept. N 
input fibers are butt coupled to the left end of the integrated optical 
circuit. The beams from the fiber outputs pass through beam-
expanding telescopes to reduce diffraction. Each beam then 
passes through a surface-skimming acoustic wave generated by a 
set bulk transducers located In pits in the waveguide surface. The 
Fourier-transform lens then directs each beam to the appropriate 
output channel. Two sets of output beams separated by the angle 
et are shown. In normal operation each Input beam would be 
directed toward a unique output channel. 



transducers and to block the acoustic wave from adjacent 

transducers thus preventing crosstalk. 

The angle a is determined by the acoustic wavelength A and 

the optical wavelength x according to the expression 

sin a = x/(2A) 	 (1) 

where a is usually written e., the Bragg angle. The efficiency 
of the grating is determined by the amplitude of the acoustic 

wave and can approach 100%. The switching pattern is determined 

by the frequencies driving each of the transducers. 

While operating as a nonblocking N x N switch, each of the 

A-0 transducers would be driven by a single, unique frequency. 

However, the properties of the acoustooptic (AO) interaction 

impart a number of interesting and potentially useful properties 

to the switch. For example: 

If a transducer is driven by N frequencies rather 
than a single frequency, the optical beam will be split 
into N beams. In this way a one-to-N or broadcast mode 
of operation can be achieved. Of course, there is a 
decrease in the power per output channel. 

If there is a drift in laser wavelength due to 
thermal or aging effects, an appropriate offset can be 
introduced in the drive frequency so that the 
deflection angles are preserved. 

If lasers of N different wavelengths are used, the 
switch can be set to deflebt all of the inputs into a 
single output channel. This allows the switch to be 
used as a multiplexer or demultiplexer in a wavelength-
division multiplexing system. 

Material Selection  

Glass is a natural choice for the waveguide material since 

it is inexpensive, available in large sizes, can support a 

variety of passive optical components, can have a fairly high 

acoustooptic figure of merit and can support multimode wave-

guides. Not all of the data required to select the optimum glass 

are available in the literature, so some experimental work may be 
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required before a selection is made. In the search for the 

optimum glass the following characteristics must be considered. 

+ Optical losses and scattering must be compatible with 
the application. Losses result from absorption which 
is a function of glass composition and scattering which 
is due to a combination of glass composition and the 
waveguide fabrication technique. Composition effects 
are usually not a problem in high quality glass. 
Waveguides are usually made by an ion exchange 
technique; silver for sodium in sodium-containing 
glasses is the usual technique. High quality 
waveguides are obtained by using low-sodium glass since 
this limits the exchange rate and tends to produce a 
more uniform silver distribution. Using BK-7 glass, 
losses of less than 0.1dB/cm have been obtained in our 
laboratory. 

+ The waveguide must be deep enough to match the core 
diameter of the multimode fiber. This can be done in 
many glasses by using electric-field assisted ion 
exchange. This cannot be done in other common substrate 
materials such as LiNbO3. 

+ The index of refraction of the waveguides should be a 
reasonably good match to the fiber index so low-loss 
fiber-to-waveguide coupling is possible, and reflec-
tions are minimized. This should not be a problem for 
most glasses. 

+ A method must exist for fabrication of the rectangular 
recesses into which the transducers are inserted. 
Excellent reactive ion etching results have been 
demonstrated with some glasses. However, we have been 
told by the NTT workers who developed the RIE technique 
that BK-7 does not etch well. Apparently this is 
related to the low sodium content. 

+ The material should have a good acoustooptic figure of 
merit so that high diffraction efficiency can be 
obtained with reasonably low acoustic powers. 

Two critical points in the selection of a specific glass are 

A-0 figure of merit and the existence of a suitable method for 

fabricating the recesses required for transducer mounting. In 

addition, lens formation techniques will have to be evaluated. 

We have been currently working with a double-exchange procedure 

in which a planar waveguide is formed by an exchange in a low 

concentration silver chloride solution and a high-index region is 
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then formed by exchange through an integral mask in a high 

concentration solution. This work has thus far been limited to 

guides which support one or, at most, a few modes. Index ratios 

exceeding 1.05 have been achieved. Techniques for the fabrication 

of deep guides, probably using field-assisted exchange will have 

to be perfected. 

B. DEVICE DESIGN CALCULATIONS  

The basic switch design problem is to determine the switch 

geometry and performance in terms of: 

N, the number of input and output channels 

s, the minimum spacing between input channels 

w, the beam diameter in the interaction region 

fo, the center acoustic frequency 

Af, the acoustic bandwidth 

F, the lens focal length. 

Two approaches to the design are presented. The first is 

based directly on Figure 1. As will be seen, diffraction 

problems arise which are overcome by the insertion of an array of 

beam-expanding telescopes in the input beams. With the beam 

expansion, the "Focal Plane Design" seems quite feasible. Even 

so, we have looked at a "Four-F Design" in which the input and 

output channels are located a distance 2F from the lens. This 

design produces the desired equality of input and output spot 

sizes. However, it results in a larger and more complex device, 

which not only requires two sets of A-0 transducers, but which 

requires an acoustic bandwidth which would be very difficult to 

attain. Both designs are discussed below. 

The Focal Plane Design 

Wavelength Choice  

In order to carry out the design calculations an operating 

wavelength must be assumed. Although this system can function 
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with LED sources, we choose as our starting point the wavelength 

xo = 0.78 mm, which is the nominal output wavelength of the very 

inexpensive (<$25) diode lasers which are being produced for the 

compact disk industry. 

Acoustooptic Interaction  

The switch design is predicated on the assumption that an 

acoustic wave launched as indicated in Figure 2 will not fan out 

in depth, and will therefore efficiently overlap the optical 

beam. The optical waveguide is fabricated by introducing silver 

ions into the glass thereby increasing its index of refraction. 

This process also decreases the acoustic velocity and will 

therefore help to keep the acoustic wave confined to the region 

of the optical waveguide. The process of exciting surface 

skimming waves is discussed in some detail in Appendix B. 

We must consider both the geometric aspects of the 

acoustooptic interaction and the power-related aspects. We deal 

here with the geometric issues; the power-related issues are 

discussed in Appendix B. The relationship between the Bragg angle 

®B, the acoustic grating period A, and the optical wavelength in 

the medium x, was given in Eqn. 1. The geometry is shown in 

Figure 3. The grating period is related to the acoustic 

frequency by 

A fa = va, 	 (2) 

where v a  is the acoustic velocity. 

Beam Divergence: 

For a focal-plane system, the output spot diameter is equal 

to Ftanco where F is the focal length of the lens and 0 is the 

divergence of the beam on the input side of the lens. Similarly, 

the maximum linear deflection range in the focal plane is equal 

to FA0 where A8 is the angular deflection range of the optical 

beam due to the A-0 interaction. Assuming a diffraction-limited 
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Figure 2. A lithium niobate transducer bonded to the side of a 50 p,m deep 
pit in the waveguide surface. The acoustic wavefronts are indicated 
by dotted lines and the diffracted optical wave by solid lines. The 
metalization pattern and leads are not shown. 
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Figure 3. The geometry of the acoustooptic interaction. 
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input beam, the fundamental limit on the number of Rayleigh-

resolved spots into which a given input beam can be directed is 

N = A0/0diff, 	 (3) 

the ratio of the angular range of the A-0 deflector to the 

divergence angle of the input beam. We first calculate the 

angular range of the deflector and then express the minimum 

acceptable beam divergence in terms of the number of desired 

output channels. 

It is difficult to drive a transducer over a frequency range 

of more than one octave because of harmonic effects. We assume a 

one octave range of 200 to 400 MHz and an acoustic velocity of 

4 x 10 5  cm/sec, an average handbook value for several glasses. 

Table 1 shows the acoustic wavelengths and Bragg angles for a 

nominal wavelength of 0.78 um and an index of refraction of 1.5. 

TABLE 1. Acoustooptic Parameters  

= 200 MHz 
f o  = 300 MHz 

fmax = 400 MHz 

A 	 eB 	 0.D. B  

(km) 	(rad) 	(deg) 
20.0 	0.0130 	0.745 
13.3 	0.0195 	1.117 
10.0 	0.0260 	1.490 

The total angular range available is 0.013 rad. 

If we assume that our goal is an 8 x 8 switch, then Eqn. 3 

indicates that the beam divergence for Rayleigh-resolved spots is 

0.0016 rad. We should do considerably better than this, 0.8 mrad 

being a suitable goal for SOdiff to minimize crosstalk in the 

output channels. 

Beam Width  

For a diffraction limited beam the limiting aperture and the 

diffraction spread are related by 

95 diff = X/Wo = xo/nwo, 	 (4) 
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where: 	 xo = wavelength in air 	= 0.78 um 

n = mode index 	 = 1.5 

= wavelength in the medium = 0.52 um 

wo = diameter of the limiting aperture. 

We have chosen a mode index typical of that which is obtained 

using glass waveguides. To achieve 9diff = 0.8 mrad implies a 

beam width of 0.65 mm. This is considerably larger than the 

50 um which is a typical multimode fiber core diameter. However, 

since (Pdiff = 10 mrad for a 50 pm spot, we have no choice but to 

incorporate a beam-expanding telescope for each of the input 

channels. 

Transducer Spacing  

For small diffraction angles, the beam width after 

traversing a path-length p in the planar waveguide is 

w= Wo 	p 	 (5) 

If the total path length in the region is 10 mm, the beam will 

expand to w = 0.6508 mm, so a clear space of 1 mm between 

transducers will be ample. The transducer should fit in 1 mm-

wide slots, so the transducer spacing should be 2 mm. 

Acceptance Angle  

We examine briefly the variation of diffraction efficiency 

with departure of the optical beam from Bragg incidence. The 

diffraction efficiency is a maximum when the optical beam is 

incident upon the grating at the Bragg angle. The efficiency 

falls off according to 

r)(68) = nmaxsin( 6 e)/(Set 	 (6) 

where 66 is the departure of the angle of incidence from the 

Bragg angle. 

The angular separation between the half-power points is 

approximately A/d, where d is the depth of the grating. To 

maintain less than a 1 dB variation in the diffraction efficiency 

we will set A/2d as an acceptable full angular bandwidth. Using 

the center frequency from Table I, and a 1-mm-wide acoustic beam 
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(equal to the width of the transducer) we get a 1 dB angle of 

0.014 rad. Since this is an order of magnitude larger than the 

beam divergence calculated above, we can assume uniform 

diffraction of the beam. 

Wavelength Limitations: 

The diffraction efficiency also has a wavelength dependence 

which goes as [sin(Sx)]/Ox, where dx is the departure from the 

wavelength which satisfies Eqn. (1) at a particular angle of 

incidence. It can be shown that the half-power bandwidth is 

given by 

LX3dB x 2 A 2 /d, 	 (7) 

and that the 1 dB wavelength limit is 

Ax ft A 2 /d. 	 (8) 

For the same parameters used above, Eqn. 7 yields 

Ax ft 0.18 gm, 

which is much larger than the linewidth of any source we might 

consider using. 

Lens Design  

The Fourier-transform lens is one of the key components of 

the switch. We will discuss here the requirements which drive 

the lens design and the practical limitations on the design. 

Lens Diameter: The diameter of the lens is determined 

primarily by the number of input channels N, and their separa-

tion s. Of secondary importance are the beam diameter w, and the 

width g, of the guard bands which are required to avoid lens edge 

effects. If we take g = 3 mm and use the previously derived 

values for the other quantities, we get 

D = 2g + (N-1)s + w = 20.65 mm. 	 (9) 

Focal Length: The collimated beams incident upon the lens 

can arrive at any of eight angles which are separated by angular 

intervals 68. The lens focuses these beams to eight spots in the 

back focal plane. If the separation between these spots is x, 
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then the focal length of the lens is 

F = x/tan(6®). 	 (10) 

A clear objective is to minimize the focal length of the lens to 

decrease the overall device size. However, this cannot be done 

to the extent that it drives the f/no below that which can be 

reasonably fabricated. 

It can be shown that for a given n = ni/nz, where nl is the 

index of the lens and n2 is the index of the surrounding medium, 

that the minimum achievable f/no is given by 

(f/no)min = 1/2 ([n + 1]/[n - 1]) 1 / 2 	 (11) 

We have demonstrated values of n up to 1.05 for single-mode 

guides which leads to a minimum f/no of f/2.3. We Assume that we 

can achieve f/2.5 for a lens in a multimode guide. This leads to 

a focal length of 50 mm and a spot separation x = 93 gm. The 

distance between the first and the eighth output spot will 

therefore be 0.651 mm. A set of fanned-out channels to match 

this array of spots to a set of output fibers can easily be 

fabricated. 

Spot Size:  As stated above, the minimum spot size in the 

focal plane is determined solely by the diffraction spreading of 

the incident beam. The diameter of the spot is 

w = Ftancodift 	Fx/wo. 	 (12) 

which in the present case is 40 gm. This is less than the 

assumed fiber core diameter and should therefore be easily 

coupled into the fiber. 

We have only one other consideration; we must ascertain that 

the range of angles which must be coupled into the fiber is 

consistent with the numerical aperture of the fiber. For eight 

input channels, the inputs are spread over a distance of 7s + 2w. 

The half-angle describing the range of incident angles at the 

focal plane is (3.5s + w)/F, or 8.70. The NA of the fiber is 

determined by the critical angle which is sin -1 (ni/n2) = 81.9 0  if 

we assume a fiber with a core index 1% higher than the cladding. 
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The complement of this angle is 8.10, just slightly less than the 

cone which we want it to encompass. These numbers are close 

enough so that a small change in the index ratio (to 1.0125 

rather than 1.0100) or a small reduction of the channel spacing 

(to 1.8 rather than 2.0 mm) will reverse the situation and allow 

the entire range of angles to be coupled. 

Design Variations  

In order to easily investigate the effect of varying the 

design input parameters, a simple spread sheet was constructed 

which, more-or-less follows the above design procedure. The 

spread sheet, which is shown in Figure 4, was constructed using 

Lotus Symphony but can be reproduced using Lotus 1-2-3. The 

input parameters and the calculated results are displayed in the 

Figure. In Step 1, a one -octave rf sweep is assumed and the 

deflection range is calculated. In Step 3 there is a check to 

assure that the beam spread is less than three times the grating 

acceptance angle. This assures approximately uniform diffraction 

efficiency over the entire beam. 

Figure 5 displays the equations used in the calculation both 

symbolically and in the spread-sheet notation. The latter refer 

to the rows and columns indicated in Figure 4. 

As an example of the utility of the spread sheet we can 

investigate the diameter and the focal length of the Fourier-

transform lens as a function of the number of input and output 

channels. The results are shown in Table 2. An f/2.5 lens is 

assumed as this is considered to be feasible using the double-

ion-exchange technique. 

TABLE 2. Lens Parameters(mm) vs. Switch Capacity 

Switch 	Beam 	Lens 	 Focal 
Capacity Width 	Diameter 	Length 

8 x 8 0.64 20.9 52.3 
16 x 16 1.28 47.5 118.7 
32 x 32 2.56 131.3 328.3 
64 x 64 5.12 421.8 1054.5 
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1 

	

2 	 A - 0 SWITCH 
3 
4 1. Calculate the wavelenght in the guide and the total deflection 

	

5 	angle on the basis of the source wavelength, mode index, acoustic 

	

6 	velocity and drive frequency. Use fu = 2 fl. 
7 

	

8 	INPUT PARAMETERS 	 CALCULATED RESULTS 

	

9 	 eqn. 
10 Wavelength-air (um) 
11 acustc vel.(cit/sec) 
12 acustc freq.(MHz) 

	

13 	lower 

	

14 	center 

	

15 	upper 
16 mode index 
17 grating depth (mm) 
18 
19 
20 
21 
22 
23 
24 2. Allowed diffraction spread = (1/2)(range of deflection)/number of 

	

25 	channels. Use to calculate minimum beam width. 
26 

	

27 	INPUT PARAMETERS 	 CALCULATED RESULTS 
28 
29 number of channels N 	8.00 : allowed diff. 
30 spread (mrad) 	phi 	0.8127 (5) 

	

31 	 : minimum beam 

	

32 	 width 	(mm) 	w 	0.63987 (6) 
33 
34 3. Check to see if 3*phi < grating acceptance angle. 
35 

	

36 	 : acceptance ang.(mr)dthta 13.3333 (7) 
37 

	

38 	 : OK = 1 	 1 

	

39 	 : STOP = 0 
40 
41 4. Using accepted value of w determine the transducer spacing 

	

42 	asuming 1 mm for transducer pit and 0.4 mm beam clearance. 
43 

	

44 	 beam separation (mm) 	s 	2.04 
45 5. Calculate the lens diameter using the beam separation and 

	

46 	the guard band width g. 
47 
48 lens guard bands(mm)g 	3.00 : lens diameter (mm) D 	20.9 (8) 
49 
50 
51 6. Calculate the lens focal lenght assuming f/2.5 lens can be made. 
52 
53 f/no. 
54 
55 7. Calc. distance between 
56 
57 

Figure 4. Symphony spread sheet for the Focal-Plane design. 

lo 	0.78 
v 4.0E+05 
f 

: wavelength-wg (um) 

acustc wvingth(um) 

1 

L 

0.5200 (1) 

fl 	200 : 20.0000 (2) 
fo 	300 : 13.3333 (2) 
fu 	400 • 10.0000 (2) 
nm 	1.50 : Bragg angl.(mrad) thta 
d 	1.00 t minimum thmin 13.0003 (3) 

center tho 19.5012 (3) 
maximum thmax 26.0029 (3) 

: Deflection range THTA 13.0025 (4) 

2.50 	: 

focal 

focal length 	(mm) 	f 

spots in focal plane. 

52.3 (9) 

: spot spacing (um) 	x 97.14 (10) 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

SPREAD SHEET FORMULA EQ. 
'NO. 

ALGEBRAIC EQUATION 

10 +1)10/D16 (1) 1 	= lo / nm 
11 
12 
13 +SD$11/(100*D13) (2) L 	= 	(10E4 	v)/(10E6 	f) 
14 +sD$11/(100*D14) (2) 
15 +$0$11/(100*D15) (2) 
16 
17 9ASIN($7$10/(2*J13))*1000 (3) thetaBragg = ASIN(1/2L) 
18 (4ASIN(SJS10/(2*J14))*1000 (3) 
19 OASIN(SJ$10/(2*715))*1000 (3) 
20 +J19-J17 (4) THTA = thmax - thmin 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 (1/2)*J20/029 (5) phi 	= 	(1/2>THETA/N 

31 
32 +J10/(J30) (6) w = 1 / phi 
33 
34 
35 
36 +J14/(D17*1000)*1000 (7) dthta = L /d 
37 
38 1 
39 0 
40 
41 
42 
43 
44 +J32+1.4 
45 
46 
47 
48 2*048+(D29-1)*J44+732 (g) D = 	2g 	+ 	(N-1)s 	+ w 
49 
50 
51 
52 
53 +748*D53 (9) f = D 	* 	f/no. 
54 
55 
56 
57 +J53*J20/(D29-1) (10) x 	= 	f * 	THTA 	/ 	(N-1) 

Figure 5. 	The algebraic expressions and the spread-sheet formulas 

corresponding to Figure 4. 
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As the number of channels is increased, the lens diameter 

grows superlinearly since diffraction considerations force an 

increase in the beam diameters. The lens parameters quickly get 

out of hand and essentially determine the dimensions of the 

switch. A 16 x 16 device would seem to be the maximum practical 

switch. It would have an overall length of about 20 cm and could 

be expected to have an optical waveguide loss of less than 3 dB. 

If we removed the one-octave limitation on the A-0 

transducers and incorporated transducer arrays so that beam-

steering could be accomplished, the pressure on the beam width 

would be relieved and a 32 x 32 device could be considered. 

The effect of the f/no was also investigated for the 8 x 

switch. The lens diameter remains constant. The effects of 

increasing the f/no on the focal length and the spot separation 

are displayed in Table 3. 

TABLE 3. Switch Parameters vs. f/no  

Focal 	Spot 
Length 	Separation 

f/no. 	(mm) 	(gm)  

	

2.5 	52.3 	97 

	

3.5 	73.3 	136 

	

5.0 	104.6 	194 

	

6.0 	125.5 	233 

As can be seen, there is much to be gained in overall device 

size by using the smallest possible f/no. However even with an 

f/6 lens the device is not too large and we gain in not having to 

fabricate a set of channel waveguides to fan out the closely, 

spaced spots to register with the output-fiber array. 

The Four-F Design  

Another approach to the switch design is based upon the fact 

that objects a distance 2F from a positive lens are imaged with 

unit magnification at a distance 2F from the other side of the 
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lens. The implication is that identical fibers can be used for 

the input and output arrays without the use of beam-expanding 

optics on the input end. However, as can be seen in Figure 6, 

the problem with the 4F design is not the spot size, but the fact 

that the beams from different input channels hit the 2-F plane 

at different spots even though their angle of incidence on the 

lens is the same. They, of course, pass through the same spot on 

the focal plane so an A-0 deflector can be used here to bring the 

beams (individually) to the same spot on the 2-F plane. The 

major concerns here are the angular range required of this second 

deflector set, and the budgeting of space in the focal plane. 

Since the unity magnification automatically handles the 

diffraction problem, the minimum input aperture is determined by 

the acceptance angle of the acoustic wave. From Eqn. 6 we again 

get 0.014 rad. The aperture corresponding to a diffraction-

limited beam with this divergence is 37 mm, so we are safe with 

fibers and coupling channels having a 50 gm core diameters. This 

eliminates the need for the beam expanders required in the focal-

plane design. 

Focal-Plane Space Budget  

Beam Separation. Assuming collimated beams as in Figure 6, 

it is evident that, if the 81 is the angular separation imparted 

to two adjacent channels by the A-0 deflector, then the resulting 

two focal spots are separated by a distance 

y2 = Ftan 81, 	 (13) 

independent of the input beam involved. 

Spot Size in the Focal Plane. While we assume that the 

input beams are diffraction-limited, they are by no means 

collimated. Assuming 50 gm apertures and a 0.52 mm wavelength, 

the beam spread due to diffraction is p = 0.01 rad. The spot 

size in the focal plane due to this divergence is 

bye = Ftan co = 0.01F. 	 (14) 
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-2F ••• F 0 F 2F 

Figure 6. The four-F design. The first set of A-0 deflector are located in 
the -2F plane. The output channels are in the +2F plane. Two of 
the N input beams are shown. When deflected at the same angle 
a in the -2F plane, the beams intersect in the focal plane. A 
second A-0 deflector is then required to bring these beams to a 
common spot in the output (2-F) plane. There will have to an array 
of deflectors, one for each output channel. For this drawing, the 
input beams are assumed to be perfectly collimated. 
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Using deflection increments of 0.8 mrad, Eqn. (13) indicates a 

beam separation of 8 x 10-4 F in the focal plane. Clearly we 

cannot tolerate a beam diameter larger than the beam separation 

in the focal plane, since we must have room for the second set of 

A-0 transducers between the beams. 

A solution to the focal-plane space budget problem might be 

to increase the deflection angle in the input plane. To get a 

2 mm beam separation would require incremental beam deflections 

of 0.040 rad or a total deflection range of 0.28 rad (16 deg.). 

We 'do not believe that this is feasible, and therefore favor the 

focal-plane design. 

IV. RECOMMENDATIONS FOR CONTINUED SWITCH DEVELOPMENT 

A. ACHIEVING A 32 x 32 SWITCH  

According to the data of Table 2, it is reasonable to think 

of a monolithic 16 x 16 switch. It should have overall 

dimensions of about 150 mm x 400 mm (6" x 16") and should 

therefore be compatible with standard relay-rack packaging. A 

32 x 32 switch can be assembled from six 16 x 16 units as shown 

in Figure 7. However, there are a number of tasks which must be 

completed successfully before an attempt is made to make even an 

8 x 8 or smaller switch. 

B. TASKS REQUIRED FOR FURTHER SWITCH DEVELOPMENT  

As can be seen with reference to Figure 1, the A-0 switch 

requires beam expanding telescopes, a large Fourier-transform 

lens, transducers for the production of surface skimming waves 

which are matched in depth to the multimode optical waveguide, 

and arrays of butt-coupled multimode fibers. We are currently 

working, on an internally-funded program, to perfect ion-exchange 

techniques for lens fabrication in single-mode guides. This work 

must be extended to multimode guides. We are also planning a 
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Figure 7. 	A method for assembling an N x N switching network from six 
N/2 x N/2 units. The example shows an 8 x 8 nonblocking switch 
assembled from 6 4 x 4 switch units. 
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program to investigate the characteristics of the acoustooptic 

interaction in multimode waveguides. 

After preliminary work on the lens and A-0 problems it 

should be possible to select an optimum glass to the A-0 switch. 

It would then be possible to carry out a detailed design study, 

based upon the glass and waveguide characteristics. This would 

be followed by a fabrication and testing program. 
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A Survey of Integrated Optical Switches 
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A. Switches Based on Total Internal Reflection (TIR)  

These switches can be made for use in both planar and channel 

guides. For planar guides, Sheem and Tsai [P1 1,2] used a guide formed 

with a "built-in" channel, or strip, of guide with a lower refractive 

index, as in Fig.1, with electrodes at the edges. An applied field can 

be used to alter the critical angle, so one can, by adjusting the angle 

of incidence with zero applied field, switch both into or out of TIR. 

Response is shown in Fig.2 for the case where the light is initially 

transmitting and the field switches into TIR. Note that the transmitted 
light does not reach zero and the reflected light does not appear to 
reach TIR, probably due to residual tunneling. This kind of switch can 

not reach zero reflection because of the built-in index difference, but 

it appears to have only a small residual reflection. 

It would appear that there might be real advantage to using the 

purely electrooptic TIR switches, of the kind discussed below for ' 
channel guides. 

(4) 

Ref a) 

(b) 

I 	I 

I  

" 17 " 

Fig. 1. Guided-light beam switching and modulation using a built-in 

dielectric channel: (a) device configuration; (b) refractive index 
profile of the dielectric channel. 

Fi g. 2. Transmitted and reflected light intensities vs dc drive 

voltage. 

NOTE: The references have been divided into groups: 
"P1" means the planar guide group, p. 11 
"Ch" means the channel guide group, p. 12-13 
A third group, "GaAs Technology" is included 
on p. 14. 
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For channel guides, both the "built in" [Ch 5,6,10] mirror, altered 

by an electric field, and the purely electrooptic device are used. 

Naitoh et al [Ch 5,10] utilize binary branching channels, as in Fig.3, 

with a mirror along the branch bisector and electrodes to modify the 

critical angle. Tsai et al [Ch 6] use an intersecting channel (4-port) 

with electrodes, and sometimes a built-in mirror, placed in the 

intersection (Fig. 4). The Tsai device operated in the 20-50 Volt 

region, higher voltages corresponding to lower crosstalk. The Naitoh et 

al device used much higher voltages in the implemented versions, up to 

300 volts; however, it should be noted that their channels separated at 

five degrees; an extremely large separating angle. It should be 

possible to reduce the voltages required for both devices, by use of 

smaller electrode spacings and/or lower separating angles, to quite low 

values. There are engineering tradeoffs involving drive voltage, speed, 

crosstalk, and separating angle. 

yLx 

G 
Fi g. 3. Basic structure of a mirror type optical switch array. The 

effective index of the shaded guide is larger than that of the unshaded 
guide. X, Y, and Z represent the crystal axes of LiNbO 3 . 



B. Switches Based on Electrooptic Gratings (EGG).  

For planar guides, these switches are very simple to fabricate, 

consisting only of one or more electrode sets on a planar waveguide. 

The electrode sets can be interdigital, having a form similar to those 

used for generation of surface acoustic waves (SAW), Fig.5. With good 

design, the gratings can be made efficient, upwards of 95%. However, 

for switching applications, a 5% inefficiency is too large, and steps 

must be taken to eliminate the undiffracted light from the output 

channels. This is often done geometrically.Ref.[P1 3] arranges the 

elements of a-2x2 switching matrix so that the undiffracted light falls 

in unused places (Fig.6). It is difficult to see how one can expand 

this to many channels. Ref.[Pl 9] implements a 1x4 matrix (Fig.7). 

This might be useful for a TDM demultiplexer. 

For channel guides, Chen and Meijer [Ch 4] use a structure similar 

to that used by Tsai for a TIR switch (Fig.8) to implement a four-port 

switch. In the implemented device, losses were high, indicating 

imperfect alignment or mode conversion. Becker and Chang [Ch 2] use a 

crossing-channel structure (Fig.9) as an element in a (proposed) switch 

matrix. The single crossing-channel element was implemented and 

evaluated. Performance was generally good. The switch was compared to 

the TIR switch of Tsai, discussed above. 
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Fig. 9. Illustration of an integrated optical channel 
waveguide communication bus. 



C. Switches Based on Directional Couplers (DC). 

By far the largest number of switch designs involve the use of 

directional couplers, with coupling adjusted by use of the electrooptic 

effect. These are intrinsically channel-guide structures. References 

[Ch 1,3,7,8,11,and 13-19] in the list for channel guides are concerned 

with directional couplers. 

The most commonly-used coupler switch is the stepped coupler, 

illustrated in Fig.lO.. The basic scheme of operation is to alter the 

synchronism of the coupled guides using the electro-optic effect. It is 

easy to obtain 100% straight through operation with a single electrode 

set, but difficult to obtain 100% transfer to the second guide unless 

the coupling region is exactly the correct length--a serious fabrication 

problem in integrated optics. By splitting the electrodes, one can 

accomplish either switch state by using the first set to achieve 

exactly 50% transfer and then using the second either to complete the 

transfer or (by reversing the voltages relative to the first set) to 

reverse it. Very good switching characteristics can be obtained. The 

drawback to this kind of switch is space--the device length is 

prohibitively long if several of them are to be combined into a matrix. 

Ogiwara and Yamamoto [Ch 1] use a three-channel coupler (Fig.11) to 

achieve a 3x3 switch. The use of a 3x3 as a switching-matrix element is 

motivated because the number of switch stages required to exchange a 

given number of channels is reduced when larger switches are used. An 

example: 7 stages of 3x3 can exchange 81 channels while 12 stages of a 

2x2 are needed to exchange 64 channels (example from ref. Ch 1). The 

authors propose the switch and present numerical calculations; no known 

experimental data are available. Ogiwara [Ch 8] has given a separate 

theoretical discussion of control problems in this switch. Mitsunaga et 

al [Ch 14] propose a 3-branched waveguide (Fig.12) as a component in the 

fabrication of a 4-port switch. Some experimental work is also 

presented. Their guides were not monomoded, so the extinction was not 

as good as desired, but the data are impressive. 
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Fi g. 12.  Schematic diagram of an optical multimode 3-branched 
waveguicie fabricated in Ti-diffused Z-cut LiNbO3, where the main 
guide and each branch are SO and 40µm wide, respectively, with the 

branching angle of 8 i• 1•. 



Campbell and Li [Ch 7] have designed a multimode switch that they 

call a MONGOOSE. Devices have been fabricated and evaluated, with good 

results. The switch uses wa.veguide imaging. In addition to these 

switch types, there are several reports of directional-coupler switches 

fabricated in GaAs. This technology, which may someday allow 

monolithic integration of integrated optical circuits complete with 

sources and detectors, is not now in a state where many practical 

applications are at hand, but developments are taking place. The 

bibliography includes several papers on this material. 

D. Switches Based on Interferometric Principles (IP).  

An interferometric switch operates in the general manner outlined by 

Zernike [Ch 	and illustrated in Fig.13. The basic idea is applicable 

to both planar and channel guides. Input light is split into two equal 

parts; one part is phase shifted; then the two parts pass on to a second 

mixing stage (coupler or beam combiner). If the phase shift is zero, 

the light is recombined into one output direction. If it is, then the 

light all passes into the second output direction. 

Implementation of an interferometric switch in a planar guide could 

be accomplished using surfate gratings or electrooptic gratings for 

beam splitters and combiners and a set of electrodes located in one path 

to produce the phase shift. Better control over diffraction can be 

achieved by using channel guides. In either case, the switch is 

basically a Mach-Zehnder interferometer. While interferometers have 

been used for other purposes, little has been reported about their use 

as switches. 
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E. Switches Based on Crossing Channels and Electroolotic Effect (CC).  

A number of workers have investigated the question of how to utilize 

channel waveguides that simply cross one another. The difficulty in 

channels that cross at small angles is that the input guides will couple 

to one another as they approach the intersection, leading to strong 

crosstalk (equal power division). For large crossing angles, the light 

"sees" an effectively infinite width guide at the intersection; so 

losses are very high. One solution to this is to make the intersection 

region have a higher index, so that, at least at large intersecting 

angles, the light is confined to the intersection. For small angles, 

this leads to possible TIR at the intersection edge, and the problem is 

aggravated. The TIR switches for channel guides that were discussed 

earlier can be adapted for use in crossing channels (without 

enhancement of the intersection index), as can the electrooptic 

gratings. Indeed, as discussed earlier, the paper by Becker and Chang 

[Ch 4] investigated both of these devices. 

F. Switches Based on Magnetic Interactions (MI).  

Magnetic interactions with waveguided light are relatively little 

investigated because of the limited materials for the waveguides. 

Tienetal [P1 8] have investigated magnetooptic interactions using 

single-crystalline ferrimagnetic films of Y3Ga0.75ScO. 5Fe3.75012 

(Yttrium-Gadolinium-Scandium ferrite) as waveguide. A switch that 

utilizes the mode conversion from TE to TM light due to the Faraday 

effect in an applied field. The field is applied using the serpentine 

electrodes shown in Fig. 14 from that paper. 

Fig. 14. 	Schematic drawing of the film-waveguide magneto- 
optical switch in operation. As the current in the serpentine 
circuit Is on and off, the light beam emerging from the output 
prism coupler switches between two different directions. 
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TE and TM light have different propagation constants, and so emerge 

from the prism coupler in different directions, and are detected 

separately. The input light is all TE, so the modulation from the mode 

conversion can be used for a switch. The switch can operate to GHz 

frequencies. The questions of configurations to make purely thin-film 

versions and how to array the switches were not addressed in the early 

paper. Interest in magnetooptic interactions for switching appears to 

have disappeared as attention of workers was concentrated on 

electrooptic materials. 

G. Switches Based on Other Principles (OP).  

Here, we discuss a few miscellaneous switch types that are not 

easily classified. Favre and Rivoallan [P1 4] describe an electrooptic 

modulator/switch formed in z-cut Ti:LiNbO3. The device is shown in 

Fig.15. The applied field, through the large electrooptic coefficient, 

r33, causes a region of increased refractive index under one elctrode 

and a region of decreased inedx under the other. The region of 

increased index forms a "guide", i.e., a region where the guided wave 

tends to move. Depending on the sign of the applied potential, the 

light is moved under one or the other of the electrodes. At the end of 

the electrode, the light encounters one or the other of the waveguides 

delimited by the triangular metallic overlays, and is guided in 

different directions. 

lig./A chdma du commutatcur. 

indica iffectif Fry 

Fi g. 15. En pointiUd, variation d'indice obtenue dans la couche 
lorsqu'on applique une tension sur les Electrodes. 
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A paper by Voitenko and Red'ko [P1 7] discusses an unusual switch 

design [Fig. 16]. It is a 1x3 switch utilizing a planar Ti:LiNbO3 

waveguide. The central portion of the output of the planar guide--the 

section that would receive the unperturbed input light--becomes a 

channel guide over some region, and the channel is interrupted over an 

0.8 mm length section. The shape of the mask that prevents Ti 

deposition over the nonguiding region creates a 50 um-to-5 um horn, so 

that the channel can be easily excited. The input light can be 

deflected upwards or downwards 2.2 degrees by . TIR electrodes. When 

switched to these output directions, the leakage light (undeflected 

light) is dumped into the substrate by the interruption in the channel 

guide. When the undeflected light direction is desired, electrodes 

acound the interruption restore the guiding and light is correctly 

output to this channel. Since the light that is "dumped into the 

substrate" is, in fact, converted into radiation modes, there is still 

some output in the central channel when the other channels are 

activated. This amounted to -16 dB. This device does not appear to be 

easily arrayed, but, for small switching matrixes, it may be useful. 

The ingenious way of eliminating unwanted light in the central channel 

is itself of note. Terui, Kobayashi and Noda [P1 6] discuss a 2x2 

switch of almost bizarre design in that it used a movable dielectric 

chip. 

Fi g. 16. Diagram of the three-channcl eleetrooptic waveguide commutator 
switch: 1, 2, 3) elcctrooptic cells; 4) nonwaveguide region; 5) pLanar 
optical waveguide: 6) light beam. 
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The design is illustrated in Fig. 17. An optical waveguide has a 

region of lowered index. In this case, the guide was Ta205 sputtered 

onto Si02. The region of lowered index was created by CO2-laser 

irradiation, and had a Gaussian index profile. A chip of dielectric 

material was placed a small distance above the guide/lowered-index 

stripe/guide composite. Since it had a higher index than the guide, 

the effective index of the guided mode is a sensitive function of the 

chip-guide gap width, and the effect on the lowered-index region was 

stronger than its effect on the guiding region. Light entering at a 

small angle into the lower-index region would be turned back by the 

index variation, provided the chip-guide gap was sufficiently large. 

However, if the chip was brought close enough, this TIR is spoiled and 

the light tunnels through. Extensive experimental data are presented, 

including data on the assembly of four of the elements into a 2x2. 

Insertion losses in the four switching paths range from 2.9 to 6 dB, and 

crosstalk from 12.5 to 28.1 dB. 

it 

MOVABLE DIELECTRIC CHIP 

V 

SUBSTRATE 

Fig. 17. Structure of the TIR waveguide switch. The 2W width 
movable dielectric chip is set at (so, 0) on the built-in low-index 
channel with a Gaussian index profile. Input light with angle 0, is 

totally reflected with the turning point (0,y 1 ) at the OFF state. 
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A2 

APPENDIX B 

Acoustic Design Studies 



Two designs were considered in this feasibility study. 	One 

was an IDT surface transverse wave (STW) technique [1]-[4] and 

the other was a modified edge-bonded transducer technique [5]-

(7]. In both of these approaches the acoustic wave is a 

horizontally polarized shear which is bound to the surface albeit 

not as tightly as for conventional surface acoustic waves (SAW). 

For standard integrated optics acoustooptic modulators, the 

optical signal must interact with the SAW within an acoustic 

wavelength of the surface. If one desires for the acoustooptic 

interaction to take place over considerable depth, as is the case 

herein where we are dealing with a multimode waveguide, one has 

to use a low frequency SAW and hence limit the achievable 

bandwidth of the device. The alternative selected here is to 

impose acoustooptic interaction between the optical signal and 

an acoustic wave which extends further into the surface than does 

the SAW. The particle displacement profile for such an acoustic 

wave is shown in Figure 1 where it is seen that the wave decays 

much more slowly into the substrate than for a SAW. 

Over the past ten years there has :been slowly growing 

interest in STW devices as an alternative to SAW devices in some 

applications. For these STW devices, an IDT is used to generate 

the a surface skimming bulk wave (SSBW) and a groove or metallic 

grating is used to trap the wave and convert it to an STW. By 

proper design of the grating the penetration depth of the STW can 

be controlled. One of the advantages of the STW devices is that 

the wave velocity is higher thereby making them easier to 
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Figure 1: Particle displacement profile for an STW or Bleustein-
Gulyaev wave 



fabricate with photolithography techniques. In addition, the STW 

devices have superior temperature stability and are hence very 

useful for resonator applications [3]. The principal shortcoming 

of these devices for the integrated optics application proposed 

herein is the low fractional bandwidth and relatively high 

insertion loss. A delay line was reported on ST-Quartz which had 

an insertion loss of 23dB and a fractional bandwidth of 0.9% [8]. 

A SAW device on ST-Quartz with the same fractional bandwidth 

would have an insertion loss of 6dB. Hence it is not advised 

that the STW approach be pursued for this integrated optics 

application given the large bandwidth requirement. This 

technique may, however, proove useful for some integrated optics 

applications where bandwidth is of less concern and deeper 

interaction between the acoustic beam and the optical signal is 

needed. 

The edge-bonded transducer approach is more difficult to 

fabricate than the STW technique but it provides both low 

insertion loss at large fractional bandwidth. The edge-bonded 

transducer technique has been used successfully in applications 

such as a reflective array compressor (RAC) on ST-Quartz [5]. 

For this device the reflective array was fabricated on the weakly 

piezoelectric ST-Quartz substrate to utilize its low temperature 

coefficient of delay and a thickness-mode LiNbO transducer was 
3 

bonded to the end of the substrate. This makes it possible to 

build low insertion loss, large bandwidth devices on weakly 

piezoelectric substrates such as ST-Quartz and GaAs. For the 



integrated optics device proposed herein, we can use the non- 

piezoelectric glass BK-7 and generate the acoustic wave using a 

thickness mode LiNbO transducer. 
3 

The edge-bonded transducer configuration used to excite 

surface waves is shown in Figure 2 where transducer is X-cut 

LiNbO . This transducer generates a pure shear wave polarized 
o 3 

41 from the the Y-axis. For efficient generation of a SAW this 

shear wave is oriented normal to the substrate surface and the 

electrode width is on the order of the SAW wavelength. To date 

there have been no reported attempts to use the edge-bonded 

transducer technique to generate a STW and as such the effort 

proposed will be novel in this regard. The proposed design will 

be to orient the pure shear of the LiNbO parallel to the 
3 

substrate surface rather than normal to it. 	Whereas the 

electrode width for efficient SAW generation was an acoustic 

wavelength, the electrode width for STW generation will be 

approximately 10 acoustic wavelengths. This is merely an 

estimate and the optimum design will have to be established 

experimentally and theoretically during the research effort. 

For SAW applications the edge-bonded transducer technique 

has been used to achieve fractional bandwidths of 91% at 100MHz 

while obtaining single-transducer conversion losses of 4dB [6]. 

It is expected that the edge-bonded transducer used to generate 

STW will be of comparable bandwidth and insertion loss. To make 

an estimate of the power required for each edge-bonded transducer 

one can make an analogy to bulk acousto-optic technology. 
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Figure 2: Edge-bonded transducer configuration 



Typical conversion loss for a transducer for a bulk acousto-optic 

device is 3dB and approximately 1 Watt of RF power is required to 

modulate an optical beam with a cross sectional area of 2 or 3 
2 

mm . Since the approach described herein is similar to the bulk 

case we can proceed by considering that for the bulk case a power 
2 

density of 500mW/mm is required for 100% modulation. The 

interaction area for the case described herein will be 50um by 1 

mm such that instead of 1Watt per transducer, only 25mW per 

transducer will be required. The total power then required for 

the 8-transducer switch will be approximately 200mW. 

Since these transducers are to be bonded to the BK-7 glass 

substrate in a slot rather than at the end, of the substrate a 

word should be said about the proposed fabrication technique 

which is outlined in Figure 3. First the 10-wavelength wide Al 

electrode will be deposited onto the LiNbO and that side of the 
3 

LiNbO piece will be bonded to a glass piece with wax. The 
3 

LiNbO will then be polished to the desired thickness (V2). 
3 

Next, chrome, gold and indium will be evaporated onto both the 

exposed surface of the LiNbO and the slot surface where the 
3 

transducer is to be bonded. Following this the LiNbO -glass 
3 

piece should be pressure bonded to the BK-7 substrate. Finally, 

the glass backing should be removed by heating the device to a 

temperature where the wax melts but the chrome-gold-indium bond 

holds. Next, wire bonds are made to the transducer electrode and 

the chrome-gold-indium layer and acoustically the device is ready 

for operation. This is a proposed fabrication procedure and 
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Figure 3: Proposed fabrication steps for LiNb03 edge-bonded 
transducers on slotted BK-7 



represents a best estimate of what will be required. Further 

research will be needed to work out the fabrication details. 
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