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SECTION
STATEMENT OF PROBLEM

" The problem to be addressed is the design of a high data
rate switching center for a satellite tracking station. A specific
characteristic of this station is the comparatively long distances for
the transmission of information tocthe:switching network. Conse-
quently, high data rate optical fibers are considered for the inter-
connect links. The feasibility study considers the implementation
of an optical switching center using an integrated optics switching
matrix. The study jncludes a comparison with opto-electronic and
electronic switching networks. Also, the study identifies and details
a program for developing and implementing an integrat\\/y“fics
switching center. ‘

Specific requirements for the switching center are:

° Data rate throughput up to 300 Mb/s, with 8 input lines
and 16 output lines.

® The switching network should have the capability of
connecting each input to each output. o

® The input and output lines of up to 200 ft. length should

be optical fibers.

The integrated optical switching center should be oper-

ational by 1982.

Table 1-1 is a summary of the assumed design specifications

for the switching network.
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Table 1-1. Data Handling System Assumptions

System Parameter

=

Longest path length
Data rate of each path

Number of switching input ports
Number of switching output ports

Power limitation N

=

AL

Switching speed

Signal-to-noise ratio
Channel crosstalk

Maximum insertion 1oss from
input
Carrier wavelength

Signal distortion due to
switching network
Electromagnetic interference
Cost of system hardware and
software -

Ass&med Requirement

100 to 200 feet

Up to 300 Mb/s-

Up to 8

Up to 16

Essentially none, but objective of
less than 250 watts

Greater than 100 Hz, but preferred .

“at up to 1 MHz

1-2

Greater than 20 dB

Better than 25 dB with objective of

50 dB
50" dB Y

Desire operation in the A = 1,0 tG@’
1.2 um range; will accept operation
in the X =.0.8 to 0.9.um range

Less than 1% PID (peak 1ndiv1dua1
distortion)

Unaffected by EMI N
Reasonably Tow ($100 K to $250 K)
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SECTION 2
SUMHARY

.....

network using an integrated switching matrix has bavn found to be
the optimal solution to meet the requirements outlined in Section 1.

This conclusion results from capability of
switch plus the switch's ability to provide

A

1ntegraued optic
he desired connecti-

vity while requiring a minimum of e1ectron%c hardwgve. The pre-
ferred integrated optical switching scheme has been found to be an
electro-optic Bragg diffraction switch,

switching center, its propertiQ§ were compared to those of opto-elec-

I

To ascertain the advaqtages of the 1ntegrated opt1cs i

tronic and to electronics swigﬂh1ng networks.
were found to have the following characteristics:

i\

]

connegtions.
electronic ne
photodetector

leads to a hig|

2R
The opto-eTecti"g?f
distribution tfom
with electronic sJ

These techniques

switching network combines optical
he input to the output terminals
jtching, to form the appiropriate

or am n X m switching network an opto-..
work raqu1res n light sources, but n x m

and preamplifiers,

This requ1remen¥ [

cost and lower reiiabjlity.

The electronic\ﬁkitching network can also meet the
the requirements outlined in Section 1.

This configu-

ration can be built of multiplexers using “100 Series

Emitter CQUpled/mng1c“ broduced by Fairchild,

The

mu1t1plexers ary des1gned with 50 ohm transmission

‘Tines.

However, for every two multiplexers a buffer
circuit is required adding considerably to the complexity

and power consumption of the switching ‘network.

2-1
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. In & briefing meeting at NASA-Goddard Space F1ight Center on
July 17, 1978, a comparison of the three techniques (integrated optics,
hybrid and electronic) were presented. The customer approved the
; completion of th@}?ntegrated optics conceptual design. This approval
i vas given, since the integrated optical switching concept'has been
found to be the optimal solution because of its high efficiency, high
re]iabi]ity, minimal power consumption, wide bandwidth. simple distri-
! bution and the ability to connect the optical fihars to an optical
switching matrix. oS
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2.1 ELECTRO-OPTIC BRAGG DIFFRACTION SWITCH

]

i . -~ The electro-optic Bragg diffraction switches that make up

the integrated switching matrix option are double pole-double throw

| structures formed in planar waveguide. In the switch Yon" position,

, g a voltage is applied to the interdigital electrodes, which induces

\ a phase grating in the optical waveguide. The incident 1ight from the

| ‘ | input terminal is deflected b¥¢;he phase grating to the output termi-

' . nal. When the voltage is removed for the "off" position, the incident
‘ beam passes through:- the switch without leakage or scattering.

2.2 SWITCHING MATRIX WITH ELECTRO OPTIC BRAGG D’IFFRACTMIO‘N SWITCHES

3“ In the switching matrix the switches connect each input
' pbrt to any output port. A key factor is that for each connection
onuy one switch needs to be energized. Moreover, one input port is
conwected to two, three, or to all output ports In the switching
hmatrix the 1nc1dent laser beams in the planar wavequ1des are termina-
v b ‘ted by absorbinq film sections after passing through all the switches.
- | Terminations are required for the switched "on" position since not
i - all the laser radiation_is deflected bx t%e induced phase grating.
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9 Tbe e1ectro-opt1c substrate of the switching matrix optical
wavegyide is a ferro-electric single crystal of either L1Nh03 or

L1Ta0 The waveguide is formed by diffusion of Ti into Lmbo3 or by .

diffusion of Nb into LiTa0;. The substrate orientation of the switch-
ing matrix has been evaluated, using the theory for the 1inear-optical
effect in optically unjaxial crystals. Further, the polarization of
the incident laser beam, and the orientation of the interdigital
electrodes has beer derived to obtain the largest change in refrac-
tive index with the electric field.

2.3 _ENDFIRE COUPLING BETWEEN OPTICAL FIBERS AND WAVEGUIDE SWITCHING
MATRIX .

Becausé of the size limitations of single crystal LiNbO3
the optical connections between input fibers and the switching matrix
must be implemented by endfire-couplers. Endfire coupling between the
input or output optical fibers and the switching matrix requires three
cylindrical microlenses. The microlenses are.formed from the core
of optical fibers. One fiber core can function simul taneously as a
microlens for all input or output fibers, transforming the radiation
from from all input or output fibers into the planar waveguide.

The beam transformation properties of t&p cylindrical micro-
lenses have been computed. The results indicate that their spherical
aberrations are quite small over a large angular range of the incident
radiation.

2.4 CROSSTALK REDUCTION

fncy 1S
N

A novel method of crosstalk reduction based on diffraction -

~ theory has pgen developed. This technique uses an iris in the focal
- plane of the output coupler lens to reject all waves except the co-

herent wave from the output beam.

2-3
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2.5 INJECTION LASER

The characteristics of AlGaAs injection lasers for the
optical transmitters have been described with special emphasis on
single transverse mode, double heterostructure AlGaAs lasers.
This single mode structure is needed because the operation of the
electro-optic Bragg diffraction switch requires single transverse mode
radiation for operation. For efficient coupling and ease of modulation a
separate laser is required for each input terminal of the switching
matrix.

2.6 MODULATI

An analysis of high bit rate direct modulation of the AlGaAs
DH laser has been developed. It has been found that distortions

from time delay, prepumping and damped oscillation can be greatly
reduced using a dc bias with an ac overdrive signal and an output
(bandpass filter.

2.7 FABRICATION OF THE PLANAR OPTICAL WAVEGUIDES AND INTERDIGITAL
ELECTRODES FOR THE ELECTRO-OPTIC BRAGG DIFFRACTION SWITCH

2.7.1 Titanium Diffusion

To form a waveguide of LiTiNbO3 on a L1Nb03 substrate, dif-
fusion of T{ st a temperature of approximately 980°C in an Argon
atmosphere must be performed. For the Ti-diffused wavequide to main-
tain single mode operation the diffusion constant must be held between
1 and 1.7 wavelength (in air).

2.7.2 Buffer Layer

o
A buffer layer of approximately 1000A must be coated on the
Ti-diffused waveguide. This Tayer preserve: the mode characteristics
of waves passing through the electrode region of the switch.
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2.7.3 Photolithography and Lift-Off Technique

The interdigital electrodes are formed by photolithography

" together with 1ift-off techniques. Gombining these two techniques

a precision of better than 1 micron should be obtainable.

0 -

2.8 CONCLUSION AND CONTINUATION OF PROGRAM UNTIL COMPLETION-. ..

The feasibility study shows that a high data raté switehing“
center can be implemented using an 1ntegrated optics switching matrix
with electro-optic Bragg ditfraction switches This approach can

‘meet the requirements outlined in the Statement of Work and can be .

‘ operative by 1982. The different phases of the program untf\ the |

~switching matrix, the “Cobra" switch and the acousto-optic Bragg

comp\etion are given in the form of phasing charts.

2.9 | ADDITIONAL swoles

wed

To ascertain the optimized design for the’ integvated ophics

diffraction switch were investigated and compared to the chosen
design, Qther coupling schemes were evaluated including prism and
grating cuuplers A
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- the optical fibers to an optical switching matrix.

| switches in the "off" position do not affect adversely the propagating .
" optical waves.

&
SECTION 3 o
INTEGRATED OPTICS SWITCHING CONCEPT °

£

The 1nteqrated optical switching concept has been compared to
other switching methods Their key parameters are given in Table 3-1 and 3-2.
The integrated optical switching concept has been found to be the optimal
solution because of its high efficiency, high reliability, minimal power
consumption, wide bandwidth, simple distribution and the ability to connect

The schematic of the switching system using an’integrated Opticai
switching matrix is shown in Figure 3-1.. The key factor of this design
is that for each connection only a single sw1tch needs to be energized as
shown on F1gure 3-2. This is of special 1mportance because the remaining ¢

N
A

<

The switches of the switching matix are electro-optic Bragg
diffraction switches in planar waveguide. The switching system is designed
for high data rate (up to 300 Mb/s). Because of the high data rate and
because of the considerable distances for transmission of the information,
optical fibecs are used from the optical transmitter .to the switching
matrix. The digital data stream of each channel is modulated on an
A1GaAs injection laser. The properties of the integrated optics switch-
ing network require that the laser be a single transverse mode laser and
that the input connections are made by singie mode optical fibers. The
optical fibers are coupled by an endfire method to the switching matrix.
The coupling technique uses microlenses, formed by the core of optical
fibers, to form the required laser beam with large aspect ratio.

3.1 ELECTRO-OPTIC BRAGG DIFFRACTION SWITCH

. The e1ectro-opt€c Bragg diffraction switch is a double-pole-
double-throw switch. A typical thin-film electro-optic Bragg diffraction
switch is shown in Figures 3-3 and 3-4. The switch is based on the linear
N .

341
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electro-optic effect, where an external electric field/gfﬁ/change the
refrgétive index of a ferroelectric material as Lilb0y or LiTa03. The

optical switch is built into a planar waveguide which is formed by in-

diffusion of metal into the ferroelectric substrate. An inter-digital
plectrode structure is formed on top of the optical waveguide. A thin
buffer layer between the metal electrodes and the optical waveguide
minimizes the effect of the metal electrodes on the optical waveguide
r’pode.

In the thin-film Bragg diffraction switch the optical waves
are guided by the planar optical waveguide in the y-direction. In the
X-z plane tpe laser radiation is collimated by external optics.

In the "on" position of the switch a voitage is applied to
the interdigital electrodes. The spatially periodic electric field is
parallel to the waveguide plane and close to perpendicular to the direc-
tion of the propagation of the incident 1ight beams. The intensity of the
electric field falls off with distance from the electrodes. The spatially
periodic electric field gives rise to spatially periodic refractive index
variations, forming an induced Bragg diffraction grating in the optical
waveguide. The grating deflects, in a travelling wave mode, the incident
Taser radiation from terminal 1 to terminal 3 and from terminal 2 to
terminal 4. But only approximately 80 percent of the incident energy is
deflected.

2
pe

In the "off" position the voltage is removed from the electrodes,
and the refractive index of the optical waveguide again is uniform. The
incident laser radiation propagates from terminal 1 to 4, and from terminal
2 to 3. In fact, in the "off" position, the switch does not affect the
propagating waves at all. It is this property of the Bragg diffraction . °©
switch in planar waveguide in Figures 3-3 and 3-4, which is of major importance
for its use in the integrated switching matrix. The incident waves can
propagate through many switches which are in.the "off" position without
experiencing scattering or crosstalk.

The electro-optic Bragg diffraction switch in Figure 3-3 is

- fabricated from a x-z cut LiNbOy substrate, where the thin film waveguide

3-8
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is formed by titanium diffusion. The direction of propagation of the laser
beam is along the x axis. The electric field vector of the incident wave
is parallel to the z-axis, thus setting up the TE-mode in the optical
waveguide. The orientation in Figure 3-3 was chosen because the electro-
optic effect in the LiNbo3 crystal is largest when the voltage is applied
along the optical axis and the T1ight propagates perpendicular to the optical

. axis.

The Ti-diffusion into a LiNbO3 single crystal to form an optical
waveguide, produces a composition gradient where the titanium mole fraction
decreases towards the interior of the crystal. The refractive index
decreases from the value at the surface, ng» to the refractive index of the
substrate ny. For the extraordinary refractive index g = N, = Ang = 0.04.

In an alternate design, shown in Figure 3-4, the electro-optic

Bragg diffraction switch is fabricated from a x-z plane LiTa0; substrate, VQ

cut under an angle of 51° to ‘he optical axis. The thin-film waveguide

is formed by Niobium diffusion to form L1NbTa1_xO3. The incident light
beams form angles of close to 50° with the optical axis of the LiTa03
crystal. The optical waves are in the TE -mode with the electric field §

vector parallel to the wavegu1de plane. The angle of close to 50° between )

the .intident optical beams and the optical axis of the crysta1 yields )
close conf1nement of the waveguide mode, since the difference in refractive
index of L1NbTa03 and L1Ta03, for this orientation, is _comparatively large.

~Also, the electro-optic coefficient under this angle 1s comparatively large; °
specifically, n ng =Ny = An'= 0,058 and r' = 34.4 x 10° 12 m/V.

P

For the electro-optic Bragg diffraction switch the Ti-diffused
LiNbO; waveguide can have certain advantages over the LiNb Ta1 _x03 wave-
guide. The switch with the Ti-difttsad LiNbOy waveguide can.be cut along
the crystal axes while the switch with the LiNb,Ta, 05 waveguide must
be cut under an angle of 51° to the optical axis. For this reason it
should be possible to obtain for the substrate of the switching matrix
larger single L'\‘Nbo3 crystals than LiTaO3 crystals. Also, the temperature
for diffusing titanium is below the Curig temperature of LiNbO3. However,
the temperature for d1ffus1ng Nb into L1Ta03 exceeds the Curie temperature
of LlTa03 and requires repoling after the d1ffus1on However, consideration

3-9
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must be given that laser damage has been observed in L1Nbo3 crystals under
intense Jaser radiation.

/The periodic metal electrodes of the Bragg diffraction switch
in Figures 3-3 and 3-4 are not deposited directly on the thin-fiim optical
waveguide. The field distribution in the optical waveguide is such that
the evanescent field extends into the substrate and into the superstrate,
as shown schematically in Figure 3-5, For the coordinatejgystem in

Figures 3-3 and 3-4, the evanescent field in the superif/ate for the TE-

mode 1is |
Ex exp(— y ) / 3-(1)

n2

where the decay factor %2 becomes larger when the superstrate is metal
rather than air or'dielectric.

When the electrodes are deposited divectly onto the thin-film
waveguide, the mode characteristics of the dawébuide in portions where
the electrode strips are present will be different from those where the
electrode gaps are. Consequently, -even in the absence of any applied elec-

_tric field, the periodic electrodes would act as a weak grating and cause

the light beam to be deflected. Its deflection angle will be twice the
deflection angle due to the applied electric field. To a11evigte the
effect of the metal elgctrodes, a buffer Tayer in form of 1000A Si0, thin-
film shouldhaa coated on the Ti-diffused LiNb03, as shown in Figure 3-3
and Figure 3-5, and on the Nb-diffused LiTa0; in Figure 3-4,

3.1.1 Analysis of Electro-Optic, Thin Film, Bradg Diffraction Switch

The most significant characteristic of the Bragg effect is that
a phase grating with a periodicity larae compared to an optical wavelength,
can deflect an incoming laser beam into a single, tirst order, diffraction
beam (rather than in a multitude of grating lobes). This characteristic
is related to the finite width of the grating. The Bragg effect occurs
only when the width of the phase grating w exceeds a certain value, which
is defined through the Q factor; it is
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) (3-2)

Whgre A ?_§2 is the optical wavelength in the optical waveguide with
' n

the refractive index n and A is the periodicity of the phase grating.

The Bragg condition requires that Q > 10.y

The electro-optic Bragg diffraction switch in Figures 3-3 and
3-4 is a double-pole-double-throw switch, The switching function takes
advantage of the linear-optics efféct, where an external electric field
can change the refractive index of a ferro-electric material like LiNbOg
or LiTa0;. The thin-film Bragg diffraction switch is built into a planar
(one-dimensional)optical waveguide. To form a phase grating in the opti-
cal waveguide, a periodic electric field is set up by the interdigital
electrodes, which are placed on top of the optical waveguide. The periodic
electric field changes periodically the refractive index in the optical
waveguide and thus, generates the phase grating.

The periodic change in refractive index from N, =n + An to
Ny =n-Ansetup by the periodic electric field, is schematically shown
in Figure 3-6. (Though the fundamental spatial electric field component
follows a costne function, the phase grating is shown discontinuous in
the illustration). However, the change of the refractive index introduced
by the electro-optic effect is extremely small. Efficient Bragg diffrac-
tion requires appreciable phase modulation and must rely on traveling
wave interaction. The phase grating couples the diffracted wave to the
incident wave. As the incident wave travels across the phase grating the

multiple periodic reflections will add in phase,when 0; =04 = sin! (AO/ZnA) (3=3)

where.Qiand qjare the angles of the incident and the diffracted waves
inside the dielectric, as shown in Figure 3-7a. Thus, the incident laser
beam forms an angle of o

0; + 04 = sin™! (Ag/nh)

with the deflected laser beam. ’
3-12
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For the implementation of the electro-optic Bragg diffraction
switch it is important to realize, that the symietry of the incident
and deflected bﬁam, in refererte to the stratifications of thel'phase
grating, that is A = 8y yields the highest. deflection efficiency.
However. the anq!e between incident and deflected beams of (i + Bd stin

efflciencv becqmes smaller V

| i

restlts in an ﬁxponential decay of the incident waye\?nd q axponential
build up of .the d\ffrqgged wave. *1nce the changnsx4n>\up"tudes of the
incident and diffractdd waves are introduced by the re egqigg§vgt each
ﬁk stratwf cation§ their amplitudes vary only in the dE;ect1bﬁ\\\
perpe dwcu?ar go the stratification. The variation in ampl‘tudes of
the in 1dwnt aqd the difffracted waves, For the qkyStﬂ] orientation in

M el
NS

-4 J and o | E§i§a) ® @ Tgqé (3-5) -

- where z é\ﬂends frommz =0 toz=wtan @» which is the\SFLhect1on of

the propa& %1on pa?h across the phase qgatxng. on the z - d:&sct1on, as

F;\m the I .1m1ta&1on of the travelling wave 1nteract101 length
to z = w tan @1 follows that the efficiency of converting the 1nh1dent
1ight to the qﬁffracted 1\ght is proportional to the width of the phase
grating. The ngtio of thq d1TTracted light intensity Id to the 1nc1dent
lwght intensity" Ii 1s

' T/ = sin? (ag/2) o 36)
where | | | P \\M
o Yo S ’ 5 . ‘ ’ \X
( 7 t A¢= RWAH iy : o
Lo ‘ ’ ' 2 3.7
e (3-7)
3 - A . -
n “ ° o
\ 3-14 ) .
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{ The Wravelling wave 1nteraction 1ntroduced by thé phase grating @
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Figure 3-7a.
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g is the optical wavelength in air, and 4n is the change in refractive
index of the electro-optic waveguide, introduced by the external electric
field. In general form

W
A¢ X - T A (n )3"'5 * (3“8)

For the electro-optic Bragg diffraction swifch.configuration in
Figure 3-3 from Eq. 3-14

e
=
r r33
E = E7’e’

where N is the refractive index of the extraordinary ray of the uniaxial
Litib0g PyStaT, rsg is one of the electro-optic tensor components of

LiNbO5, and E,,e Is the in-plane component of the external electric field,

set up by the interdigital electrodes. For the electfb-optic Bragg diff-
raction switch configuration in Figure 3-4, n', r' and E are given by
Eqs. 3-20, 3-21 and 3-16.

From Eq. 3-6 it follows that to diffract all the incident light,
A¢ must become w. The phase change A¢ in Eq. 3-8 contains the product of
the width of the phase grating times the electric field. A wider phase
gratfng would require a lower electric field.

However, consideration must be given that the width of the
phase grating also affects the ratio of the beamnwidth of the diffracted
1ight beam to the beamwidth of the incident light beam. This is because
the number of stratifications which contribute to the diffracted light
beam is not necessarily the same as the number of stratifications which
are illuminated by the incident beam as shown in Figure 3-8b, The width
of the diffracted beam which results from multiple ‘reflections at the
stratifications of the phase grating is only the same as the beamwidth
of the incident beam when the width w of the phase grating is narrow.

3-17
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(Figure 3-8a). When the width of the phase grating exceeds that of the
incident laser beam, the width of the diffracted beam will approximate
the width of the phase grating. (Figure 3-8b).

h This is also illustrated in the momentum diagram in

Figure 3-9. In Figure 3-9 the diffraction spread of the optical beam,
&, is related to the diffraction spread 0. The diffraction spread
of the optical beam is

A

§¢=,
NiA

wherel“i is the number of stratifications illuminated by the incident
laser beam. The diffraction spread 8@ is inversely proportional to the
width of the phase grating, it is

= A
§9 W

When 60 >> 8¢ (Figure 3-9a) the width of the diffracted light f#
beam is the same as the width of the incident 1ight beam. This is
also illustrated in Figure 3-8a, where a wider laser beam of the
width NiA is diffracted by a narrow phase grating of the width w,
and the width of the diffracted beam remains the same as the
width of the incident beam. When & >> 80 (Figure 3-9b) the
diffracted beam becomes considerably wider, in fact it approximates

the width of the phase grating. The same relation is illustrated
in Figure 3-8b.

For the switching matrix using electro-optic Bragg diffraction
switches the width of the incident as well as of the diffracted laser
beam is restricted by the requirement for low cross talk. The expansion
of the laser beams, along the optical propagation paths on the switching
matrix is typical for the expansion in the near-field. The expansion
of the Gaussian half-width of the diffracted laser beam with distance
from the phase grating, is given by "

3-19
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(E.I. Gordon, Proceedings IEEE, Vol. 54, No. 10, October 1966.)

Figure 3-9.
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Scattering with Phase Grating and Light Beams of Finite
Width., The Diffraction Angle of the Light is 8¢ and that
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8¢, for (b) the Diffraction Angle is &@.
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mTVlo

where W, is the Gaussian halfwidth of the diffracted laser beam at the

phase grating.

Though a wider diffracted laser beam would expand slower than
a narrower beam, the suppression of crosstalk would still be less effective.
It follows that the requirement for low crosstalk limits the width of
the diffracted laser beam not to exceed by far the width of the incident
laser beam. This requires that 80 >> 8¢ and restricts the width of the
phase grating.

3.1.2 Linear Electro-Optic Effect in Uniaxial Crystal

In an efficient thinfilm electro-optic Bragg'diffraction switch

the optical waveguide as well as the substrate are of electro-optic material.

In the switch configurations in Figures 3-3 and 3-4, the optical waveguide
if formed by in-diffusion of metal into the substrate. The substrate
itself, must be formed by a single crystal because the operation of the
switch depends on the mono-crystalline structure of the electro-optic
materisl.

The change of the refractive index (An in Eq. 3-7) of the
Bragg diffraction switch, with an external electric field, is based on
the linear electro-optic effect. The electric field applied to the per-
iodic electrodes of the switch alters the dielectric tensor of the electro-
optic material.

Vi

The electro-optic substrate is a ferro-electric single crystal,
of either LiNbO4 or LiTa03; it is optically uniaxial, that is, the high-
est degree of rotational symmetry applies only to a single axis, (the
optical axis). It is an anisotropic crystal where the physical properties
vary-with direction. For an electro-magnetic wave prgpagating through the
anisotropic crystal the electric displacement vector D and the electric

(63
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field vector E are not necessarily para]lel Theiy relation can be described

by the dielectric tensor €1 defined by

Ok 2 Skify (3-10)
e

To determine the velocities of propagation in the anisotrupic
crystal the ellipsoid of wavenormals has~beeq defined from the electric
energy density, using an axis transformation to the principal dielectric
axis of the crystal. It is given by

w) ! 2 2 2
B X 4 -
;'*z*f*z*;‘r

b 4 Yy 2

The major axes coincide in directions with the principal dielectric axes,
the length of the semiaxes are equal to the principal refractive indices.
The ellipsoid of an uniaxial crystal with z being the optical axis, is
given by

2
X .
“—t
"o

=3
SRS
; +
3 iIN
o
[}
—

The refractive indices A and Ne areréhose of the ordinary and
extraordinary ray. The ellipsoid for an uniaxial crystal is shown in
Figure 3- 10 When a light beam propagates through the crystal at the
direction $ in Figure 3-10, tﬂéﬁ1ntersect1on plane through the origin
of the ellipsoid, normal to 3, ic an ellipse. The refractive index e (0)
of the extraordinary ray is equal to the length of the semimajor“axis
OA. The electric displacement vector 3é (0) is in the s - z plane, it is
along OA. The index of refraction of the ordinary ray is independent
of ©. The electric displacement vector 3 is normal to the s-z plane.

" In Figure 3-10 where the projection of s on the x - y plane coincides with

the y - axis, the electric displacement ﬁo is along the x - axis, that is
along 0B.
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Figure 3-10.

 tloptic) axis

- — T . — - — - - -

—1___yaxis

The Construction for Finding the Indices of Refraction and
the Allowed Polarization Directions for a Given Direction of
Propagations. The Figure Shown is for a Uniaxial Crystal

with n, =n y = Mo 2 Being the Optic Axis

(A. Yariv, "Quantum Electronics," Chapter 18.3)
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In describing switching of guided waves, it is convenient to use
coordinates appropriate to the geometry of the waveguide, which may not
correspond to theprincipal cordinates of the bulk crystal. In a general
coordinate system which is non-principal, the index ellipsoid is given by

2 2
L) ¢ E;; +2 [1&
n n“p o \n° n°J,

r2(22) + A\ =1 (3)
), %>6
where 4 + 2, 3, 5+ 1,'5. and 6 +l; 2.

In an electro-optical crystal an external electrical field
changes the refractive index. Specifically, the linear electro-optic
effect, used in the switch, is characterized by a linear change of the

l§ _ coefficients with electric fields. It is described by the electro-
n"Ji ~ .

optic tensor Pij through the relation,

1.\ . .
Volge) T e B (3-12)
r]’he electro-optic tensor rid is given in general form by
"xxx Pxxy Pexz |
Tyyx Tyyy Tyyz
V2zx . F2zy V222
ry o= Fyzx Yyzy Pyzz
Pxzx rxzy Fxzz
rxyx r'xy_v r'x.yz
i 7
4
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where r,, = TV 6151 a2 o and r13 = raas

The equation for the index ellipsoid from equations 3-11 and 3-12 is

-2 _ 2 -2 2 -2 2
(ng” = ragfp #ryzEg)x™ + (n0® + rpoy + rigEgly™ (n2° + ryiEl)z

where E;, E,, Eq, areexternal electric field components in the
X, y and z directions.

The relations for'L‘iTaO3 are similar to those of LiNbOs.

In the electro-optic Bragg diffraction switch in Figure 3-3
the substrate is an x-z plane, single LiNbO, crystal. The optical
waveguide is formed by diffusing titanium in the substrate to form
LiTiNb03. The direction of propagation of the laser beam is along
the x axis. The electric field vector of the incident wave is parallel
to the z-axis, thus setting up the TE-mode in the optical waveguide.
The orientation in Figure 3-3 was chosen because the electro-optic
effect in the-LiNbO3 crystal is largest when the voltage is applied
along the optical axis and the Tight propagates perpendicular to the
optical axis. Equation 3-13 for the index ellipsoid, specifies the
linear electro-optic effect of LiNb03{ Because the Bragg angle which
the incoming Yaser beam forms with the diffraction grating (set up by
the periodic external electric field) is very small, the assumption
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can be made, that only the E e Ccomponent of the external electrical
field needs to be considered Then Exo * E " 0. Since the wave-

normal is along x, in the equation for the index el1ipsoid (Equation 3-13),

x = 0., For the wave polarized a]ong the optical axis z, the effect of
the electrical field Ez.e is to change the refractive index, so that
the new index (ne + dng, E) is given by

?

1 . - v E
(n_+ an 7z 33%z,e
e eE) Ne

Since Ang is small compared to ny» to a good accuracy

3., E

A"e,E e;-né ra3 é},e (3-14)

From Table 8-1 for the L1Nb03 crysta1 we obtain that
= 2,175 at 0.8 microns and ry3 = 30 x 10 cm/v

For the Ti-diffused LiNbO3 optical waveguide, the largest
increase of the extraordinary refractive index due to the Ti-diffusion is
= 0.04, (Section 3.1), so that Ne in Equation 3-141is n, = 2.215.

In the electro-optic Bragg diffraction switch in Figure 3-4
the substrate is an x - z plane, single LiTaO3 crystal. The waveguide

is made by diffusingmetallic niobium into the substrate to form LiNbeal_x03_

The direction of propagation of the laser beam § is under the angle ©

in reference to the optical axis z. To evaluate the effective refractive
index and the electro-optic coefficient the coordinate system x,y,z

in Equation 3-13 must be transformed to the coordinate system x', y', z',
as shown in Figure3-11.

i

x=2'sin® + x' cos @
x:y' :
'z =2' cos © - x' sin ©. (3-15)

The external electric field set up by the periodic electrodes
in Figure 3-4 which is predominantly in the plane of the waveguide,
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must also be transformed to thg“toordinates X'y ¥'y 2. It s

, E] = Es' sin @ + E" cos O R
, ) E, = 0 | (3-16)
E3 = Es' cosS 9 - E]‘ S"\ @ .

. Because the Bragg angle which the incoming laser beam forms
# ' with the grating {set up by the periodic field) is very small, the
assumption can be made, that only the E1' component of the external
electric field needs to be considered. To find the effective refractive
index and the electro-optic coefficient for propagation in the 3 direction.
the equatigp of the ellipse, formed by the intersection of a plane
normal to s with the index ellipsoid in Equation 3-13 myst be derived,
From Equations 3-11, 3-12, 3-15 and 3-16 for Ez'= 0, E3' = 0 and 2' = 0,
we obtain

92 _ 2 _ .@. -”,,,;2 '2 .2,— : ' 3~
(no €0s“p - rlsﬁ,sinecos 8 +ng sine - ra3Eysin’e

M R L

c (3-17)
L ' 2 [ -2 ' ' 0 ' ‘
- 2r51E] sinécos“e)x 2, (no - r13E]sine)y 2 2r22E1cos26x y.-l.

The effective refractive index Naff is

r . ‘ -1
| L ar. kY 2 3-18
Meff (——'—z(n.) *r “-1) , (3-18)
For the TE-mode the wave is pélarized along the x' coordinate.
Fo l‘ n | | R i S | E] (3-19
r eff=n +4n=n - 0 ¢ x -19)

oy

the refractive index n! and thé‘é]ectro-optic coefficient y', from
Equations 3-17, 3-18 and 3-19, for the TE-mode are
. , n_n

—_—ne
"%V rlcoste s nf sins |
V ﬂ§C°S_ﬁﬁ* no sin®e | 1 (3-20) .
0
rer sinecosze'+ raaSin38 + 2 vg,sinecose (3-2
13°] 338", 51 -21)
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For the TM-mode which is polarized along the y'JCOQrdinate

) n' ® No ( )
T | . . 3-22
r r1351n 6

The effective electro-optic coefficient in Equatien3-21 is a linear ccmbi-
nation of the coefficients "3 and varjes with the angle 6. To maximize
the effective electro-optic coefficient an optimum value of @ had to be
evaluated. For the TE-mode it is given.by

o . =¥ arc tan\[ N3t 2 15y (3-23)
opt 2(ry 3~ 2rgy )= 3rg;

The refraction index of LiNb Ta] 03 is
between that of LiNbO3 and LiTa03. so that the differences in refractive
indices between-the waveguide layer and the substrate, should be proport-
ional to the difference of n between LiNb0, and LiTa0,. From Equations 3-20
we observe that 8 = 0 the TE-mode is polarized in direction of the
ordinary ray, where the index difference between niobate and tantalate
is largest (Ano= 0.113). But the electro-optic coefficient is zero.
For ©® = 90° the TE-mode is polarized in direction of the extra-ordinary
ray where the index difference between niobate and tantalate js smallest
(An = 0.021) but the electro-optic coefficient from - Equation 3-21 is
rag" 30 x 10 m/V When the wave propagatjoq is under an angle €
as showh in Figure 3-4,the index differential 4n' is such that an, < aAn'
< ang. Then from Equation 3-21 the angle can be computed which y1e1ds the
largest electro-optic coefficient r'; for 0 opt™ 51°, r' = 34 x 10"d m/V.

9

and 3-21,

Y



= -

. e ———

¢ ey

Fompoan

SECTION 4 .
INTEGRATED OPTICS SWITCHING MATRIX USING

ELECTRO <OPTIC, THIN-FILM, BRAGG DIFFRACTION SWITCHES

The requirement for the switching matrix is to connect
each of n input ports to each of m output ports. /Of primary
- importance is low cross talk and Tow distortions.

In principle two different approaches cam be taken; the
transmission of Tight between the switches can either be along channel
waveguides (2-dimensional wave confinement) or along planar wave-
guides (1-dimensional confinement). At optical wavelengths 2-d
confinement does not necessarily yield the lowest crosstalk, since
crosstalk can be set up by Teakage inside the switches and by
scattering at channel guide junctions. Transmission of 1ight

between switches in planar waveguide can introduce crosstalk by
coupling between paraliel light beams. An optimized switching
network must minimize all sources of crosstalk and distortions.

The result of the study on different switching watrix
configurations indicates that the switching matrix in Figure 4-1
should yield Tow crosstalk and small distortions. The switches
are electro-optic, Bragg diffraction switches in planar optical
waveguide, The entire switching matrix is built on a ferro-
electric single crystalsubstrate, the planar optical waveguide
is formed by metal in-diffusion. The Si02 buffer layer is coated on
the optical waveguide. The interdigital electrodes of the switches
are formed by photolithography and 11ft-off Lechnique The e]ongated 3
shape of the single crystal substrate of the sw1tch1ngs matrix in
Figure 4-1 can be fabricated from a large single crysta1 made by
the Czochrask] pulling technique.

The optical waves along the switching matrix are guided by
the p1aner optical waveguide in the y-direction. In the x-z plane

4-1
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the incident laser beams are collimated by external optics.
A key factor of the switching matrix is that for each
y connection only one switch needs to be energized. This is shown |
‘L in Figure 4-2, which gives a cross section through the optical wave- ' !
guide of the switching matrix. In the “on" position of the electro- ) ! i
optic Bragg diffraction switches, the light entering the ‘
voltage induced grating at the Bragg angle GB is diffracted through
an angle 298 in the plane of.the waveguide. In the "off" position
when the voltage is removed, the radiation can pass through the switch
z’ without leakage or scattering. This is of great importance because of
- the fact that in the switching matrix for each connection only one
switch needs to be energized. Thus, in the 4 X 4 matrix, four switches
are energized and 12 switches are in "off" position, as shown in
Figure 4-2. The waves can propagate through these 12 switches without
experiencing scattering or distortions. An important feature of the
L switching matrix in Figures 4-1 and 4-2 is that the incident laser beams,
S after passing through all the switches in each row, are terminated by
absorbing films.. These terminations are required since in the "on"
position, the electro-optic Bragg diffraction switches only deflect
about 80 percent of the incident radiation towards the output terminals.
oo The reason for this limitation had been related to the fall-off of
. the electric field with the distance from the plane of the electrodes.
; i In the switching matrix in Figure 4-1 and 4-2 the part of the incident
poon energy, which in the "on" position, is not diffracted through the
! angle 298, will continue to propagate in the direction of the incident
wave and willbe absorbed by the matched termination.

-
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I
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An additional feature of the switching matrix in Figure 4-1
and 4-2 is that it can connect one input port to four output ports.
To do so, advantage can be taken that the fraction of the incident
light which in the "on" position, is diffracted by the induced
phase grating, can be controlled by the voltage across the electrodes.
To accomplish édua] intensity division among the four output ports,
the voltgges across the electrodes of the four switches must be

staggered, with the lowest voltage at the switch closest to the input’
port.

w
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The switching matrix in Figures 4-1 and 4-2 of an n x m array,
is shown for n=m=4. The matrix can be extended to an array of 8 X 16.
One limitation to the size of the array is imposed by the size of the
single crystal L1Ta03 and L1Ny0 substrate Taken this as a
limitation, the number n and m is restricted by the requirement to
minimize coupling between adjacent 1ight beams in the planar waveguide.
To evaluate the coupling between adjacent 1ight beams in the optical
waveguide, formed by diffusion, the assumption will be made that the
field distribution of the coherent 1light beams., (perpendicular to the
plane of the waveguide, (z-direction),is Gaussian, which is given by

a
E a E e” 02
- -2 22
| @ 1°e Woz

and w is the half-width of the Tight beam where the field had decayed

to e']. For z=2w » E=0. 018E and I=0. 00031o At a distance of 2wo from
the beam center the coherent radiation has decayed by 35 db.

Also the beam expansion has to be evaluated to avoid that the
beam widens as it travels from one side of the sw%tching matrix to the
other. The Gaussian Tight beam expands as it propagates over the
distance x from a beam width qfYZwo to the beam width of 2w, which are

related by
wo=wl[l+ A X A 2] 1/2
0 nvrwé”Z_

For the x- dimensionin Figures 4-1 and 4-2, which is x=3.2 cmn = 2.2
and ). = 0.83 X 10'4, the term [ X << 1 for values of w_ not
0 0 0
nerZ
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smaller than\ 0.1 mm. In fact (n rwoﬁ) = (0,147 for W, = 0.7 mm,

’

It follows that a Tight beam of a Gaussian width of 2w° = 0.2mm will
not expand noticeably as it propagates over a distance of 3.2 cm. When
the centers of the 1ight beams are spaced 4w° = 0,4mm apart, the
coupling between them should be no more than 70 db.

The matrix design in Figures 4-1 and 4-2 use a spacing between
the centers of the incoming laser beams of 0.4mm and a Bragg angle

og * 2.7°. The Bragg angle was derived from Eq 3-3 for a periodicity
the phase grating of A = 4 microns.

k The placement of the Bragg diffraction switches in Figure 4-1
and 4-2 are such that they allow a larger spacing for the deflected
beams than for the incident beams.

From Section 3.1.1 it follows that the width of the phase |
grating can be approximately equal to the width of the incident laser

beam if a slight widening of the deflected beam is tolerable. For a grating

width of i.e., w = 0.3mm, Q = 147 and meets the Bragg effect requirement,
that Q >10.
In Figure 4-3 and 4-4, the placement of the switches
is such that the spacings among deflected beams is closely the same
as that of the incident beams. This design would further limit the

width of the phase grating but would reduce the length of the matrix
from 3.2 cm to 2.4 cm.

RN 4-6
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SECTION 5
END-FIRE COUPLING USING CYLINDRICAL MICROLENSES

The inputs to the switching matrix are single mode optical
fibers which connect the optical transmitters, that is the single
transverse mode AlGaAs lasers,to the switching matrix (outlined
in Section 3).

l}The monolythic A1GaAs laser array for use with the optical
fibers and the integrated switching matrix is shown schematically

‘in Figure 5-1. The array can be formed by subdividing the p-n

junction either by in-diffusion of an isolating material or by
mechanical separation. The radiation of the double heterostructure
A1GaAs lasers is in general completely polarized, with the optical
electric field vector parallel with the plane of the heterolayers. That
is, the modes which dominate lasing in the DH structure lasers are TE
modes. This polarization is compatible with the polarization of the
electro-optic Bragg diffraction switches in the switching matrix, where
the TE-modé with the optical electric field vector perpendicular to
the y-direction,yields the largest effective electro-optic coefficient
r.
foo]

The core diameter of the single mode fiber is close to 6
microns. The field distribution across the fiber core can be approxi-
mated by a cosine function. For this distribution, the half-power, full-beam

width of the radiation from the fiber core is 8 = 1.1 Ao 2
core diameter

8.7° and the full beamwidth to the first nulls in the diffraction pattern, is
1.78 = 15°,

\ N

The function of the optical couplers is to transform the
radiation from each of the single mode fibers to each of the input
terminals of the switching matrix. It is of great importance to
couple most of the laser radiation to its respective input. This is
not only necessary for powér transfer efficiency but also to minimize
leakage among input terminals.
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The techniques for coupling laser radiation to integrated

1 circuits require either a prism coupler, a grating coupler (Section A-1)
: or an endfire coup]er.\;ﬁb*h, the prism coupler and a grating coupler
; transfer only collimated Ti er beams efficiently to the inte-
: grated circuits and would require a lens to collimate the radiation
p from the optical fiber. Also, they would take up a sizeable area
) on the substrate. Butt-edge coupling would not yield the required
collimated beam in the x-z plane of the integrated switching matrix.
Butt-edge coupling with an integrated cylindrical lens on the substrate
seems to be feasible as soon as the quality of integrated lenses will
be improved.

At the present time endfire-coupling using three cylindrical
microlenses seems to be the most promising approach, especially since
previous experiments on the beam transformation of the wide angle
radiation from an Al1GaAs laser by crossed cylindrical lenses have
resulted in a diffraction limited transformed laser beam. Endfire
coupling using three microlenses from each optical fiber to each input
termiral of the switching matrix would yield the large aspect ratio

Q { of the laser beam required for efficient coupling to the switching

matrix. This type of endfire coupling would not d%quire any space on the

1

! substrate. )

] g 5.1 SINGLE TRANSVERSE MODE IN PLANAR OPTICAL WAVEGUIvE (Y-DIRECTION)

; i‘ In the planar optical waveguide of the switching matrix the

laser radiation is guided only in one dimension (y-direction in

Figure 3-3 and 34.). The metal diffusion into a ferroelectric crystal
Tike LiNbO4 or LiTaOa, to form planar optical waveguide,produce a
composition gradient,where the metalmole fraction decreases towards
the interior of the crystal. The refractive index decreases

from the value at the surface, Ne to the refractive index of the sub-
strate ny. The index pfofj1e‘can be written asn (y) = ny +an f(y/D),
for y»0. The function fi:/D), called the diffusion shape, describes
the variation in the refractive index due to diffusion and takes on
values from 0 to 1. This is shown in Figure 5-2 for the LiNbTa0 4

5-3
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Figure 5.2

Relative Nb and Ta Concentration as.a Function of
Depth Below the Surface.

(J.M. Hammer and W. Phillips, Appl. Phys. Letters,
Vol 24, No. 11. 1 June, 1974)"
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optical waveguide. The diffusion depth D, in general, is normalized over
the freespace wavelength ., Yo -f% _The diffusion shape follows a
complementary error function for short diffusion times, where the

metal is not completely diffused into the ferroelectric crystal.

For long diffusion times where all the metal is diffused into the

crystal, the diffusion shape follows a Gaussian function.
(Section 8.1.2.2)

The optical waveguide is asymmetric since Ny # N where N,
is the refractive index of any layer on top of the waveguide. Thus
for propagation of a single mode @8N upper and Jower cut-off can be
computed, The results of tiiese computations are given in Figure 5-3.
Figure 5-3 shows the single mode cut-c¥f as a function of the difference
in refractive index ng = Ny and the normalized diffusion depth YQ. The
computation was performed for the diffusion shape being represented by
a complementary error function and by a Gaussian function. From
Figure 5-3 we conclude that the metal-diffused optical waveguide in a
ferroelectric crystal can support the fundamental mode when the normalized
diffusion constant is between 1 and 2,2 for the complementary error
functionm and between 0.5 and 1.7 for the Gaussian function.

oy

In Figure 5-4, the ahﬁ?oximation of the Gaussian field
distribution of the single transverse mode for a planar diffused
waveguide is shown as a function of the novmalized dgpth-% . For
a diffusion depth of approximately 1. 3 microns, the Gaussian widtk

of the fundamental mode, 2wy, will be approximately 1.8 microns.

‘5.2 BEAM SHAPE IN THE X-Z PLANE

In the x-z plane of the switching matrix, the laser beams
must be parallel beams. To form the parallel laser beams the radiation
from the optical single mode fibers must be collimated by the endfire
couplers. From Section 4 it follows that the Gussian width of the
Jaser beams should be 2w, = 200 microns and their center to center

spacings 400 microns. The laser beams should not expand noticeably over
the Tength of the switching matrix.
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Figure 5.3 Index change An = ny - n) versus diffusion depth Y,
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Figure 5.4 Transverse electromagnetic field distribution in a planar
diffused waveguide as a function of the normalized depth y/D

(W.K. Burns and G.B. Hocker, Appl. Optics, Vol. 16, No. 8,
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5.3 BEAM TRANSFORMATION
e

The transformation of the round beam of the single mode fiber
to the beam cross-section in the planar optical waveguide of the switch-
ing matrix, with a large aspec?/;gggo, requires three cylindrical
lenses which are shown in Figure” 5-5. In the meridian plane, parallel
to the y-direction, the first lens transforms the wide angle optical fiber
radiation to a parallel beam, and the second lens transforms the
parallel beam to the field of the optical waveguide mode (Figure 5-5a).

In the meridian plane paralle] to the x-z plane a single lens transforms
the radiation from the optical fiber to a parallel beam of 200 microns

diameter (Figure 5-5b). The réhuired numerical apertures of the lenses
in Figure 5.5a aresin Oy1 = 0.13 for the first lens and Sin @ 2

= 0.34 for the second lens. The numerical aperture of the lens in
Figure 5.5b is sinOx_z = 0.13.

5.4 CYLINDERAL MICROLENSERS

Because of the small dimensions of the switching matrix, the
cylindrical lenses must be microlenses. The microlenses can be
implemented by the core of optical fibers. When a single fiber core is
placed parallel to the mirror faces of the n single mode optical fibers
in an array, it can convert the radiations from the optical fibers into
n beams, collimated in the y direction. The inverse function can be
performed by a second single fiber core when placed paralle] to the
switching matrix. Silicon technology had been developed previously for
precisely positioning the fibers relative to the optical fiber array
and to the switching matrix. The collimation of the radiations from
the optical fibers in the array in the x-z plane can also be performed
by the cores of optical fibers. However, the core diameter of the
optical fibers must be larger, also a separate fiber is required for
each input terminal of the switching matrix, as shown in Figure 5-6.

n general a lens with a numerical aperture of 0.34 requires
at least 3 lens elements to correct for spherical aberrations. However,
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the core of an optical fiber represents a single cylindrical lens
so that aberrations will be introduced By the microlenses. To
determine whether these aberrations are tolerable the beam trans-
formation through a microlens was evaluated.

The core of an optical fiber is a typical cylindrical micro-
Jens. To derive its optical properties it must be treated as a
thick lens. In the meridian plane of the lens curvature the focal
length f of the core of an optical fiber with constant refractive
index n and a circular cross section with the radium R, is given by

nR
f .ZT_Tn- ) 5=1

The two principal planes of the thick lens coalesce at the lens

center; the focal planes are at a distance f-R from the vertices of the

lens.

In the meridian plane perpendicular to the lens curvature
the optical fiber can be considered a dielectric slab. Ray tracing
through the dielectric slab shows that the dielectric slab has the
effect of forming an "image" of the object with the magnification
of one. The image is on the same side of the slab as the object,
but the image distance is shorter than the object distance. The
> displacement of the image from the object (for diverging rays)
towards the fiber, is given by

5-2

where s is the object distance, aé'is the angle of the incident ray,

T .
_and sin a, = sin a,. For small %ng'les of a;s where sin a; sa,

a=2R(1-1) 5-3
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The first microlens in Figure 5-5a collimates the
radiation from the optical fiber (in the'y-direction). The second
microlens focuses the collimated radiation to couple it to the
single-transverse-mode optical waveguide. The optical transformation
using two cylindrical lenses, has the advantage that the transformation
becomes largely independent of the spacing between the optical fiber
and the switching matrix. Also, smaller diameter optical fiber
cores can be used than those required for the image formation by
a single microlens with object and image spacings close to twice
the focal length. This is very important because with increasing
fiber core diameter the spherical aberrations become larger.

5.5 %RANSFORMATION IN MERIDIAN PLANE PARALLEL TO Y-DIRECTION

To transform the radiation from the optical fiber array
to become paraliel, the fiber must be placed close to the focal plane
of the first microlens in Figure 5-5a, The transformation properties
of a single optical fiber core have been evaluated. Specificaily,
we have computed the relation between input-output angles, and also

/ the spherical abberations introduced by the cylindrical microiens,

for different angles of incidence and different object distances.

The spherical aberratijons are expressed as the deviation from a
spherical wavefront with a radius approaching infinity. The computation
was performed for a fiber core of 180 microns diameter, a refractive

index of n=1.62 (typical for fused silica) and a focal length of
£=117.5 microns (from Eq.5-1).

The result is shown in Figure 5-7. As long as the distance
between the object and the vertex of the microlens does not exceed
15 microns (corresponding to an object distance of s = 105 microns)
the microlens forms a virtual image up to a half angle of the incident
radiation of 30°. The beam is diverging but the largest half-angle
never exceeds 1.5°. As the object moves towards the focal plane
(s-R¢27.§vmicrons) the divergence of the transformed radiation
should ai{jroach zero. However, the optical fiber core can not
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1)

transform the laser radiation to become parallel (in terms of
geometric optics) over the entire half-angle range of 30°. Instead, {i
as the input angle increases the output angle first also increases;
then it becomes zero and for even larger angles of {ncidence the output .
angle becomes negativ The negative output angles correspond to a }?
real image\formation with converging radiation. The change from :
virtual image to real image formation moves to smaller angles of
incidence as the spacing between the optical fiber and the principal plane
of the microlens approaches the focal length. For the distances
s-R between 25 microns and 27 microns, the output angle is smaller
than 0.5° with a half-angle of incidence of 15° and remains 1° at
half-angle of incidence of 20°.
The spherical aberrations introduced by the optical fiber
core as a function of the half-angle of incidence, is shown in
Figure5-7a, for different spacing s-R. In the region of the virtual
image formation,where s-R=15 microns, the deviation of the actual wave-
front from a spherical wavefront is no more than a fourth-wavelength
up to half-angle of incidence of 30°. (A deviation of a fourth
wavelength can be tolerated). In the region of the real image for-
mation, where s-R=28 microns the deviation of the actual wavefront
from the spherical wavefront is no more than a fourth Qave1ength up
to a half-angle of incidence of 20°. In the region where virtual and
real images are formed (s-R=23 microns to 27 microns), the deviation
from the spherical wavefront also remains small for half-angles of
incidence up to 20°,

P R

A b i i

For the transformation of the radiation from the optical fiber, in
the y-direction, to the optical waveguide mode of the switching matrix, we concli e
from Figures 5-7 and 5-7a that the optimum object distance for lens 1 is 113
microns (s-R=23 microns). For an object distance of 113 microns "
the microlens 1 transforms the radiation such that the collimated O
radiation is practically paraliel over the half-angle range of the Ly
incident radiation of 7.5°. Also over this angle range the deviation -
from a spherical wavefront remains way below a quarter wavelength.

o B s bt s e
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“ transform properties of an optical fiber core with a focal length of

The micro-lens 2 in Figure 5-5a focuses the collimated

radiation to couple it into the optical waveguide of the switching '

matrix with a Gaussian width of 1.8 microns. The intensity v

distribution in the focal plane of the microlens is determined by wave EE

diffraction., The Gaussian width 2wg of the laser spot in the focal ‘

plane of a lens is i
2wg = ‘n’éAO -;- (5'4)

where %~1s the numerical aperture of the microlens 2. The numerical
aperture of microlens 2 which is %-- sin 20° = 0,342, yields the Gaussian width
of the focused laser radiation in Equation 5-4 to 2w_ = 2.3 microns,

ezt

Thus, the Gaussian width of the transformed laser radiation will be ;E’
rather closely matched to the Gaussian width of the optical wave- )
guide mode of the switching matrix of 1.8 microns. 1

5.6 TRANSFORMATION IN MERIDIAN PLANE PARALLEL TO X-Z PLANE

In the meridian plane parallel to the x-z ptane the
radiation from the optical fiber must be collimated to form a beam
of 200 microns Gaussian width (Figure 5-5b). To perform this
transformation with an optical fiber core its focal length should
be 480 microns and its radius should be 300 microns, for a refractive B
index of n=1.45 (Glass)* No computation on the beam transformation §
of this type of cylindrical micro1enshhas been performed. To

il

approximate the properties of this type of lens, we show in Figure 5-8, ¢

the transformation characteristic of an optical fiber core with a focal
length of f = 1450 microns, a radius of R = 900 microns, and a refractive
index of n = 1.45, which had been computed previously. The optical

*nis typé of microlens would require an increase in the beam
center spacings on the switching matrix from 0.4mm to O.6mm, or
a Sclfor fiber microlens could be used.
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£

f= 480|nicrons, will be between those shown in Figures 5-7 and 5-7a,
and those in Figure 5-8. The optical fiber core with a focal length
of 1450 microns in Figure 5-8 transforms the laser radiation to become
very close to be paraliel Up to a half-angle of incidence of 7.5° (for
a spacing between optical fiber and the vertex of the microlens of 480
microns. Also, over this angle range the spherical abberations are
“-well below a fourth wavelength.

A comparison of Figures 5-7, 5-7a and 5-8 indicates that
a smaller focal length cylindrical microlens can transform the fiber
radiation to become even closer to be parallel over a half angle
- range of the incident radiation of 7.5°. We conclude that an optical-
fiber core with a focal length of 480 microns}(micro1ens 31in
Figure 5-5b) should be able to transform the radiation from the single
| © mode opt1ca1 fiber with a half angie of 7.5° to become very close to be
paral]e] and to form a beam of 200 microns Gaussian width.

® "o @ LR .
s - TR — it

The computation of an optimized spacing s-R for the cylindrical 3

microlens with a focal length of 480microns will be similar to the :gi

= computation which resulted in Figures 5-7, 5-7a and 5-8. In designing ‘35

the optical transformation path parallel to the meridian x-z plane fij

y (Figure 5-5b), one has also to consider the effect of microlens 1 on i~@

the optical transformation. Microlens 1 forms an image of the p-n junction iy

in the x-z plane. The image formation by the microlens 1 in the fig

x=-z plane requires an increase of the optimized spacing s-R of the ’
microlens 3, by a4, given in Eq. 5-2. It is the image distance of

microlens 3 which must be made s-R. Since-the image distance of lens 3

. is smaller by A than the distance between fiber and the vertex of :3
' lens 3, the vertex of lens 3 must be spaced from the fiber by s + A )
- R. For the parameters of lens 1 where R = 90 microns and n=1.62, ?3

- afrom Equation 5.2 is a4 = 69 microns.

|
, -
The field distribution at the exit surface of the microlens ggi
expands by wave diffraction as/%he radiation propagates in space. ’
 Using the relation for beam expansion (Section 4) the radiation
= will have expanded by wave diffraction by no more than 14 m1crons

at a distance of 3.2cm. - ’ _k

B e L I

<
e 1 TR
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6.7 END-FIRE COUPLING BETWEEN SECTIONS OF THE SWITCHING MATRIX ON
SEPARATE SUBSTRATES

When the physical size of the switching matrix exceeds
the size of a single crystal LiNbo3 or LiTao3 substrate, the switching

&i matrix must be subdivided into sections on separate substrates.
These sections of the switching matrix must then be combined by
3[ optical interconnections. Because of the large aspect ratio of
the laser radiation propagating through the switching matrix, the
- ‘ optical connections must also be formed by cylindrical lenses. The

schematic of the interconnections is shown in Figure 5-9. In the y-
direction where the Gaussian width of the planar optical waveguide mode
is 1.8 microns wide, the beam transformation will be similar to the
transformation by lens 2 in Figure 5-5a. The transformation of

the radiation in the meridian plane parallel to the y-direction

between planar, dbtfcal waveguides will be similar to the end-fire

%ﬁ coupling in Figure 5-8 using two microlenses, similar to lens 2

; in Figure 5-5b,

In the x-z piahe the function of the optical connection
is to collimate the slightly expanding laser beam. A single lens

E? with a focal Jlength f, could transform an incoming spherical wave
with a radius R1 to the left of the lens, into a spherical wave-
]"“@ front with the radius Rz, to the right of it, where
oD
:‘ 1 =.l —.l (5-4)
ji and R2 is negative for a converging wave. The radius of the incoming

wave is

-
St

ofn
R(x) = x [1 +(—§37)] (5-5)
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For W, = 100 microns and x=3,2cm, R=15.3cm. From Equation 5-5 it-
follows that a cylindrical lens with a large focal length would be
required to collimate the expanding laser radiation.

The collimation of the slightly expanding laser beam in
the x-z plane can also be performed by the two microlenses in
Figure 5-9b. The two microlenses can be implemented by similar
optical fiber cores,as were described in Section5.6 for end-fire
coupling the fiber to the switching matrix in Figure 5-5b. To
collimate the slightly expanding beam the foéal length of the
second lens in Figure 5-9b must be slightly smaller than the focal
length of the first lens. ’

5-21




S T e T

SECTION 6
CROSS TALK REDUCTION

To reduce the cross talk between the collimated laser beams
of the switching matrix, advantage can be taken of a property of lenses
derjved from wave diffraction theory. Eq. 5-4 defines the Gaussian
width of the laser spot in the focal plane of a lens. However, this
equation is valid only for spatially coherent waves. Waves which are
not spatially coherent will form a wider laser spot. Waves which
enter the lens off-axis or under a different angle than the wave deflected
to this terminal, will form a lser spot off the optical axis of the
lens. An iris (Figure 6-1) in the focal plane of the lens at the output
coupler of the switching network, along the optical axis, with a
diameter of

P

—A§£~= 6 microns

2 W =
g

3 Jw

(where %‘is the numerical aperture of the lens) will reject all

intérfering waves and should greatly reduce cross talk.
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ti -switches, and low-loss single-mode fibers. The 1ight source not only

|

SECTION 7
P-N JUNCTION LASER

7.1 INTRODUCTION
. |
Semiconductor p-n junction lasers, because of their small size ,l

and high gain, are uniquely suited as sources in integrated optical t
i‘ - systems. Of these lasers the AlGaAs laser is the best developed, and

- PN pew e

consequently, we will begin our discussion based upon the properties
~of this device for use with single transverse mode optical

needs small size and high gain, but for compatibilityvith integrated
optic switches the laser must oscillate in a single transverse mode.
Furthermore, the laser design should be such that the laser oscillation
can be coupled efficiently to a single mode optical fiber. |

| . i
{ "Buried" heterostructure A1GaAs lasers were the first to ‘ g
vZ.. | operate reproducably in a single transverse mode. However their small

a junction width, which made the single mode radiation possible, also ’1
1imits the optical CW power at room temperature to close to 1 ml. RR
Recently a transverse mode stabilized A1GaAs injection laser with a

channeled-substrate-planar structure had been reported with CW power
at room temperature up to 10 mW. . This device is commercially avail-

able.
i 7.2 DOUBLE HETEROSTRUCTURE LASER
" 7.2.1 Structure

The transition from GaAs injection lasers operating efficiently
at liquid nitrogen temperature to CW injection lasers operating efficient-
1y at room temperature, required'é]ose confinement of the injected
i carriers as well as confinement of the optical field close to the active
region of the laser. Both was accomplished by epitaxial growth of a
double heterostructure laser, where the active region formed of Al_Ga, _As

is sandwiched between two layers of A1xGa1_xAs. In the DHS laser at room

L 7-1
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temperature 0 : a 20.1and x > a. Carrier confinement to the active
region is attained by the higher bandgap energy of the confining
Al Ga, .As layers. The optical field confinement results from the

higher refractive index of the active Al,Ga, ,As layer at the center of
the structure,

The DHS AlGaAs laser has a stable structure because of the
close match in the lattice parameters of Al,Ga, .As and Al Ga,_,As.

A typical double heterostructure is shown in Figure 7-1. The
n-type AleaT_xAs layer is grown on a n-type GaAs substrate. The
second layer is the active layer of p-type A1aG°1-a
is p-type AlyGa]_yAs, where y = x. A fourth layer of p-type GaAs is
added for contacting purposes.

The optical field distributions inside the DHS laser is that
of the fundamental mode of a dielectric waveguide. CThe mode is guided

by the active layer which has a higher refractive index than the adjacent

layers. For instance, the difference of the refractive indices O?Athe

active ATaGa]_aAs layer and the adjacent A]xGa]_x layers for x = 0.3 is close

to 5 percent. The extent of the optical field of the dielectric wave-
guide mode into the adjacent layers is largely determined by the thick-
ness of the active regions. When the thickness of the active layer is
more than 0.5 microns the fraction of the optical energy confinéd to
the active layer is close to 90 percent. However, the fraction of the
optical energy confined to the active region decreases rapid]y when

the thickness of the active layer becomes comparable to the lasing

wavelength in GaAs of 0.25 microns. But the carrier confinement to the active 1ayex{

produced by the potential barriers introduced by the higher bandgap of
the Alea]_xAs layers still holds even when the active layer is - hinner
than 0.25 microns. The characteristics of the different types oi AlGaAs
lasers had been introduced primarily by changing the thickness of the
active layer and with it, by changing the distribution of the optical
field.
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b Figure 7-1. structure of DH diode laser with p-type active layer
L4 ‘ [n-p-p) DH structure].
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7.2.2 (Qperation Wavelength

The photon energy of the stimulated emission of the DHS laser
is close to the energy gap of the AlaGa1_aAs in the active IEyer.
For a = 0, the wavelength at room temperature is around 9000A. For
a > 0 the higher energy gap of AlGaAs moves the wavelength of the laser
radiation to lower values. However, the mole fraction of AlAs is
limited to a = 0.34, where, at room temperature, the direct band-to-
band radiative transition changes to indirect radiative transitions

‘as shown in Figure 7-2. The transition probability is much higher

for direct transition than for indirect transition, a mole fraction of
AlAs corresponding to a>0.34, would seriously decrease the efficiency

of the laser. The cross-over between direct and indirect transition

at room temperature with a=g.34 corresponds to an energy of 1.92 volts,
and to a wavelength of 6600A, as shown in Figure 7-3. For a mole fraction
of AlAs of no more than 10 percent, corresponding to a wavelength shift

_ from 90003 to 80003, the threshold current density and the external

quantum efficiency are nearly equal to the equivalent values of
injection lasers, having a GaAs active region. An increase of the
mole fraction from a = 0.1 to larger values, results in noticable
increase in threshold current and a decrease in quantum efficiency.
The shortest wave1§ngth from an AlGaAs laser for & = 0.37 was measured
at 77°K to be 6192A.

7;2.3 Stable Transverse Mode Radiation With up to 10 Microns Junction Nidth 

From the theory of gain-induced guiding in the AlGaAs laser,
the channeled-substrate- PTanar DHS laser has been developed which
radiates in the fundamental TEM00 mode up to twice the threshold current,
where the CW power at room temperature is close to 10 mW. In the AlGaAs
laser where the Fabry-Perot resonator is completely filled with the high
gain medium the modes are determined by the refractive index and gain
variations of the medium. In the direction normal to the p-n junction
the optical field of the DHS, due to the small height of the active
layer, will always be in the fundamental mode. Along the junction the
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(a)
Direct band-to-band radiative transition.

(b)

Radiative indirect transition.
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peseinns

dominant factorfih selecting the lowest order transverse mode, is the
gain-guiding mechanism.

The gain-guiding mechanism is an extension of the mode
selection in a dielectric waveguide when the refractive index is
complex. In a dieiectric waveguide with real refractive index the
wave is guided by the real part of the refractive index which is higher
in the center region. In the DHS lasers the mode novmal to the junction
plane is that of a dielectric waveguide where the real payrt of the
refractive index of the active AlaGal_aAs layer is higher than that
of the adjacent AIXGAI_xAs layers, since a<x. Because of the small
thickness of the active layer the optical field normal to the junction
plane is in the lowest order transverse mode.

For the analysis of gain-induced guiding along the junction
the assumptions have been made that the complex dielectric constant is ,
spatially parabolic, it can be written as /

g(x) = e - a’x? (7-1)

where € is the complex dielectric constant on the z-axis, (where x = 0),
and the x-direction is along the junction. Also, the lowest order
modal electric field, near threshold, is given by

E(x,2) «exp [-1/2 kaxZJ exp [-jRz] (7-2)
where k = %ﬂ , considering only the component along the junction E(X),
and the component along the direction of propagation E(z). In the
high gain medium the propagation constant 8 and the factor a in Eqs.7-1
and 7-2 are both complex.From the relation between these parameters and
the complex refractive index n(x) = ‘[;?;7, the complex term a = a, + jai
has been calculated. Along the junction where the real part of the
refractive index does not vary, guiding of the fundamental mode must be
provided by the spatial ga1n variation. From Eq. 7-2 the half width Wy
(where the field equals e ) of the Gaussian mede, gu1ded by the gain

7-17
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variation, can be defined as

1/2 kag = 102

and

Wl = (273 ¥ig")/2 (7-3)

where S is the width of the pumped region in Figure 7-4, and

, 9""9 'U"‘Olz .
where g is the gain in the active region, g - a is the gain above thres-
hold as shown in Figure7-4 and a, is the lass in the adjacent unpumped
region. To define the equivalence between gain induced guiding and
guiding in a dielectric waveguide having a real refractive index, the
mode width Wy is derived from Eq. 7-2 where the gain term ay = 0. This
derivation gives

| 2
1/2 ka, = 1w

2 (rs/2 ¥37n) (anyi) 2 (7-4)

where An, is the increase of the real part of the refractive index of

the center region over that of the outer regions, in the equivalent
dielectric waveguide shown in Figure 7-4. From Egs. 7-3 and 7-4 it follows
that the gain g" that gives the same confinement of a Gaussian mode as

an incremental refractive index Any does, is given by g" = §§-An]. (7-5)

The parabolic gain distribution having its maximum at the junction
center, can occur only near threshold. At higher injection currents the
stimulated emission depletes the gain. The depletion is most effective
at the center of the junction where the Gaussian mode has its maximum.

For transverse mode stability along the junction, the gain-
induced guiding mechanism must be stronger than the mode deformation
by gain depletion. The structure of the channeled-substrate-planar (CSP)
laser which accomplishes this, is shown schematically in Figure 7-5. The
spatial variation of gain and loss along the Junction, required for stablc
transverse mode guidwng, is accomplished by introducing losses at the
regions outside of - §/2. In the CSP laser, the active region is only
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Figure 7-4. A) Schematic of real refractive-index profile;
B) Schematic of spatial gain profile.

(D.D. Cook and F.R. Nash, J. Appl. Physics.
Vol. 46, No. 4, April 1975, p. 1660.)
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Figure 7-5.

A) Schematic cross section of the Channeled-Substrate Planar
(CSP) laser. B) An equivalent slab-waveguide ‘used in the
analysis.lRUnfform gain g, was assumed in the active layer.
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(K. Aiki, et al., J. Quantum Electronics, Vol QE 14, Feb. 1978,
p. 89)
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0.1 micron thick so that the optical field (normal to the junction)
extends far into the adjacent confining AlyGa;_ ,As layers. One of

these layers, the n-type Alea1_xAs layer, does not have upiform thick-
ness along the junction. This layer is thicker over the junction width S,
and only 0.3 micron thick outside ¥ S/2. The optical field over the
junction width S is well confined and subjected only to low losses

in the Alea]_xAs layer with its higher energy gap. Outside the junction
width S, the optical field penetrates into the n-type GaAs substrate.

Due to the lower energy gap of GaAs it causes high optical loss.

The test results of the CSP laser show that thé‘transverse mode
control .by gain-loss guidance can be accomplished up to about twice the
threshold current. The CW power at room temperature is about 10 mW; .
the threshold current 40-90 mA. The radiation is a stable TEMoo - mode.
The modulation characteristic is linear and does not show any "kinks.""

7.2.4 High Bit Rate PCM Modulation of DH-A1GaAs Lasers

Though the direct modulation of p-n junction lasers is a
most efficeint modulation method, the inherent properties of the laser

. can introduce distortions at very high bit rates. The properties

which can adversely affect the modulation characteristics are: a) time
delay between the leading edge of the injection current pulse and the
onset of stimulated emission, b) excitation of a damped oscillation
caused by a resonance-like phenomena, and ‘¢) radiative recombination
time in the range of several nano-seconds.

The most direct method to impress information on the light
output of an injection laser, is to amplitude modulate the light by
varying the strength of the laser excitation. This type of modulation
lends itself well to analog modulation. The optical power varies

“proportional to the injection current, once the threshold current is

exceeded. And the photodetector current varies propor-

~ tionally to the optical power. Thus, there is a linear relationship

between injection current and photodiode current. To take advantage of
the linear modulation characteristic, the injection laser has to be
biased with a constant pumping current, to the middle of the linear
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| modulation range. This bias current requirement makes analog modulation
| inefficient.

The more efficient modulation for injection lasers is the

pulse modulation of the excitation. However, the modulation rate can
- 4 not exceed an upper 1imit which is given by the time delay between

the leading edge of the injection current pulse and the onset of stimu-
lated emission. This "turn-on" time is required for the buildup of the .
electron density to the level required to overcome the losses in the
laser. In double heterostructure lasers operating at room temperature
a delay of the order of several nanoseconds is typical, giving a -
theoretical ‘upper 1imit of modulation rate of 100 MHz. @”7&

g, ¢

Fri W 4

PRI
SRR

The lasing delay time which is proportional to the spontaneous
: 1ifetime T, can be reduced by the superposition of a d-c bias current
] which is close to or slightly above the threshold injection current. Modulation
| rates up to 1 GHz have been reported when operating with a d-c bias

i current equal to the threshold current.

s

L
am———c sy

At the upper frequency Timit, short pulses are distorted and .
' longer pulses are ringing. These effects are introduced by the spiking
fluctuations, a resonance phenomena of the laser itself. The spiking
fluctuations are damped oscillations, which result from the dynamic
instability in the interaction between the inverted electron poputation %
and the optical field in the laser. The response of the injection
laser to a sudden current increase is an increase in photon density g%
[ which rapidly depletes the inverted electron population. This results o

in a reduction of the optical field until the inverted electron density

can be rebuilt by the injection current. Consequently, a damped

i ékcillatiOn between photondensity and inverted electron density is set A~§;
l 4p, until equilibrium is established with the new operating condition. : i

The spiking resonsance frequency dencnds on the photon life o
t : time Tstimu]ated’ the spontanenus life time Tspontaneous’ and the ratio - |
of the drive current to the threshold current. The spiking resonance is an inherent 3 .

|
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property of the injection laser and can only be changed by varying the
injection current. However, in the CW laser the injection current can
only be varied over a small range. The resonance-1ike phenomenon occurs
at frequencies of 1GHz or higher. A Tow pass filter amplifier with
a bandwidth of 500 MHz can reduce the effect of the damped osc1llatiop -
on the PCM modulation. p
. 4

For a high bit rate PCM modulation, a radiative recombihation
lifetime of a few nanoseconds of the AlGaAs laser causes the initial
condition of the carrier density at each bit to vary depending on
whether the preceding bit was a 1 or a 0. For high bit rate PCM modu-
lation the recombination lifetime must be reduced; this can be accomp-

lished by driving the laser with an injection current well above the
threshold current.

In a laser the total number of transitions per unit time from
the higher energy state to the lower energy state, is

Neo = Ny [Bkz plvye) + f‘m] (7-6)

where N2 is the total number of carriers in the higher energy state,
Bkg is Einstein's coefficient of induced emission, Akz is Einstein's
coefficient of spontaneous emission and 5(ng) is the time average

of the energy density of the electromagnetic-radiation at the frequency iy

The freauency

where Eg énd Ek are the energies of the higher and lower quantum states.
The energy density 5(“k£) can be specified by the average number of
photons n per mode;

3

_ 8ﬂhvk£
P (Ve) = 3

] |

where h s the Plank's constant and c
of the Einstein's coefficients follows that
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A = 8ﬂhV (7_7)
C

The transition rate from the higher to the lower energy states
from Eq. 7-6 is

Reg, = BygP(Vp) *Ay, (7-8)

While the transition rate for spontaneous emission in Eq.7-9 is
independent of the energy density of the electromagnetic radiation, the
transition rate for induced emission is proportional to the energy
density E(vkl).

From Eqs.7-7, 7-8 and 7-9 follows that the ratio of the induced
transition rate to the rate of the spontaneous emission into a given
mdoe, is equal to the number of quanta n in the mode.

Since ng = %3 where T is the radiative recombination time
of the AlGaAs laser, Eq.7-9 beccmes

RS T -0
stimulated spontaneacus

It follows from Eqs.7-7, 7-9, and 7-10 fhat the radioative lifetime T
depends on the photon density within the laser cav1ty and hence on
the degree of excitation. ﬂ

The higher the laser is driven above threshold, the smaller the
stimulated 1ifetime becomes. It becomes the dom1nant factor of the
radiative l1ifetime of the laser. For high excitation the stimulated lifetime

st1m can reduce the radiative lifetime t by at least one magnitude over

the spontaneous Jlifetime T

spon’

Experimental results have been reported where the injection
current was increased by more than twice the threshold current to elimi-
nate the effect of prepumping due to the preceding bits. In doing so
pulse code modulation of DH AlGaAs lasers of up to 500M bits/s could be
realized with hardly any pattern distortions.
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SECTION & |
FABRICATION OF ELECTRO-OPTI C BRAGG DIFFRACTION SWITCH

In Section 8-1 the fabrication of thin-film waveguides with
electro-optic properties in single domain crystals is described;
followed in Section 8-2 by an outline of the precisjon fabrication of
metal electrode structures. In Section 8-3 the properties of an
electro-optic Bragg diffraction switch in Ti-diffused LiNbO3 are
derived. The implementation of the Bragg diffraction switch in Ti-dif-
fused LiNbO; has the advantage over that in LiNb,Ta, 04, that the
diffusion temperature for Ti is lower than the Curie temperature of
LiNb03, while the diffusion temperature of Nb is higher than the

Cuyie temperature of LiTa03. In Section 8-4 the function of the buffe:
iayer is outlined.

A large single crystal of LiNb03, y-cut, poled into single
domain material with electro-optic properties must /e purchased from
"Crystal Technology"in California. The surface of the LiNbO, substrate
should be smooth to approximately A/5. It also has to be free of
defects such as scratches and pits. Specifically, since the evanescent
filed penetrates into the substrate, the substrate also has to be

defect-free below its surface for about one micron. A combination of

chemical and mechanical polishing can yjeld the required results.

Before the metal is diffused, the substrate has to be cleaned
thoroughly. This should be done without destroying the surface
smoothness of the crystal.

For d1ffuswon of Ti into the L1Nb03 crystal) a thin layer of
approximately 300A of titanium is evaporated on the x-z surface of the

c X X 8 [ LA
U ORI, e . TRt - i o o R b R




i

BTV RS TS RN e RT Be e AR T AT om0 T Temea A PR e R TR T R e

LiNbO3 crystal. The cyrstal is heated in an Argon atmosphere at
approximately 980°C for 4.5 hours and cooled off in flowing oxygen.
This process should yield a single mode thin-film, electro-optic
waveguide with a thickness between 1 and 2 wavelengths.

A layer of Sio2 of TOOOR thickness has to be coated on the
thin-film waveguide to form a buffer layer.

A conformable photomask has to be fabricated which is the
replica of the periodic electrode structure of the Braga diffraction
switch.

Photoresist AZ 1350 must be coated on the 3102 Tayer with a
thickness of approximately 8000A. The conformable photomask must be
placed in intimate contact with the photoresist, using a vacuum frame
designed for this process. The collimated light of a mercury arc
lamp must expose the photoresist below the gaps in the electrode
pattern on the photomask. Following the exposure, a development step
removes the exposed polymer, thereby leaving a relief pattern on the
$i0, film.

The residuz] polymer and other organic contaminations must
be removed from the interstices by the use of oxygen plasma.

In the following 1ift-off process, first the metal (Al or Au)

is deposited by electron-beam evaporation on the top of the relief
pattern and into the interstices to a thickness of about 1000;.
Subsequently, the polymer of the relief pattern is dissolved to leave
the periodic electrodes on the S'iO2 layer.

e

This is t62*1ast step in fabricating an electro-optic Bragg

diffraction switch. The switch should now be ready to be tested optically.
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8.1 FABRICATION OF ACTIVE OPTICAL WAVEGUIDES
The fabrication of the electro-optic Bragg diffraction
switches for the integrated optic swi%ching matrix is simplified
because the coherent light needs only be confined in one dimension by'the
dielectric waveguide. The collimation of the coherent light beam in
the orthogonal dimension is performed by an external microiens. Because

of the one-dimensional confinement, the thin film guide can be a
planar waveguide.

8.1.1 Ferroelectric Crystals

The electro-optic Bragg diffraction switch depends for its
operation on the monocrystalline structure of the optically active
material. This requires that the entire integrated switching matrix
of eight inputs and sixteen outputs be fabricated on a single crystal.
Because of their large electro-optic linear coefficients, the crystals
should be either L1'Nb03 or LiTaOB. Both are ferroelectric. They are
optically uniaxijal with point group symmetry 3m. They also have high
electrical resistivity to allow application of the modulation voltage.

The most ‘important properties of LiNb03and LiTaO3 are summarized in
Table 8-1.

The 1ithium niobate is grown in large single crystals by the
Czochralski pulling technique and single crystals are converted into
single domain material by poling at elevated temperature. Large single
domain crystals can be purchased from Crystal Technology. The largest -
standard size is 10mm x 10mm x 50mm. However, larger crystals up to
375mm length can be ordered. The lithium tantalate large single crystals
are grown by the same pulling technique. The single crystals are poied
at the Curie temperature. They can also be purchased from Crystal
Technology. The largest standard size is 5mm x 5mm x 30mm. Again, -
larger crystals can be ordered.




Table 8-1. Properties of Single Domain Crystals

Melting Point:
Curie Temperature:

Optical Transmission:

“~Refractive Indices:

at 0.6328 microns

at 0. 8 microns

Electro Optic
Coefficients at
0.6328 microns

Structure

Liyb03
°
1260 C
1210°C

Transparent from
0.4 to 5 microns

2.295
2.203

3 3
(1. =}
L] n

2.257
2.175

'3 s
® O
o

ry3= +30 X 10" Ocm/v
r14= +10 X 107 %em/v
Fpp= * 6 X 107 10%m/v
-10
r5]= +28 X 10 cm{V

Rhombohedral
ay = 5.148A
cH = 13.863A°

8~4
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LiTa0,
1680°C
660°C

Transparent from
0.3 to 6 microns

n, = 2.177
ne = 2.181

|

r3g= +30 X 10" 10cm/v
rpg= + 7 X 10" O¢m/v
rg= 1 % 107 %em/v

re= +20 X 107 Cemyv

Rhombohedral
-}

ay = 5.143A

Cy = 13.756A°
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8.1.2 pranar Active Opticallwaveguides‘

The planar thin-film waveguide is formed on the surface of
the single crystal of LiNbOsor LiTa03 by a layer of higher refractive
index. The guiding layer for an efficient electro~optic Bragg diffrac-
tion switch must also have electro-optic properties. Several techniques
have been reported to form the electro-optic thin-film waveguide; they
are: out diffusion, metal diffusion and epitaxial-growth-by-melting.

8.1.2.1 out-diffusion

To form a thin-film electro-optic guide by out-diffusion,
advantage was taken that LiNbo3 and LiTaO3 can crystallize in a slightly
nonstoichiometric form, (Lioz)v(M20)1_v. where M=Nb or Ta and v ranges
from 0.48 to 0.5. While the ordinary refractive index n, is independent
of v, the extraordinary refractive index Ne increases as v decreases.
Therefore, reducing v at the surface of the crystal should result in
an optical guiding layer. Because of the smaller size cf Li compared to
Nb or Ta, Li will diffuse more readily than Nb or Ta. Experiments are

reported on heating LiNb03 and LiTaO3 in vacuum for out-diffusion of
Li0,.
"2

Three LiNbO3 crystals were heated in vacuum to 1100°C for 21
hours (I-2), 64 hours (I-3) and 135 hours (I-5), respectively. Air was
then admitted while the samples were maintained at 1100°C for 2 hours.
The crystals which had been clear, colorless and well polished before
the treatment. remained the same after the treatment. The change of the ;
refractive index along the depth of the crystal, resulting from out- é
diffusion of Li0, is displayed in Figure 8-1. The shift of the interference
fringes from the unperturbed pattern in Fig. 8-1 depicts the index profiie.

Distinct shifts in the interference fringes can be observed in Figures

e € S O A AT LTSRS 1Y

8-1c and 8-1d, where the optical axis c is parallel to the crystal surface

and the incident light is polarized as the extraordinary ray parallel
to the optical axis. The experimental index profile corresponding to
the interference fringe shifts in Figures8-1c and 8-1d is shown in Figure 8-2.

i
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Figure 8.1 1nterferograms: (a) ordinary wave, diffusion
along ¢, I2; (b) extraordinary wave, diffusion
along ¢, I-2; (c) extraordinary wave, diffusion
normal to ¢, I-2; (d) extraordinary wave,
diffusion normal to ¢, I-3.

(1.P. Kaminow and J.R. Carruthers, Appl. Phys. Letters,
Vol. 22, No. 7, 1 April 1973, p. 326)
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Figure 8.2 Experimental index profiles in LiNbOé and LiTaO3 for
diffusion normal to z.

(I.P. Kaminow and J.R. Carruthers, Appl. Phys. Letters,
7*Tume 22, No. 7, 1 April 1973, p. 326.)




The profile of the extraordinary refractive index can be approximated
by the complementary error function

ang = A erfc (s/B) Eq. 8-1
' where s is the depth below the surface and B = (Dt)’]/2 where D is the
diffusion constant, t iz the diffusion time and A is a function of t
and T, where T is the diffusion temperature.

From Table 8-1 we conclude that the diffusion temperature
remained below the Curie temperature (Tc=1210°c). Therefore, the
crystals should not become depoled by the out-diffusion process at
T-1100°C. This had been confirmed since the electro-optic coefficient
r remained the same before and after the heat treatment.

Out~diffusion of LiO2 from LiTaO3 at temperatures below the
Curie temperature of 660°C would be too siow. For out-djffusion of
LiTa03. diffusion temperatures were used which were above the Curie
temperature and the depoled samples were subsequently repoled to
reestablish their electro-optic properties. One crystal was heated in
vacuum at i150°C for 3 hours (B-5) and the other at 1400°C for 20
minutes. The experimental index profiles are shown in Fig. 8-2, where the 1
optical axis is parallel to the crystal surface and the incoming yﬁ
wave is polarized as the extraordinary ray. Because the out-diffusion .
parameters for LiTaO3 are different from those of LiNbO3, the product i
of diffusion constant D and diffusion time t, becomes smalier. y *

Consequently, the diffusion depth s in Fig. 8-2 becomes also smaller for
LiTa0,.

St

From the index profiles in Figure 8-2 we can conclude that the °
out-diffused waveguide can guide a large number of modes rather than a -
single mode and a different technique must be used to form an electro
optic single mode waveguide.

gt

e

S —




]

e e T TR LR

. o ———— i T

ey el I

FUPiI

4

8.1.2.2 Iﬂii}ffuswon |

The most promising technique is the in-diffusion of metal
into LiNbo3 or LiTaO3 to provide electro-optic, single mode low-1oss
waveguide. However, at the high diffusion temperatures, out-diffusion -

e ~occurs simultaneously with the metal in-diffusion.

| The most efficient electro-optidal thin-film wa&eguides
~wiich have been reported, are formed by diffusion of titanium into
LiNb0, and by diffusion of Nb into LiTa0,. Diffusion of certain metals
into the ferro-electric single crystals produce a composition grad1ent
where the meta1 mole fraction decreases towards the interior of the
crystal. The refractive indices for ordinary and extraordinary rays
decrease with decreas1ng mole fraction of the metal.

Prior to the diffusion the crystal surface must be cleaned
and polished to great smoothness. The surface must_he free of any
defects as far into the substrate as the evanescent field of the guided
mode will reach.- Mechanical or chemical po]1sh1ng or a combination of

both can produce such a defect-free surface.

To form a metal- d1ffuseé, th1n-f11m, electro-optic waveguide,
a thin layer of metal of thickness t is first evaporated onto the surface
of the ferro- e1ectr1c crystal and then the crystal is heated at tempera-
ture T in a nonreactive atmosphere for a time t. The important waveguide
parameters - number of modes M, maximum index change An and effective
guide thickness b - can be independently controlled by the diffusion

- 3 (\\\
parameters 1, T and . - \\&\“ |
. . ) \x

£.1.2.2.1 Ti~Diffusion into LiNbos'

- . ) v R ) °

For diffusion of Ti intbeiNb03, thin layers (200 - 800A) of
Ti are evaporated on one of the crysti} faces of the:LiNbQ3 crystal.
The crystals are heated in flowing Ar- (to prevent oxidation of the metal)

to a temperature in the range of 850 - 1000°C (below the Curie tempera-
tureeof‘LleQ3) in a time less than 1 hour and the diffusion time t was
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. measured from that point. After time t, flowing oxygen was’ admitted
(to reoxidize the L1Nb03) and the oven switched off. For sufficiently
long diffusion times, all the metal disappears from the surface. If
the diffusion is stopped before all the metal enters the crystal, an i
oxide residue forms on the surface which can be removed by very lightly

hand-polishing the surface.  *°

Observation of the index profile has shown that Ti-diffusion
forms a Jayer where the refractive indices of the ordinary and the
extraordinary ray are higher than those of LiNbo3. The concentration
profile, that is the Ti to Nb count ratio versus depth below the
surface (y) approaches a Gaussian function for diffusion times long )
compared to the time required for the metal film to completely enter gg
the crystal. It is

P .
[

cly,t) = (2/ V/7) (ar/b) exp(- 32/b°) Eq. §=2

where o is the number of atoms per unwt ‘volume in the deposited Ti }?
film of thickness T, < a

[E =R
e ¥ 1 a4 i

b = 2(pt)}/? Eq. 8-3

and the diffusion constant D is

D =D, exp(-To/T). Eq. 8-4

For short diffusion times, where the metal is not completely diffused

into the crystal, the concentration profile should be a complementary it
. error. function, as given in Equation 8-1. \ .
Several experimental L1Nb03 qyrqfa1s with Ti layers of i

w400A were heated at 850°C for 6 hours and &t 950°C for 6 hours. In

" both cases the metal film appeared to be completely diffused into the
crystal. However, in the first case the concentration prof11e had the
shape desgr1bed by a comp11mgptany error function. In the second case,
because the diffusion rate is much greater at the higher temperature,

CF
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the concentration profile has Gaussian shapes.

‘zhange 4an(y) is proportional to
the concentration change of Ti c(y) for the Gaussian profile, the

increase of the refractive index at the surface, 4An(o), is

ano) = (2 V7) (m/b)gg. Eq. B-5

While the increase of the refractive index at the crystal surface can be

contro'ﬂed by adjusting T, the diffusion depth in Equations8-3 and 8 -4
¢an be controlled 1ndepﬂndently by vary1ng t and T.

O

The largest increase of refractive index by Ti-diffusion on
the surface of a LiNbO3 crystal which had been reported, was the increase
of the extraordinary refractive index to Ane(o)= 0.04. It was measured

on crystals where the surface was parallel to the optical axis. The
.. diffusion depth b was 1 micron. !

The dominant sources of waveguide loss are scattering from
crystal surface imperfections and, possibly, absorption by the metal

ions. The measured losses at 0.63 microns were estimated to be about
1db/cm. =

Experimental Ti-diffused thin-film waveguides in LiNb0y for
the S1ngle section Cobra switch have been reported. Approximately
bOOA of Ti was deposited by rf sputterung on the HNbO3 substrate.

The Ti was diffused into the LiNb0, in an 0, atmosphere at 1100°C for

11 hours to form the desired guided structure.

For the experimental two~section Cobra switch, a z-cut
L1Nb03 crystal was used and the Ti-diffused wavegu1de was parallel to
the y-axis. To form the waveguide a layer of Ti SOOA thick was evapo-
rated on the L1Nb03 The Ti was ‘diffused into the L1Nb03 at 980°C

for 4.5 hours in an _argon atmosphere and cooled in oxygen to form a"
s1ngle mode wavegu1de. | —

o
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7L1Ta03 by diffusing a layer of metallic Nb into the surface to exchange w

'ray of L'iNbO3 exceed those of L1Ta03, (Table 8-1) a guiding thin-film

' r%p1acing some of the Ta. Since the diffusion temperature of 1100°C c

For the expernmental Bragg d1ffraction switch in thin-fiim
channel waveguide, Ti ZOOA thick was e-beam-evaporated on a y-cut
LiNbO, substrate. Diffusion was carried out at temperatures of 850 - :
900°C in a flowing oxygen atmosphere. The diffusion time varied from 5 ° it

to 16 hours. ’ :

3

8.1.2.2.2 Nb Diffusion into LiTa0
Thin=-film electro optic waveguides were also formed in L

otz

+5 +5

some of the Ta ~ for Nb ~ ions, so as to form a layer of LiNb Ta1 x03
Since both the refractive indices of the ordinary and the extraordinary

sz

waveguide results.

‘The waveguides are formed by evaporating metallic Nb ontooq
polished, LiTa0; substrates. The Nb thicknesses were varied from 150A
to 1900A  The coa ted crystals are annealed in an argon atmosphere at
temperatures close to 1100°C for times ranging upwards from 6 hours.
The Nb diffuses into the crystal and takes up lattice positions
is higher than the Curie temperature of LiTa0, of 660°C (Table 8-1), the ol
cyrstals become depoled. To reestablish their electro-optic: properties
the crystals must subsequent}y be repoled. ¢

Thecrystals, after the treatment, are clear and transparent. . A'i
A typical concentration pr&f11e for the Nb after in-diffusion into the
L1Ta03 crystal, is shown in F1gure 5-2. The relative Nb concentration E
(xann‘the formula L1Nbea1_x03) as a function of the depth, is consistent | é
with film formation by a diffusion process. The refractive indices.of @~

the single mode LiNbTa,_,0, are higher than those of the LiTa0,. In fact

they are between those of L1'Nb03 and those of LiTa03. In an x-z plane - Z
LiNb Ta.l x03 crystal for the TEo-mode, propagating at 51° to the z-axis '
(used for the Bragg diffraction switch in Figure 3-4) the refractive index I
is 2.188 at 0.632A: This falls in the range between 2.179 and 2.237 which

are fhe indices in this direction for pure LiTaO3 and LiNb03, respgctive\yy ?

8-12

LD e A R P vk «Boaso e




i

/o |

To evaluate whether the LiNb,Ta, .05 thin film can guide only
a single mode, the mode content was computed using the analysis by D
Marcuse. In this analysis the squares of the graded refractive index
distribution is approximated by a piece-w1ae. linear distribution, for
which exact solutions of-the guided - wive problem can be obtained.
Since the refractive index change is proportional to the change of Nb
concentration with depth, the distribution in Figure 5-2 was used for the
computation. The linear pieces for L =2.188 to n]=2 1833 extended from
x=0 to x]=0 .77 micron, and! ?or n]=2 1833 to n2=2 179 extended from
1-0 77 micron to 1.5 m1crons

The result of the computation was that the LiNb,Ta, .0, film
with the concentration profile in Figure 5-2 can only support a single mode.

One has to realize that at a high diffusion temperature
simultaneously to the metal in-diffusion, out-diffusion of Lwoz ocecurs
(Section 8.1.2.1). This presents a serious problem when channel wave~
guides are diffusea since the out-diffusion forms a planar waveguide
outside the channel waveguide, formed by metal in-diffusion. However,
for the electro-optic Bragg diffraction switch which is built in planar
waveguide, the increase in refractive index at the crystal surface due
to out-diffusion only adds to the increase in refractive index due to
metal in-diffusion. Furthermore, for metal in-diffusion, the increase
of the refractive index is approximately 10 times as large as the
refractive index increase by Li0, out-diffusion. o

8.2 FABRICATION OF PERIODIC METAL ELECTRODES

In the electro-optit Bragg diffraction switch. the precision
in setting up the diffraction grating is determined primarily.by the
precision in forming the periodic electrodes. Photolighography,

specifically shadow printing, together with lift-off techniques, should
yield a precision in forming the electrode structure of better than 1

8-13
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micron. These techniques have been used previously to form a periodic

electrode structure, with a periodicity of 4 microns and an electrode
gap-to-width' ratio of one.

Phatolithography requires that the surface of the Bragg
diffraction switch is coated with ¢ radiation sensitive polymer film
and exposed to radiation through a photomask to form the desired pattern.
Following the exposure, a development step removes the exposed polymere
(positive process), thereby leaving a relief pattern on the surface.
In the following process, the 1ift-off process, the metal which forms
the electrodes, is desposited into the interstices of the polymer relief

pattern., The fabrication of the metal electrodes is shown schematically
in Figure 8-3.

For thin film optical work, a positive polymere, named .

« photoresist AZ 1350, has been deveioped with resolution better than T

0.05 micron. The photoresist AZ 1350 is a strong absorber of ultraviolet
light. When exposed to radiation it undergoes photochemical decomposition
and enhanced solutility of the photoresist jn aqueous alkaline solutions.

To form the pattern on the pholoresist, a photomask of the
pattern must be generated. The photomask is a glass plate where the
pattern is formed of a thin-film absorber of ultraviolet light, as
chromium, F203, silicon or photographic emulsion. The thin-film |
absorber pattern is placed in contact with the photoresist and the

pattern is transferred to the photoresist by passing collimated ultra-

violet light through the photomask. Photolithography is comparatively
simple and inexpensive and the field of view is limited only by the

size of the photomask and the diameter of the collimated ultraviolet
light.

To consistently achieve line-width contro1'of 1 micron or
below, any diffraction effects have to be greatly reduced. This can be
accompl1shed only when any gap between the photomask qnd the photoresist
is avoided. For intimate contact, a conformable photomask must be used,

o
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Figure 8-3. Schematic of fabrication of metal electrndes.
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as shown in Figure 8-4.

u The conformable photomask.consists of a pattern in thin-film
chromium of 0.05 to 0.1 micron of Fe203 of 0.13 micron, on Corning type

0211 glass, 0.2 mm thick. The vacuum sucks the photomask to the photo-

_resist to readily conform to its contour,

With intimate contact, diffraction effects can take place
only over the thickness of the photoresist film. Wave diffraction occurs
because of the nature of 1ight which penetrates into the shadow area
of the absorbing sections of the photomask. In the Fresnel region,
progressive diffusion of the optical field into the shadow region occurs
with increasing distances from the absorbing strips of the bhotomask.

For an index of refraction of the photoresist of n=1.6, the wavelength

< (o]
of a mercury arc lamp of 4000A in air, becomes 2500A inside the photo-
rosist. Thus, to avoid rounding of the sidewalls of the relief nattern,

the photoresist should have no more than a few wavelength thickness.

Some compensation is possible by adjusting the exposure time to obtain
more vertical side walls. (Figures 8-5, 8-6). However, when exposure-
takes place and the photomask is not in intimate contact with the photo-
resist, diffraction in the air gap causes the profile to have sloped

side walls. (Figure 8-7). Such a profile is unsuitable for the 1ift-off
technique.

The relief pattern formed%by contact photo1ithography is
shown schematically in Figure 8-3b. The lift-off process which deposits
the metal into the interstices of the polymer relief pattern is
shown in Figures 8-3c and 8-3d. In the first step of the lift-off process,
the metal, which is either aluminum or gold, is electron-beam evaporated
from a source at a distance of approximately 40cm. The metal must
arrive at the relief pattern at near-normal incidence. In the second
step of the lift-off process, the polymer is dissclved to leave the
periodic electrode pattern on the surface of the thin-film waveguide.
To dissolve the polymer, it is required that there is Tittle or no
continuity between the material deposited on the thin-film waveguide and
that deposited on top of the polymere. For preventing this continuity,

Wi oo A

—aidiind

B

it is required that the sidewalls of the polymere relief pattern be vertical.
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Figure 8-4. Schematic dtagram of a simple vacuum frame for obtaining
intimate contact between a substrate and a conformable

photomask. : ’ ‘ ‘
(H.1. Smith, Proc, IEEE, Vol. 62, No. 10, Oct. 1974,
p. 1361.)
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Figure 8-5.

Figure 8-6.

Scanning electron micrograph of the cross section of a grating
pattern exposed in AZ 1350H photoresist using » high-pressure mer-
cury arc lamp and the conformable photomask -intimate contact
technique. The photoresist is 9800 A thick. Because of the angles
used In microscopy, vertical dimensions are foreshortened relative o
iateral dimensions. The scale refers to lateral dimensions only. The
photor. .ask consisted of 5 slits in an 800-A thick chromium film on
0211 giass. It was mace by scanning-slectron-beam lithography and
chemical etching of the chromium, which caused irregularities slong
the edges of the slits. These small irregular features are replicated in
the photoresist. The smalier space between two of the slits was in the
original mask, and was cawsed by an error in the scanning-electron-
ttern generator. (Micrograph by Eager.)

Scanning electron micrograph of the cross section of a grating
pattern exposed in AZ1359H photoresist, 18 000 A thick.

(H.I. Smith, Proc. IEEE, Vol1.62, No. 10,
Oct. 1974, p. 1361)
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Scannir - alectro. micrograph of the cross section of the edge of
A partern o .. e in AZ1350 photoresist, 5000 A thick. The photo-
mask was iy .00 about 2 um away from the top of the AZ1350.
The resulitng diff ractior: caused the rounding of the side-wall profile.

Figure 8-7.

(H.I. Smith, Proc. IEEE, Vol. 62, No.10,
p. 1361.)
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For good adhesion of the deposited metal, residual polymer
or other organic contamination must be removed from the{ﬁﬁterstices of
the relief pattern jirior to ‘the lift-off process. This can be

- accomplished most effic1ent1y by the use of oxyfjen plasma. -Oxygen

plasma is harmless to most crystals used for tnwnofi]m optical
waveguides. The treatment must be short becaui some of the polymer
of the relief' pattern is also removed. It has been found that
exposure of the thin-film optical waveguide with tne polymer

pattern to an oxygen piasma for a time sufficient to remove about

100A of the polymer thickness is more than adequate to ensure clean-up
of the exposed“thin-film surface.
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SECTION 9
- SINGLE~MODE FIBER SPLICING

The development of single mode optical fibers has proceeded
very quickly in the last year, In addition, splicing technology has
rapidly advancedﬁfi.e;; fiber fusion splicing sets have become commer-
cially available for multimode and single-mode fiber. Specifically,
"Northern Telecom Canada, Limited", in Montreal, is producing a fiber
fusion splicing set for single mode fibers, as shown in Figure 9-1.
Fusion is achieved, using an AC arc." The unit is also used to install
a protective heat-shrinkable tuhing package over the fused fibers.

Alignment of the fibers is achieved without micromanipulation.
A prefusion cycle can be used to minimize insertion loss. The arc
power and duration are adjusted for the specific fiber being used and
then controlled automatically by the set. The splicing loss averages
about 0.25dB for multimode fiber. In the application of interest,

single mode fiber would be used. This fiber would result in somewhat
higher losses in splicing.

&

The operating procedure is as follows:
1) Strip the fiber ends of any protective coating.

2) Cleave the fiber ends (using a suitable tool) to provide
a smooth, flat end surface. ' . '

3) Place the heat-shrinkable tubing package over one fiber
end, away from the fusion area.

9-1
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Figure 9-1. Fiber Fusion Splicing Set
by Northern Telecom Canada Limited
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l o
I 4) Clean the fiber ends, using methanol or acetone.

[
) Bl
-

. 6) Observing through the magnifier, separate, the fiber ends

s1ightly and prefiuse (to round the ends). &

i
i

ok S) Locate the fiber ends in the aligment head. .
l

} ) 7) Touch the fiber ends together and fuse.

I 8) Place the package over the fuse area, lower the fibers
ii into the heater and activate the timed heater.

9) Raise the completed splice out of the heater and remove
from the handling arms.

{ ' ° X
{ At this stage of the switch development, it aprears that
the single mode fiber splicing will be commercially available with low

loss in the early 1980's. As a result, the fiber splicing is not o
believed to be a significant problem. o
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SECTION 10
DATA FLOW, ACCESS TECHNIQUE, ARCHITECTURE AND PROYOCOL

©

In the Final Report on the NASA Contract NAS5-24449 of

__February, 1979, the conceptual design of an optical switching center

had been developed, which is shown in Figures 10-1 and-70-2." "The switching
function is performed by an integrated optics switqﬁgngématrix, using
electro-optic Bragg diffraction switches. The daﬁg flow thrbugh the
switching matrix in Figures 10-1 and 10-2 is that“&hQracteristic of a

* common control space-division switching module. In ;\Eommon control space-

division switching system, the number of connections'hre limited by
the humber of physical lines between stations. A1So;the‘common equip-
ment is occupied only during the initial stage of a connection and
after the connection is terminated. The connection itself requires
only the activation of the appropriate relay?cﬁn the respective
transmission lines.

In the integrated switching matrix, the number of connections
is also limited by the number of input and output laser beams. Also, to
establish a connection, a single Bragg diffraction switch at the inter-
section of the respective input-output laser beams needs to be activated.
It follows that the optimum data flow through the optical switching
center in Figures 10-1 and 10-2 can only be that of a common control
space-diyision switching systen.

The typical access technique in a common control space-division
switching system is shown schematically in Figure 10-3. The actual switch-
ing function between input and output lines, performed by the switching
matrix, is controlled by the marker (MKR). The function of the marker
is first to interpret the address which preceeds the information on
the incoming data stream. The add?essis, in general, in form of a
pseudo-noise digital waveform. After interpreting the address, the
marke establishes the connection by activating the respective Bragg
diffraction switch. The marker is assisted in its work by an origin-
ating register (OR), the main function of which is the interpretation
Qﬁ the address. \

O
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Figure 10-3, Access Technique in Common Control
Space-Division Switching System
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The keys to establishing a connection are:

1) The market is signalled that a new connection is to be
made, for example, for input line A,

2) The marker instructs input line A to connect to the
input of OR; then the marker releases.

3) The OR interprets the address and passes it to the marker,

4) The marker tests whether the output line to be addressed
is already connected. If it is a priority override can

be estab113ﬁTL
5) The marker m;.es the appropriate interconnection between
Tine A and the designated user line.

The architectural scheme for the optical switching system is
shown in Figures 1 and 2. The digital high data rate stream of each
channel is modulated on-an injection laser. The properties of the
1ntegrated optics switchwng matrix require that the laser radiation
be spatially coherent. Because of the high data rate (up to 300Mb/s)
and because of the considerable distances (up to 200 feet) for trans-
mission of the data streams, optical fibers are used from the optical
transmitters to the switching matrix. For these input connections
single mode optical fibers must be used. The optical fibers are
connected by an endfire coupler, formed by crossed ¢ylindrical micro-
lenses, to the switching matrix. A similar-endfire coupling technique
. is used to form the output connections from the switching matrix to

the output optical fibers. Each channel is then detected, amplified,
reshaped and processed, :

The optical switching system, using a space-division switching

module, does not 1imit the protocol, that is, tﬂe data packaging of the
incoming data streams. The data streams can be frequency-d1v1s1on

10-5




multiplexed by loading each input 1ine with N channels each of a dis-
creet narrow frequency range, which are transmitted simultaneously.
The data streams car also be time-division multiplexed, where repre-
sentative samples of each of the N channels are taken and transmitted
sequentially. The design approach of the integrated optics switching
matrix, which uses a space-division scheme, is such that it does not
restrict the multiplexing origata packaging technique,

3
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SECTION 11
RESOURCES

The capability to build an optical high data rate switching
center as shown conceptually in Figures 10-1 and 10-2 with up to 8 inputs
and 16 outputs relies on present developments of large elongated single

LiNbO3 or LiTaO3 crystals and single transverse mode injection lasers,
operating at 0.83 and 1.23 microns.

The elongated shape of a single crystal L1Nb0 or LiTa03 sub~
strate required for a 8 X 16 switching matrix, can be fabricated from
a single large crystal, made by the Czochraski pulling technique.
"Crystal Technology, Inc.", 1n<ﬁountain View, Ca., is the only
supplier of high quality single crystal LiNbO3 and LiTa0., substrate
in the United States. Single x-cut and y-cut crystal substrates 1 in.
and 1% in. square are available (de??rery time not to exceed eight
weeks). Single y-cut LiNb0, crystalt are being developed where the
length along the z-axis can be up to 15 in. and along the x-axis can
be up to 2 oe 3 inches. But these crystals can not be used for building
the switching matrix with the electro-optic Bragg diffraction switches.

No development is planned to pull y-cut single crystals so that the
longer dimension is along the x-axis. | v

However, single x-cut crystals are presently being developed
by "Crystal Technology, Inc." with the long dimension along the y-axis.
Tentative dimensions are 5 to 10 in, along the y-axis, and 1% in. along
the z-axis. Fortunately, there is complete symmetry of the electro-
optic properties of the integrated optics switching matrix, using
electro-optic Bragg diffraction switches, between: the y-cut single
crystal with the direction of propagation along the x-axis, and the
x-cut single crystal with the direction of propagation along the y-axis.
Consequently, the large switching matrices using Bragg diffraction
switches can also be implemented on the elongated x-cut single Lw‘NbO3
crystal substrate where the longer dimension is along the y-axis.
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é// The development of the x-cut crystal with the long dimension

along the y-axis at "Crystal Technology, Inc." is expected to proceed
simultaneously with the development of the 2 X 2 building block of the

larger switching matrix. Hopefully, the large elongated x-cut single
crystal LiNbO3 substrate with the long dimension gjong the y-axis
will become available at the time when the large switching matrices
under a follow-up contract should be fabricated.

An important development of new injection lasers can lead to a
decrease in length of the large switching matrices. "Laser Diode
Laboratories” in Metuchen, New Jersey, is in the process of fabricating
InP lasers with the center wavelength at 1.23 microns. The same company
has also, in the last year, developed a single transverse mode Al,_xGaxAs
laser and will proceed to develop a single transverse mode InP laser,
radiating at 1.23 microns. Using these lasers with Ag = 1.23 microns
will allow to increase the Bragg angle to eB§4a and to decrease the
minimum spacing between Bragg diffraction switches along the input laser
beams by a factor of 0.68. Thus, i.e., the length of the 8 X 16 switch-
ing matrix could be reduced to 220mm or to less than 10 inches.

11-2

. . .
me MR N L A et e oo S Mt o o T e e

' P
[l B, oy,

A
e

e’ i

b
O et e ]

e st




)
f
r
|
f
t\

X\ ) SECTION 12 ‘
| CONCLUSIONS AND DEVELOPMENT PROGRAM
12 3 CONCLUSIONS
K\ The feasibility study of the switching center, using an in-

g tegraféd,ppticxswitching matrix has been completed, The tentative

requirements fo% the switching center are a hgih data rate throughput
(up to 300 Mbits/s) having 8 input Tines and 16 output lines. Fiber
optic transmission is considered for interconnection in the switching
center owing to the high data rate and considerable transmission

distances within the center, The optical transmitters of the switch-

ing center use injection lasers and transform the output from RF
receivers to optical data streams. Direct modulation of the injection

lasers is used, which reauires a separate optical channel for each RF receiver,

The feasibility study shows that a high data rate switching

center, using an integrated optics switching matrix, can be implemented

and should meet the requirements outlined in the Statement of the
Problem in Section 1. The switching matrix uses electro-optic Bragg
diffraction switches. It also uses terminations in-line with the input

| laser beams. A key feature of the electro-optic Bragg diffraction

switches is that the switched "off" position does not adversely
affect wave propagation. The feed-through owing to the Timited
deflection efficiency (80 percent) of the switch in the "on" position
can be eliminated by optical terminations. An additional ‘feature is

‘that only one switch in the matrixisgeds to be energized for connec-

tion of an input port to an output port.

The electro-optic Bragg diffraction switches in the switch-
ing matrix are built in planar waveguide. This one-dimensional
confinement property makes it possible for the "off" position to not
adversely affect wave propagat?bn. This design requires that the
radiation from the input optical fibers be collimated with external
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optics. The collimated laser beams formifg tha 8 input terminals and

the deflect~d laser beams forming the output terminals, must be paraliel

to each other. The collimation of the input laser beams is performed
by the microlenses of the endfire coupler., Achieving low cross talk
depends on the precision alignment of these microlenses. Though the
endfire coupling method has not been tested, a related technique had
been used previously with very good results.

d

A novel method of cross talk reduction based on coherent mode
selection in the Fourier plane of the output coupling microlenses
should help to reduce the cross talk to the required level.

The development effort of the program must be directed towards
designing the electro-optic Bragg diffraction switches to be commensur-
able with the limited size of the single ferroelectric crystal; forming
the substrate of the switching matrix. Fortuiftiusly, the geometry of
the switching matrix is well matched to the cross section of a pulled
single ferroelectric crystal. Also, the development effort must
concentrate on the implementation of the endfire coupler with specific
emphasis on the precision alignment of the cylindrical m1cro1enses
forming the parallel laser beams.

Cross talk reduction technique, which is based on coherent
mode selectig#in the focal plane of the output coupling microlenses,
must be tested. The modulation of single transverse mode laser

transmitters up to 300 Mbits/s should be perfected to minimize distor-
tion and prepumping effects.

12.2 DEVELOPMENT PROGRAM

The objective of the development program is to develop an
operational optical switching center, using an integrated optical
switching matrix by 1982. The different phases of the program are
given in the phasing charts12-1 and 12-2,
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PHASE 2

i
s v

o 1, Develop and evaluate optical

wavequide for electro-optic
Bragg diffraction switch
Tast-at . 20,412 micron’

=Order material including
ﬂngl?”cryml L1NbO,
X

e

~Diffuse T{ into Lmbo,
to diffusion depth of
% 1 micron

~Test Ti-diffused LiNbO,
waveguide .

~Coat Ti-diffused L1NbO,
with §10,

-Test S§0, coated Ti-diffused
" LiNbO, wiveguide

2, Investiqate 4 X 4 and 8 X 16
’ witching Maerix
‘ -Investigate crystal availa-
i " bility as a function of
i ?;gg. cost and purity for

=Optimize design of E£lectro-
Optic Bragg diffraction

] switch for 4 X 4 and 8 X 16
1° switching matrix for Targest
crystal size in 1982,

] 3, Develop & Evajuate Optimized
2 X 2 Switching Matrix at
S O nierens

-Fabricate periodic electrodes
o on smz coated Ti-diffused
b LiNbO,

-Test slectro-optic Bragy
diffraction switcn
at 9,5328 microns

i -Build and test 2 X 2 switching
matrix at 0.6328 microns

4, Demonstration

PHASE 3 B
1. Evaluatel X 1Switch at
I=0.8micron
s -Purchase single mode )
: +  AlGaAs laser &

4 -Develop End-fire coupling

Investigate Cross-talk rejection

. 82‘,‘5%&%%&”"‘”“

4, mpl nd-

*

i3
~n»
.
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5. Build and tvaluate 2 X 2 Switchirg |
Aatrix at 3 = 0.32 micron

5. DEMONSTRATION

SUPO . ot vttt

Table 12-1
INTEGRATED OPYIC SWITCHING SYSTEM
CEVELOPMENT PROGRAM
1979-198)
DEVELOPMENT OF SINGLE ELECTRO-OPTIC -
BRAGG DIFFRACTION SWITCH :
FOR USE IN
4x4 AND 8x16 SWITCHING MATRIX
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hase ) |
Feasibility, Study
hase 2

Develop 2 X 2 switch;
test with HeNe laser

nase 3

Test 2 X 2 switch with
Al1GaAs laser using
optimized endfire
couplirg

1ase 4

Develop and test 4 X 4
switching matrix;
incorporate in
switching center

Modulate laser with 300Mb/s

1ase 5

Develop and test 8 X 16
switching matrix,;
ingorporate in .
szﬁtcg?ng center

1ase 6

Field test switching
center

i
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Table 12-2

INTEGRATED OPTIC SWITCHING SYSTEM
DEVELOPMENT PROGRAM

1978-1979 | 1979-1980 1980-1981 1981-1982
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Wmequis, i

1982-198
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. APPENDIX A

The concept of the integrated optics switching system
in Figure3-1 has been developed in the course of the feasibility
study. To derive at the Gwitching concept in Figure 3-1, the
characteristiJ of differéﬁéhtypes of integrated switches were investi-
gated, also different types of switching network designs, couplers and

integrated laser configurations were studijed.

Al1.1 INTEGRATED COBRA SWITCH

“

A1.1.1 Introduction

In general, optical switching techniques for integrated
optical systems either take advantage of the e}ectro-optic or the
acusto-optic effect. Of these integrated swif@hes, the alternating
AB cobra switch has the special property that the straight-through
power transfer as-well as the cross-over power transfer can be controlled
indépgndent1y by vdl%age tuning. This feature allows the cross- .
taT%‘fo be minimiiedin both switching positions. The operation
principle of this type of switch is described and the effect of

temperature changes evaluated in the following.

7
]

CA1.1.2.1 Qperating Frincipie )

The objective of this investigation is“io determine the
merits and performance characteristics of an integrated "cobra"

switch.
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Al.1,2.1 Qperation Principle .

The cobra switch is formed by an integrated optical
directional coupler where the electro-optic effect is used to
switch from the synchronous coupling mode to the asynchronéhg
coupling mode. The switch had been realized in LiNbO3 by diffusion
of titanium to form channel waveguides. Thin metallelectrodes are

sputtered on the two channel waveguides. The electrode configuration

. 18 shown in Figure A-1. An electric voltage across the electrodes

increases the refractive index in one waveguide and decreases it in
the secon&twaveguide.

The electric field E is applied along tha optical axis
of the uniaxial L@Nbo3 crystal (Figure A=2). The optical E]ly - mode
(TM) is excited with the optical electrical field vector parallel to

the optical axis of the crystal (FigureAA-a) This linearly polarized
field vector is in direction of the extra-ordinany wave of the crystal.

Its change in effective index with voltage is

-3
n ‘ A1)
, e ‘
Moty * Mg =g a3 &
where for LiNbOs n
optic tensor coefficient rgq = 32.2 x 10'10 cm/velt.

Though the electro-optic coefficient has the highest value for

the E]]y mode, the metal contact should adversely affect the channel

5 )

AN

A2

o™ 2.17 at a wavelength of 0.8 micron and the electro-
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waveguide mode. That is, the maximuﬁhthicknesg bmax for which the

channel waveguide can supzort only the fundamental mode,

A

bmax * 2(n12 - ng)s V | A(2)

(where n is the refractive index inside the guide and Ny is the
refractivelindex of the substrate) is changed by the meta) contact”to
a smaller value. ;

Also losses are introduced. Though the losses are only
2 db/cm, they shouid adversely affect the characteristics of the
directional coupier. This is because the coupling equaﬁinns whicﬁ

were derived'for lossless elements are also valid for lossy pﬁopagatiop,

. but only when the propagaticn constant kz'(along the coupler) is

2

complex but the term noo- ng is real. Such a case occurs when the

. absorption in the guide and in the substrate are the same. Th2 metal

contacts on the guides in the TM-mode in Figure A-1 inérease the losses

in the guides but not in the substrate. Therefore, the symmetry required

for the validity of the coupling equations will not exist anyvlonger.

The effect of the metal contacts on the characteristics of the directional
coupler could be greatly reduced by sputtering a thin layer of a dielectric

on top of the directional coupler before the’hetal contact is made, as shown in
FigureA-3. The dielectric layer should preserve the dieiectric waveguide

mode without greatly increasing the required electric voltage for

switching.

A-5
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In Figure A-4 the optical F.Hx - mode (TE) is excited,

where the optical electrical field vector is perpendicular

to the optical axis of the unjaxial LiNbo3 crystal. This orientation //[
of the elecé?ic field vector corresponds to the ordinary wave in the |
crystal. The change of the refractive index with the external electrical
field is : 3

: n
MTE® Mo " _%_ r3 E A(3)

for LiNb0, where n_ = 2.26 A = 0.8 micron and r;3 = 10 x 10710

cm/volt.

 The effect of the meta] contact on the TE mode should be
smaller than on the TM mode. This is because in the TE mode the
optical electricaleie1d vector is parallel to the meta1ﬁcoﬁtact. The

y.

change in the field distribution, introduced by the metal contact for -

the TE mode, should only affect the evanescent field component which is

U e T - L B

proportional to exp.(- %é) by decreasing Noe Thus, it seems possible
that the losses introduced by the metal contact for the TE mode are
sufficiently small and will hardly exceed those of the substrate. In

~ that case the general coupling equations would be valid for the TE mode.
Also a dielectric layer between waveguide and metal contact could be

added (Figure A-3) in order to mitigate the effect of the metal contact

R

on the waveguide mode.

irs.

 Al.1.2.2 Directional Coupler ¢

The coupled mode equations between two parallel guides were

derived for two incident waves, they are:

(wt - k Z)

a (z,t) = A ej z,2

o

St LA I il s g 1A i AT 5.
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Bha. A

and p A(4)

b (z,t) = B e (Ut * Kz p2)

o

The complex normalized amplitudes A and B of the indicent
waves are independent of Z. In the directional coupler coupling between
the evanescent regions of the two waves perturb the traveling waves
and the complex amplitudes A and B become dependent of the propagation
direction Z. Then the coupled mode equations between two paralie)
guides become:
9§§£1 = -§ « B(z) e2I62 .

A(5)

gsg ) = -j  A(z) e*2382
a2

k -k ‘
where k is the coupling coefficient, and & = “—'——2—2-'2 . By the

substitution:
A =R e J82

and A(6)
B =5 etlf2

the coupled wave equations become:
R' = j6R = - jkS
A7)
S'+ j8S = - jkS 7
The solution of Eq.A-7 in matrix form assuming that the

input amplitudes at the beginning of the coupling region are Ro and

ng is:

1

o)

Ofa. "0 @) e
! .
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where the asterisk indicates a complex conjugate. The matrix

' coefficients are:

A]" = cos z\L-E + 6E + 38 sin (2 JKE + 65)

o=

? K¢ + &° g%
=k sin K-+ &
, T 3

E The propagation constant k, in Eq. A-4 islgiVen by Eq. A-12 E%

» together with Eqs. A-11, A-13 and A-14. The propagation constants kz’a and ‘

‘ kz,b in the two guides under the influence of an external electric fi
voltage follow from the same equations, where the refractive index fi

? ny is given bvaq, A=1 for the TM mode and by Eq. A-3 for TE mode. The =

' ceup'l'ing coefficient « is given by Eq. A-10, it will also change when an 5

electric voltage is applied to the waveguides because of the change in . %

refractive index ny in Eqs 11 to 15. o

: O For the synchronous case where ka,z = kb,z = kz and § = 0, %
complete power transfer from one qu1de to the other occurs when

Ay = 0 (Eq. 8), that is for z = S 2 Yo * 1 '%

S

where Vo_ = 0,1,2,3 A (9a)

In the single section cobra switch the power will be

transferred from one guide to the other when no external electrical B

field is applied. )
. For the asynchronous case no power will be transferred il

between the guides when B1 = 0. This occurs when: - ;1
| : 2 . 2., . a
= o (Ke + 6 ) L (vg T) Ve = 1,2,3 (9b)

A=10.
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In the single section cobra switch the coupling ]ength L of
the directional coupler is determined by Eq. 9a, where the shortest

coupling length is

For switching an external voltage must be applied until the

relation in Eq. 9b is met. It is

2

(ke> + %) (F .cf

= ]

For § = égi

akz L =y3
X
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A1.1.2.3 Coupling Coefficient

The length of the single section directional coupler for

complete power transfer is strongly dependent on the coupling coefficient

k. It seems important therefore, to investigate the functional relation

of the coupling coefficient and the characteristics of the cobra switch.

The coupling coefficient betwegp two channel waveguides with a width

a, and thickness b and a separation between guide c, (Figure A-5) is

e

gkt 2 )
a —

: 1+ kx E2

where for the TH mode (E3,)

kx = L 1
X * 2 T+
(n" - n‘lz')-}i mTa

A(10)

aQ11)

A(12)

A (13)

T LT b <
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k --—L / ]
Yy b 5 a
1+(n31\ | L PR ) I A (18)
2(n 1 - nzz)l‘ 2(n 1 " “22);i 1-\“ n 1 b .
[ :
i A 2
' L]
- - o) ] A(15)
2 2 2 \% oo i
2(m " = %)% T S L
i (n%-n a)an, o T
i
where n, is the refractive index of the guide, n, the refractive index = %
of the substrate and n, the refractive index of the metal contact (For ‘g |

the TE mode similar equations were derivé@).
The coupling coefficient in Eq.'A-IO will change primarily
with dimensional changes, especially with éhanges in the spacing between ' o
guides. Since this dimension is of the order of 2 microns, the {
- tolerances during the device fabrication for constant k become too
tight to be met. In reference 2 and 3 a cobra switch had been reported
with alternating AB sections to accomplish voltage tuning also for

the power transfer position of the cobra switch.
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A1.1.2.4 Alternating A8 Switch

()

&
In the alternating A8 switch the coupling Iength L is

divided into two equa]ly long sections, their electric voltages are
equal in magnitude but reversed in sign (Figure A-6). The assumption is

made that in Eq. A-12, kz = kl’ thenABis positive in one section and

negative in the other section (Figure A-6). The transfer through the two

sections is given by the multiplication of the matrix in Eq. A-7a with

o

the corr!esponding matrix for the negative AB. This is

)
- - * o 3B.\ J
Az sz i Ay J B] A1 .]B1 A16)
LK * ©
-3B; A \ 3B At \ 3B A
= 2 |
*
By = 2 A] B4
: o .
where the matrix elements gwen in Eq. A-8 are evaluated for z=L/2. For

2

cross over, Az = 0, then 281 = 1 and from Eq. A-8.

P
N\

i : \\
2 .
2 . 2 ‘
K . sin L 2y .
ot , ¥ (3 VK e *8°) =172 K17)

For “comp‘]ete power transfer the external electric voltage
must be varied until the relation in Eq.A-17.is met.
For straight through power transfer in the guides it is

: >
a5 7

= (SRR IR | ' ) [ e ne b e

; 0
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required that B2 = 0, This occurs when either A*1 =0 or B] < 0,
The first condition implies that A8 = 0 and the second that N

2 ‘,
(%) (Ke 2 + 62) = (\)H)z \’ = ] 32.3' LI )
= (18)

(k2 +6%) L2=a(vi)?

To switch to straight~through power transfer the electric
voltage must be changed until the relation in Eq. A-8 is met,

The alternating A8 switch was implemented .
It is a two-section switch. The term xL was made

n .
iJg 2, because it had been determined analvtically that for this product
of coupling coefficient times coupling length, the same voltage yields
cross over for the reversed AR switch and straight through for the

uniform (non revised A8) switch, as shown in Figure A-7).

The question which needs to be answered numerically using

Egs. 10 and 18, is whether a two section cobra switch can be voltage

. tuped for optimum swfﬁching performance and maintain its performance

over a certain temperature range. The numerically evaluation can be
performed for LiNb0, (but not for titanium diffused LiNb03) where
the temperature dependence of the refractive indices "o and Ne and of
the electroptic coeffi¢ients "3 and ryy are published.

Also the approximations that kz :~k1 and that the coupling

coefficient does not change with the external electric field, must be
checked to their validity. o

17
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A1.1.2.5 Numgrica] Evaluation

To optimize the design of a cobra switch the electric field
vector of the optical wave should be parallel to the extra ordinary
wave of the LiNb0s crystal (Eny mode), This polarization minimizes
the electric voltage required for switching from straight through to
cross over. To maintain the E]1y mode, the width of the channel
waveguides (a) should be larger than its height. It seems important that
the metal contracts are not placed directly on the channel waveguides,
but that a thin dielectric layer of approximately 2 microns be inserted
between the LiNbO; crystal with the channel waveguides. and the metal
Ebntacts, as shown schematically in Figure 3. The thin dielectric layer
will confine the optical wave of the waveguides and of the substrate
between the waveguides. It will accomplish that the field configuration
of the dielectric waveguide mode is not affected by the metal contacts.

The coupling coefficient between the channel waveguides will
be computed for the E,,y mode, where the width of the channeljwaveguides
is twice their height. The refractive index of their dielectric layer
between waveguides and metal contact will be assumed to be the same as
the refractive index of the substrate of Ng = Np = 2.17. The
refractive index of the Titanium diffused LiNbO3 will be assumed to
ny = 2.175. The computation of the coupling coefficient will\use
Eqs. 10 to 18 and A = 0.8 microns. |

To insure that each guide only supports the fundamental mode

(E,;Y) the normalized dimension is limited to

2b (nf2 - ng);s S 0.8
A
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This yields
b = 2.2 microns,
for a=2b
a = 4.4 microns
k= 0.51 x 10% ky = 0.8 x 10*
17.08 x 10° ;
(k2 = k2 - ky?) 5 k| = 17.08 x 10°
0.966 x 10~
1.2 x 1074

N2 B bl
—
| " [ ]

=
L}

where £ and n are the penetration depth of the field into the adjacent

dielectric with the refractive index n,.

Then k = 6.78 cm™! for 2 microns separation between

guides.

For'c the alternating AB switch for cross-over kL = % V-Z.

kza . kzab_ 2m

and L = 0.27 cm. From Eq. 17, 6§ = 6.78 = > — An
An = 0.863 x 10~%. .3 3
e e v

From Eq. 1, 4n = 2 r33 E=7 r33 T

For n, =12.175, r33 = 32.2 x 107 cn/volt, and a Tength of the electric
field lines (e) of (3.2 11 + 4) 1074 cm, V = 7.34 volt.

For complete cross-over of the two secfioﬁ switch where each
section is 0.164 cm long, a bbsitive voltage of 7.3 volts must be
applied to one section and a negative voltage of -7.3 volts must be
applied to the other section. s !

For straight through power transfer Eg. 9& must be satisfied.
To accomplish this the same voltage of 7.38 volts 1& applied to both

sections of the switch.
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When the temperature changes, the refractive index of
LiNbO3 and its electro-optic coefficient also change, the changes are
0.7 x‘10'4/°c and 4.9 x 10'4/°C, respectively. Assuming a temperature
increase of 20° which will result in an increase of ny to 2.1764 and
rs3 to 32.2098. This causes a decrease in the coupling coefficient
to 6.775 and an increase of & to 0.6795. Both changes with temperature
seem too small to affect the performance of the switch. However, should
the temperature range becdme.Iarger, consideration should be given that
the temperature change of the ordinary wave is smaller théﬁ the
temperature change of the extra ordinary wave. Consequently, operation
of the switch in the TE mode waqid be less affecied by temperature change
than in the TM mode. | L

A1.1.2.6 Material

The cobra switch had been built of Titanium diffused LiNbO,.
However, LiNbO3 has shown refractive index inhomogeneities which would
adversely affect the performance characteristics of the cobra switch.
Considerations should be given to the uselof LiTaO3 or K6L1'4Nb03

which have not exhibited similar inhomogeneities.
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A1.2 SWITCHING NETWORKS USING COBRA SWITCHES

In the switching network design:in Figure A-8 the light is
guided in channel waveguides and the DPDT electro optic switches are
of the single section "Cobra" type. In the single section "Cobra"
switch only the cross talk in the asynchronous mode can be reducéd by
voltage tuning. The cross talk in the synchronous coﬁpling mode
depends on the dimensional precision of the length and the distance
between the coupled channel waveguides, which can not always be
controlled. Therefore, the singlé section "Cobra"switch would work
well in the switching matrix in Figure A-8 which is especially designed
to compensate for leakage in switches where the cross talk is primarily

in one coupling mode.

The: drawback of this type of switchiﬁg matrix is that it uses
n2 switches and each "Cobra" switch, wﬁether in the synchronous (off)
or in the asynchronous (on) coupling mode, introduces losses and scatter-
ing. Also, voltage tuning of the asynchronous mode of n2 “Cobra"

switches in the switching matrix must represent a serious problem.

N>

In the alterpating A8 "Cobra" switch, both coupiing modes
can be voltage tuned to minimize cross talk. This type of switch
can be incorporated into a switching network which need not compensate
for excessive cross talk and therefore, requires no termination and a
smaller number of switches. An optical switching networkthith gour input
and four output ports requiriﬁg 5 alternating ag sw%tches is shown in
Figure A-9. Because of the Iimited number of}fwitches in the network,
a connection between a garticulaﬁ pair of porfs may block connection
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between another pair of ports. While adjustment of the voltage
forcf;u)'}nimun cross talk in a single alternating A switch is straight-
forward, it must require much more complicated adjustments when 5

integrated switches or more are used in the network.

The study to find the optimum design for a comparatively
large integrated optic switching network seems to favor the switching
network using electro optic Bragg diffraction switches«in planar wave-
guide where attenuation, cross talk and distortion should be very

low, rather than using "Cobra" switches.
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A1.2 ACOUSTO-OPTIC BRAGG DIFFRACTION SWITCH

Al1.2.1 Introduction

Acousto-optic devices can be used to switch 1ight from one
port to n ports, where n = 2. In their use as 1ight switches they can
be either operated in the isotropic or in the anisotropic mode. In
the isotropic mode, the polarization of the undiffracted optical wave
and the diffracted optical wave is the same. The direction of the
diffracted optical wave always differs from the direction of the incident
optical wave, In their use as light switches advantage is taken of the
property that the direction of the diffracted optical wave can be deflected
by a change in the acoustic frequency. In the isotropic mode there
is no limitation to the acoustic frequency other than set by the generation
of acoustic waves and their attenuation at room temperature. In this mode
isolation between the n output ports is determined by the beam properties
of the diffracted light.

To increase the number of output ports while maintaining isolation
between ports, an array of interdigital acoustic-wave transducers should be
used.

In the anisotropic mode the polarization of the undiffracted and
the diffracted optical wave is orthogonal, so that large isolation can be
achieved by polarization discriminatioﬁ;« This large isolation, however, is
effective only for switching from one port to either of two ports. When
switching from one port to n ports (n > 2),tha acoustic frequency must be
varied to change the deflection of the diffracted optical light beam. In

the anisotropic mode the acoustic frequency has a lower limit where the
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undi ffracted and the diffii *F, optical waves become collinear. An upper o
fr frequency 1imit occurs where the isotrophic Bragg diffraction begins to }i |
dominate. Close to the upper Timit, where the direction of the diffracted «{
1ight is normal to the acoustic wave vector, the deflection range of the *
’ di ffracted optical wave becomes very large, In th1s\ﬁ*q\§t1c frequency E
) range a 1ight switch should be operated to switch from ou%\uort to n ports
for n > 2. \\ﬁ\\
In the anisotropic mode for n > 2 the isolation betwééﬂ;*he out- !

put ports is also determined by the beam properties of the diffracfu§\]ight, ’

T e e TeeyT— e g,

It is important to realize that an acousto-optic device can ﬁe:gr

function as a switch alone. The wave nature of the sound beam ‘ |

' periodically moves the optical beam from the direction of the undiffracted ?‘
f wave to the direction of the diffracted wave, This effect results in ! |
intensity modulation of the optical waves at the fre@uency of the acoustic g

wave. In a communication system care must be taken jhat the acoustic LE;

frequency lies outside the information frequency band. |

1.1.2  Operation Principle Y

Acousto-optic interactions in solids are due to the photo-

elastic effect where mechanical strains set-up by the acoustic waves cause

i,

a change in the refractive index An. The strain and therefore the
refractive index variation is periodic with a wavelength equal to that
of the acoustic wave A. The variation of the refractive ‘index can affect

the phase of the light beam, wh1ch traverses the strained medium. ;q

However, the variation of the refractive index by the photo-elastic

effect is only in the order of 10 4. For appreciable phase modulation

: the interaction length must be increased by approximately Ao/An, where

A is the optical wavelength.
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} Efficient acousto-optic devices use parametric interaction of
traveling optical waves, The optical waves are coupled by the acoustic
wave, which ch;nges tbeﬂ;efractive indax by an amount proportional to
the strain prodiced by the acoustic wave. For sound waves with -
frequencies in the hundreds of MHz region and below, the interaction in
the Bragg region is most efficient. In this region the optical phase
grating set up by the periodic index changes can diffract all the

‘incident light into a single 1st order diffraction lobe. The condition

for Bragg diffraction is that

2
w>ﬂ£;_
0

@

where w is the width of the acoustic beam, A is the acoustic wavelength,

N

and Ao is the free spacgyoptical wavelength.

Optimum coupling will occur if the wave vectors k of the three

waves and their frequencies w satisfy the phase match condif%ons, which

are Ty
- > -
k1 = kz + kS (la)
W1® wy+ wg . (1b)

where the indices 1 and 2 refer to the incident and the diffracted
optical waves and s to the sound wave. For the isotéopic mode, the
vector diagram for Bragg diffraction is shown in Figure A-10. The vector
components can be written as

ki1 cos 0, = k2 cos C&

k]sin c%ﬁ+ k251p.92 = ks

sl A 0 R 18
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Figure A-10. \‘\ionna] Bragg Diffraction Geometry
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Since the polarization of the incident optical wave and the diffracted
optical wave are the same, ny = n,, and

cos © k2 .
N TR

and 2ksin Go = ks which y'ields the Bragg angle 00

%

"1 }\ : "1 A
@ = sin = sin "o fs (2)
0 ZA =

where )\ is the optical wavelength in the diffracting medium, v is
velocity of the acoustic wave and fs is the frequency of the acoustic

wave which is much Tower than the frequency of the optical wave, Yo'
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The Bragg angle eo is the angle of the incident optical wave
and twice the Bragg angle, 200, is the difference in direction of the
incident and the diffracted light. For fg << Vo the Bragg angle is

very small so that the 1ight is incident on the acoustic columns at an
angle @; which is nearly normal to the acoustic wave vector. Also the
diffracted wave is Doppler - shifted by the traveling acoustic wave to
the frequency

D

For a change of the acoustic frequency Eq. 1b will remain valid since the
diffracted 1ight will shift in frequency to maintain a value wy = ws.

However, the wave vectors will not sum. A change of the acoustic frequency

by af yields an equivalent change of Ak.; then Eq. 1a becomes

- - - -

ky = ka + ks + Aks

and the difference in direction between the incident and the diffrgcted
light increases by

-1 :
A(20) = sin™ Yo a¢ (3)
nv S

taken of the change of the direction of the diffricted 1ight with the
variation of the acoustic frequency. However, adeviation from the phase
match condition in Eq. la, also results in a decrease in intensity of

the diffracted light, which can be represented by

P(aky) 2 s*na(’é;'s*) (a)

: (Aks :
: . )

where L is the interaction length of the optical and acoustic waves,
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L = w tan 9, and w is the width of the sound wave. The Eﬁnge df\the
frequency change for deflecting the incident 1ight beam and cons;quently,”
the number of output ports is limited by‘F‘. 4.
Allowing a decrease in 1ntenﬁf§} by -4 db, the total frequency
deviation becomes
VA

T

and the deflection angle range becomes

+ a(20)!= + o L

T max T N wvfg

The number of output ports of a multiport switch is also
limi ted by the requifed isolation between ports, The deflected beam
results from the diffraction of the incoming beam at the phase grating,
which is set up by the acoustic wave. The diffraction of a plane wave
by a grating is the product of two functions, one of them represents
the effect of a single period of the grating, the other represents the
effect of the interference of 1ight from all the illuminated periods
of the grating.

Each single period of the grating effectively represents a
reflector to the incoming wave. The length of its apertures is given
by the width of the acoustic wave projected in the direction of the incident
optical wave éiven as“ “ |

s = wsin @ (5)
In the far-field the beam width corresponding to this aperture (the first
minimum on each side of the beam) is

ag = 220 (6)

Wsin €

The incident optical beam with the diameter D illuminates N acoustic
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, D
wave periods, where N -~;'. In the far-field, the width of the inter-
ference function set up by the N periods (the first minimum to each
side) is

AR = 2X0 (7)
D

The interference maximum are spaced ég.apart.
A

Because the Bragg angle % is very small the beanwidth of
the diffracted beam is determined primarily b} Eq. 7. However, Eq. 7
only defines the beanwidth within the first minima. But the sidelobes
outside the first minima can not be neglected. The first set of sidelobes
outside the beamwidth given in Eq. 7 are only 13 db below the main beam
for uniform illumination. The sidelobe level gradually decreases to
lower levels for higher order sidelobes. For adequate isolation
between adjacent output ports, the output ports must be spaced further
ggart than indicated by the beamwidth in Eq. 7.

The number of output ports limited by Eq. 4 can be made larger by
using an array of interdigita1‘%ran§ducers rather than a single
transducer, as shown schematically in Figure A-V1. The transducers have
different center frequencfes‘and generate acoustic beams that are tilted
in respect to each other to meet the Bragg condition in Eq 2.

If the diffracted optical polarization differs from the 1ncident

wave, in the anisotropic medium, the optical birefringence requires that

- - 4 ,
lkyl # lki[. As an example, a positive uniaxial crystal is considered

in which an extra-ordinary polarized optical wave is incident pe{pendicular

to the optical akis, and the acoustic wave is assumed to be propagating

- perpendicular to the optic axis. The photoelastic interaction 1is such

A that the diffracted wave is polarized in the direction of the ordinary

wave. The phase match condition for traveling wave‘interactioa§js the
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Figure A-11. Guided Wave Bragg Diffraction-Three Tilted
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same as given in Eqs. 1a and b. For ny Fny the vector relation is

given by

2 - d
= MO A 2 2
sin O,' m [1 + X%- (n., -y )4

-

2 .
A0 A 2 2
sin & Zngk [] - ;\'.'3' ("1 "Ny )_ "

where the subscripts i and d denote incident and diffracted wave, respectively.
The definition of positive ©; and & are shown in Figure A-12. Eqs. 8 written

as functions of the acoustic frequency f. become
2
2

A0 2
sin @.i = 2_';1—" [fs + ?SA_O? (n.i - ﬂd )]

(9)

A0 - 2 2
sin o, = v v 2
d - 2ngV [fs- fs o i - ng )]
{ ‘

Large isolation between two output ports can be achieved with an acousto-
optié‘switch when bperating in an anisotropic mode. The large isolation

between the two output ports is obtained by polarization discrimination.

But to switch from one port to n ports (n>§?:ip the anisotropic mode,

the acoustic frequency must be varied t%fZEEhEL the deflection of the

diffracted optical wave. N\

| In the anisotropic mode the acoustic frequency has a lower
Timit fmin where the undiffracted and the diffracted optical waves are

collinear given as

= (n® _ n0
fmin (n n") %L

e T N i Y b o o S L bk i 2 e
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Wavevector construction describing Bragg diffraction
at frequency v, = Vi * fs in a positive uniaxial
crystal when the incident optical wave is extra-
ordinarily polarized
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In the anisotropic mode the acoustic frequency has an upper
1imit noted in Eq. 9 to resuit when fs becomes much larger than the
second (anisotropic) term. In this case the isotropic mode tends to

dominate.

At the acoustic frequency f' where

f' =¥ n: - n: | (10)

0

the two terms in Egs. 9 are equal and the deflection range of the
diffracted optical wave becomes very large. For operation near the
acoustic frequency fs.; f' the wave vector diagram is shown in Figure A-13.

-
For f . = ', 04 = 0 the vector k. is tangent to the Tocus of allowed
>

solutions of k. 4he change of O, and 9, with a variation of the
frequency fs Follows from Eq. 9. While the angle cg changes slowly, the
angle 94 changes very fast awéy from 04 = 0, as shown schematically in
Figure 1-4. Actually, the deflection range in the anisotropic mode where
fs g f', is close to 10 times the deflection range for isotropic Bragg

diffraction. ;

An acousto optic switch from one port to n ports (n >> 2) should
operate in the anisotropic mode where fs =2 f'. The Targe deflection
range will make it possible to space the output ports sufficiently far

apart to achieve largé isolation among them.

A-38

B s B revnsce T cncorces DO .. L oo P R W o A r——

PRt i 1

oy

s W



— —T T

\

v

Figure A-13. ]hve vector construction i1lustrating Bragg
diffraction near the acoustic frequency fs =
f'. The angular scan AGy 1s much larger

than the diffraction angle A9; of the incident
acoustic beam i

* 30%-
*20°

§ +i0°-

4

b

Figure A¥13. éraph of angles of incidence and diffraction for
Bragg diffraction near the acoustic frequency

fg = f'. The large angular sweep AGq obtainable
w?th a small incident diffraction angle 4G4
is illustrated. .
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A1.1.3 Implementation

A.1.1.3.1 Acousto Optic Switch - Single Pole Double Throw (SPPT)

The design of a 1ight switch for a communication system must
consider the requirement for large fsolation between the output ports.
To accomplish large isolation in an acoust-optic switch which connects
alternatively one port to two output ports, the two output ports should
not correspond to the diffracted and the undiffracted beam, This °
restriction results because the incident 1ight is being diffracted by

the periodic index variations ‘produced by the acoustic wave and both

the diffracted and the uqdiffracted‘lightfin;eneifies follow the )
envelope of the &coustic‘waye, Their variations are in-phase and out-of—
phase, respectively, Qith_the acousti¢ modulation wave3 Thus, with the
acoustic power being turned on, the sw?tchIEan’ogly fﬁnction a§’a

periodic 3 db coupler between the ports corresponding to the ﬁiffracted and
the undiffracted beams. (It can a1so functior. as. 2 periodic power divider
with variable power division from 0 to 3 db by changing the acoustic

power)

For a proper design, the two output ports of an acousto-optic

”\switch shou]d both correspond to symmetr1ca1 deflections of the

diffracted b2am from the phase matching‘direction. The angular dependence

‘of the diffraction efficiency is given by

. sin20% kg L 49) ’
(% kg L 20)° (1

where A@ is the excursion from the Bragg angle, L is the acoustic

beamwxdth and k is the acoustic wave vector. At the half pbwer points
of Eq. 1 |
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and the half power points appear at the angles * A6 -O:_!-_ 0.45 % This

corresponds to the deflection of the diffracted beam from the phase matching

condition by

- A
+220=10.97 (3)
Using the relation for the Bragg diffraction

, . A0 . ﬂfs
i & = o e (4)

and
cos @o Aeo = T Afs
nv kg
we obtain the required frequency change for the deflection in Eq. 3.

* Af w09 N ko vecos o, (5)
Zﬂfs L

For large isolation between the two output ports the deflection
of the diffracted beam from the phase matching condition, 246, must be

larger than the beamwidth of the diffracted optical beam which is

AR = ZAO (6)
D

where D is the diameter of the incident optical beam.
Also, for the design of an acousto-optic switch the switching
speed is an important parameter. The switching speed is limited by the

transducer bandwidth Aft and by the acoustic transit time across the

ditical q$am. The switching time T can be given as

< 1 0
CTEER Ty (7)

The intensity of the diffracted guided 1ight beam I4 in respect
to the undepleted incident beam intensity I is given by

A=4]
[

o /:)
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where o, is the Bragg angle for phase matching condition, L is the acoustic

beam width, F is the overlap integra] which has a value from0 to 1,

- depending on the transverse field distribution of the guided optical

waves and the acoustic surface wave, and
My = né p2

p v3

where n 1§ the refractive index, p the effective photoelectric constant,
o the density, v the velocity’of the acoustic surface wave and\H is the
acoustic beam height. -

For the total conversion of the incident beam to the diffracted
beam, the expression inside the parenthesis in Eg. (1) rmust re I‘z Total
conversion of the incident 1ight beam to the diffracted 1ight beam can be
accomplished by adjusting thelinput acoustic power.

The design of an acousto-optic integrated switch in the isotropic
mode is shown schematically in FigureA-14 the crystal is a y - cut planar
of LiNbOS with the optical axis (z-axis) orientated along the propagation
directiqn of the acoustic wave. The optical waveguide is formed by in-
diffusion of Ti. Thé waveguide can confine the guided light to within less
than 2 microns of the surface. )

For an efficient switch the acoustic ;requency should be
sufficiently high so that the confinement of the optical wavésfmatched
the penetration depth of the surface acoustic wave. This can be
approximated for an acoustic center frequency of 1 GHz where the wave-

length of the acoustic surface w&Ve is close to 3.5 microns. ©
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The incident optical beam from a He-Ne laser is at Ay ™ 0.633
microns, The guided optical wave is in the TE, mode where the electric
field vector is polarized in the direction of the ektraordinany ray, in
order to take advantage of the larger induced index change in the
extkzlordinary index.

The laser beam must be incident under the Bragg angle in Eq. 4,
which is

@o = 45 milliradian

The two output ports of the acousto-optic switch correspond to
the angle @, + 240 and O, ~ 2A0. For these deflections of the
diffracted optical vecm the frequency of the acoustic wave must be
switched from fs + Af to fs - Af,

For a diameter of the incident optical beam of 1 mm, the beam-
width of the diffracted beam to the first minima in the diffraction
pattern, from Eq. 6, is

A8 = 1.2 milliradian
Consideration must be given to the Guassian field distribution of the
incident laser beam which yields a diffracted beam with Tow sidelobes.
Still, to assure large isolation between output ports, the two beam

positions should be separated by at least 4A0 = Q%Q = 3.6 milliradian.

For this deflection, using Eq. 3, a width of the acoustic wave of
L = 1.75 mm is required. This width meets the requirement for the Bragg

condition that the term 2TAOL he larger than 10. In fact, 2miol = 282,
The frequency deviation s + Af to accomplish the deflection

from the phase matching condition of + 2 A9,from Eq. 5,is ¢+ 20 MHz.
0
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The acoustic power requirement for depleting the incident
optical beam and forming the throughput to one of the output ports follows
from Eq. 8, where the figure of merit fon L'iNbO3 is Mz =7 x 10~18 sec/q.

To use these cm-g-sec units, 1 mW must be expressed in the same units,

pess  pees ey pes e

where 1 mi = 10 E_Egi Then the required acoustic power assuming the
secY
overlap-integral F = 0.4, is 360 mW.

g

pout 4

The speed of switching from Eq. 7 is

e

re—t_ o+ _0.1 = 0.3 x 106 sec.
- 40.105 3.5 x 10°

T

In order to reduce the acoustic power requirement the width
of the acoustic wave should be made larger. Assuming L = 7 mm, then

the acoustic power becomes 180 mW. However, the increase in the

surface wave aperture reduces the‘def1ection angle to + 2A0 = * 0.45

. milliradian and baquires an increase in the optical beam diameter to 4 mm.
" Then Ag = 0.3 milliradian. Thé‘Speed of the switch reduces to

P Ti___l__+___0.:.L_

-6
= 1.2 x 107" sec.
10 x 106 3.5 x 10°

To extend the acousto optic switch in Figure A-14 to n ports
where n > 2, the bandwidth of the device must be made larger. This can
be accomplished in the isotropic mode by the use of an array of transducérs.
f LI ~ Or the acousto optic multi-port switch can be operated in the anisotropic

mode where fs ¥ f' as outlined in Section Al.2.

i
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The acousto optic Bragg diffraction switch can attain large

isolation when connecting one input port alternately to two output

ports only when the two output ports correspond to symmetrical deflections

of the diffracted beam from the phase matching condition. Thus, the
acousto-optic Bragg diffraction switch induces a phase grating in the
"on" as well as in the "off" position (with different periodicity).
ﬁ
In a switching matrix the acousto-optic Bragg df%%?éction
switchgs'&iII introduce to-the propagating waves scattering and losses

in the "on" as well as in the "off" position.

A1.1.3 Electro optic Bragg Diffraction Switch in the Channel Waveguide

An electric optic Bragg diffraction switch has also been
reported"ﬁsing channel waveguides. . The design is a hybrid between

7
guided transmission at the input and output ports and free space inter-

actijon at the diffraction grating. For the free space intépaction,

- the channel waveguide must be increased in width from 4 to 30 microns

so that the laser beam can intercept 10 periods of the diffractijon
grating as shown in Figure A-15. This design does not ‘have the advantage
that the wave can”propagate without scattering in the "off" position

of the switch.
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(a) Schematic Illustration
(b) Operation Status
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A1.1.4 Switch Comparison

|

[t

Three typééuof switches have been analyzed. They are the

2x2 "Cobra" switch, the 2x2 electro-optic Bragg diffraction switch and
the 1xn, acousto optic Bragg diffraction switch (where n > 2). The
2x2 switches represent the building blocks for large switching matrices.
The 1 x n switch would be used primarily in timeedivision multipiexing
to connect n information channels to one guided output line and
retrieve the n channels from oné guided input line.

M The 2x2 "Cobra“Switch" uses the electroptic effect, its energy
consumption is low and isolation between ports up to 26 db has beep
demonstrated on a 2x2 two section switch. The electro op;jc switﬁh
requires energy primarily for switching rather than for hé{dingvgn the
"on" or "off" position. The equivalent 1umbed circuit ¢lement of the
Cobra Switch is that of a capacitance. Energy is required primarily to
charge up the capacitanceﬂ.the energy to hold the charge on the capacitance
is much smaller. Specificxva1ues were given for a six-section “Cobra
Switch" where the design uses 3 vojts d=c bias for the "cross-over"
state and a pulse amplitude of 3.3 volts for thgﬁtstraight through"
state. The resistance of the input transmission\}}ne was 50 ohms and
the capacitance of the device 22pF.

The energy to chargégup the capacitance is

2
E=Cy

Es 1070 W sec
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The time to charge up the "Cobra Switch" is

e

E ‘-
g

TENCRE4x 102 sec

Should the switch be turned on and off i.e. 10° times per second, then

P

the energy required would be 0.11 mW sec.
In a switching matrix where i}e.dlo of these switches are
used the switching energy would increase to 1 mW. ) ) !

The electro optic Bragg diffraction switch also has low energy

g oEey R

consumption, the required switching energy should be about the same

| magnitude as in the "Cobra” switch. But the reported values of isolation

j“‘rff‘i

- between ports are considerably Tower than for the "Cobra" switch. f?
In the acousto optic switch energy is not required to §witch

but to hold the switch in the "on" and "off" positions. The required

energy is approximately 450 mW sec (assuming 5 db transducer loss). The
required energy is independent how often the switch is turned on or off.

Also the required energy remains the same when the number of output

Isolation between ports of 25 db should be obtainable.

>

’ ' ports is increased by using an array of transducers.




A1.3 COUPLERS FOR INTEGRATED OPTICS

A1.3.1 Introduction

The prism coupler and the grating coupler have both been
devised for the conversion of a collimated laser beam into a surface
wave and its reciprocal operation, that is the conversion of a surface
wave into an outgoing collimated laser beam. But these couplers can
not efficiéntIy transform the wide angle radiation from an injection
laser into the guided mode of a dielectric waveguide. For efficient
coupling using one of these couplers the radiation from the injection
laser must be co]1imated; preferably by a set of microlenses.

The tapered thin-fiber waveguide coupler which converts a
guide wave into a divergent output beam, seems to lend itself well (in
the reciprocal operation) to couple the radiation frdm an injection

proa—_—"

laser directly into a guided surface wavé.
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A1.3.2 PRISM Coupler

The prism couﬁler provides an efficient technique for coupling

a collimated laser beam into a dielectric waveguide. It uses the
principle of distributed mode coupling between the fields in the prism
and the guide. The coupling occurs between the evanescent fields in the
small gap of lower refractive index between the prism and the waveguide.
The coupler permits excitation of the fundamental transverse mode in

the wavgguide (rather than one of the higher order modes) by proper

orientation of the direction of the incident laser beam. The principle

of operation of the prism coupler can best be described using ray optics.

The model of the prism coupler used for this analysis is shown in Figure A-16

A more exact analysis will then be used to describe the principle of

operation of the optimized design, shown in Figure A-17.

A1.3.2.1 Principle of Operation Using Ray Optics

A typical configuration of a planar dielectric waveguide for

use in integrated optical circuits is shown in Figure~18.1t is formed
by a thin film on a substrate, where the refractive index of the thin

film ne is higher than that of the substrate ng or the cover Nee which,
in general, is air. It is

> >
nf ns nc
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Figure A-16. Prism Input Coupler

| ' i T. Tamir "Integrated Optics" Topics in

;
Applied Physics, P. 87. : i
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For a wave which propagates -along the planar waveguide, only the

x dimension of the beam cross section is guided while in the y
dimension , the wave propagates freely. Usingyray optics, a plane
wave incident on the boundary of the film under an angle © which is
larger than the angle of total reflection o, (where sin ec-';i (1)),
follows a zig-zag path as shown in Figure A-19. The wave is coherent
with a free space wavelength Ao. the wave travels with a wave vector

1nf in the direction of the wave normal and

The field of the wave varies as

M

ej(:kxx *+ k2 - wt) e jknf(ix cos O + z sin O - wt)

For a guided mode in the planar waveguide, the zig-zag picture predicts
a propagation constand Bsw? which is the z component of the wave vector
knf

k, = B, = knc sin © (2)
Only a limited range of angles O are allowed which meet the transverse

resonance condition
2knew cos © - 2 os-z P, = Mr (3)

where w is the thickneéé of the film withvthe refractive index Nes

Qs and ”c are the phase shift on total reflection from the film-
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Figure A-19. Side-View Of A Dielectric Waveguide Showing Wave ;q

Normals Of The Zig-Zag Waves Corresponding To A

if
Guided Mode. _
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substrate interface and film-cover interface, resepectively, and M

is an integer, (M = 0,1,2) which identifies the mode number. The
phasé shifts ¢S and wc are functions the angle © and of the refractive
indices Nes Ng and n.. Equation 3 is the dispersion equation for the

waveguide, yieldiqg the propagation;constant Bsw as a function of

 wavelength Ao and film thickness w. From equations 1 and 2 it follows

for guided modes that the propagation constant Bsw is bounded by the

plane wave propagation constants of substrate and film
kns < Bsw < k"f

A typical w - Bsw relation of a dielectric waveguide is shown in

Figure A-20 for the modes M=0 to 2.

The waves in the dielectric waveguide are not contained
entirely within the thin film as shown in Figure A-19 but also penetrate
into the adjacent layers in the form of evanescent fields, as shown

in FigureA-21. For the fundamental mode~(M=0)‘the transverse fields in

the three layers of the TE-mode, are

Ey=Ece-jpc(x-w) for w< x

Ey=Ef cos[(knf cos 0) x-ﬂf) C< x i{”

s

Ey'-"Esejpsx for x< O (4)
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Figure A-20. Typical w'Bsw Diagram of A Dielectric Waveguide
(T. Tamir "Integrated Optics" Topics in Applied
Physics, p. 22.) - A-58
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_be vs%y weak, that is,

f
The fields of the guided mode in the dielectric waveguide are those

of a homogeneous plane wave; where the wave vectors kx and kz are real.
The presence of the coupling prism in Figures 1 and 2 changes
the dielectric structure to become multi-layered. Nheﬁ,the air gap
between prism and dielectric waveguide becomes sufficiently small,
coupling occurs between the evanescent fields in waveguide and prism,

which results in energy transfer between them. The leakage of energy

~away from the waveguide results in a decrease of the energy in the

waveguide in direction of propagation z. Thus, the wave vector k,

'

must become complex;

k,= 8-

The coupling mechanism between prism and waveguide can best be described

using Figure A-22. The l@§éf beam A, enters into thg prism of yefractive

index nq and propagates downward with an jncident angle 63. Within

the beam cross section, the A; wave is assumed to have constant
amplitude and, therefore, the base of the prism is uniformily illuminated
from z = 0 to z = 1. At the base of the prism a part of the incident”
wave is reflected as the B3 wave and fhe_remainder is coupled into the
film as an A; wave. Because of the coupling the amplitude of the

waves except that of the A3 wave wil] vary in direction of z. Since

the coupling occurs through the evanescent fields, the coupling will

¢
A//A :
”

g >>a and 8 = Bew

A-60

wt
e, H
a3 - < ———r 5

e
AN s

s

fed

& &
pow— g

) i e bt M it PO I TN T VIR SU Tk SERPI L PR W RO S SR PP
T S . .. S AT T b e




o —
“ *

K oo 1 ». b a‘L. N ‘K ’Q! s I {!E‘.!" M‘ ?‘-ﬁ‘gm‘

S

.
p

A, g v
Gob
3 g 13
M

Q4

Figure A-22.
(P.K. Tien and R. Ulrich

J.Opt. Soc. America Vol. 60,

No. 10, Oct. 1970)

(A) Thin Film n, Coupled to a Semi-Infinite
Medium ns throu&h a gap S, (B) Two Semi-Infinite
Media n.oand n » Coupled Through a Gap S, and (C)
Waves 13 a Prism-Film Coupler.
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waveguide is very weak, efficient energy transfer requires traveling
wave interaction. For efficient energy transfer in the traveTing wave
mode, the wave vector in the direction of propagation in the prism,

kn3sine3,must be equal to the wave vector 8. in the thin film guide,

A

kn3 sin @3 ;‘Bsw (5)

Further, for complete energy transfer the length of the coupling region
in direction of propagation, 1, must meet the requirement that

Kl= % (6)
where K is the coupling coefficient between the modes.
In the multilayer structure in Figure A-22 representing the

prism coupler together witﬁ the thin"film waveguide, the leakage of

energy from the guide to the prism through the gap with the width s,

is indicated by the ray Bé in Figure A-22a. The ray A5, incident through

the prism is totally reflected at the prism-gap interface. Though
the’ angle O, is slightly smaller than the angle 0> tofél reflection
still takes place because N3 > ny (nf). The totally reflected ray '
is the ray Bég while leakage of energy from the prism to the guide is
indicated by the ray A;, both shown in Figure A-22b.

The resultant Aj wave in the guide is the sum of Ay and Ayl
Similarly, the resultant reflected wave By is the sum of Bg and B;i

both shown in Figure A22c. In the prism-fi]mﬁggqplgr“the ray A1 is

“being buiit up from thgiray A3 and because of the phase matching

Lind




condition in Eq. 5, A{ must always be in phase with A{f The two waves
add in phase and the amplitude of A1 must increase over the coupling
length 1. From the analysis it follows that the rays Bé and Bé'are
always 180° out of phase; thus, the resultant B, must decrease over
the coupling length. .

The build up and decrease of the waves (along the direction
of propagation) which are coupled from the prism coupler into |
the dj@iectric waveguide, are shown in Figure A-23. The amplitude A3
which’represents the cross section of the incoming laser beam projected
on the base of the prism coupler, is assumed to be constant over the
coupling length fromz = 0 to 2 = 1. A](z) is zero for z = 0, it
increases over the coupling region and reaches its maximum value for

z =1. For z > 1 no energy is transferred from the laser beam to

~the waveguide any longer (A;=0), but energy is leaking'from the wave-

guide back into the prism (Bé > 0) and Ay (z) becomes. smaller for -

Z > 1. The wave which is reflected at the prism base (éé) is constant
over the beam cross section from z=0 to 1. The wave B; which is
leaking from the waveguide back into the prism is set up by the

wave B] which increases from z=0 to z-1, thus, B1 and Bé grow

together from z=0 to 1 and become smaller for z > 1. Since Bé

is always ]80° out of phase in respect to Bé'the sum of the reflected
waves 83 decreases with increasing z from z=0 to z=1 andlfinaIIy
becomes negative. In summary, the energy transfer from tﬁe prism |
coupler to the waveguide over the coupling region results a) from the

constructive interference of the wave in the guide and of the leaky

wave from the prism, and b) from the destructive interference of the

o

Y rra
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Figure A-23. Distributions of Wave Amplitudes in a Prism-Film
Coupler for a) Incident Beam, b) Ay or B, Wave
in the Film, and c) Reflected Beam in thd

in the Prism
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reflected incident wave at the prism base and of the leaky wave

from the guide into the prism.

Using the simplified ray optics approachrthe alignment of

o T

s B o B ae B v B0 S T ana

the prism coupler requires the adjustment of the angle 04 to meet
the total-reflection condition and the phase matching condition in
Eq. 5. Then the coupling coefficient must be adjusted to meet Eq. 6
for complete energy transfer from the incident ;;ve in the prism to

the guide mode in the dielectric waveguid¢, over the coupling length
-2pcs

A

1. The coupling coefficient is Eq. 6, is proportional to e

where Pc 1is the decay of the surface wave in the air region in Eq. 4

w‘A“- .
PR

and s is the gap width. The coupling length in Eq. 6 is given by,

1 = 2Wsec 04, where 2W is the beam width of the incident laser beam.

T—

For an incident laser beam having a uniform amplitude

distribution as shown in Figure 422, it follows from the ray optics

g
[

i analysis that the beam must be incident as shown in Figure A-14, i.e.,
i; its right-hand boundary must intercept the prism corner. If the

;7 beam is shifted to the right of that corner, a portion of the beam

N

falls outside the coupling region, this portion of beam energy will
I{ not be coupled into. the waveguide. If, on the other hand, the right-

hand boundary of the beam falls to the left of the prism corner, energy

s .
red

L At

from the guided wave in the waveguide can be coupled back by the ray

-

B, into the prism. e
: 3 “ W
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A1.3,2.2 Modification of Alignment for Increased Coupling Efficiency

The alignment of the laser beam in respect to the prism corner,
however, must be modified for increase in coupling efficiency. The
modification is rquQred because of a lateral displacement of a light
beam reflected by a dielectric surface (Goos-Hanchen Effect). If
a bounded beam is incident on the interface between a denser and a
rarer medium under an angle which is larger than the angle ec for totél
reflection, not all the power is reflected at the iqterface. but a
horizontal power flux also occurs within the rarer medium. This
flux is mostly confined to a region that iies immediately below the
illuminated portion of the interface. The horizontal flux is accounted
for by radiant power from the incoming beam that penetrates through
the interface. After traveling some distance within the rarer medium,
this flux re-emerges into the denser medjum and joins the bulk of
energy flow to form the complete reflected beam. The lateral flux
along z causes the reflected beam to be displaced in the z-direction
from the position predicted by geometric optics, as shown in Figure A-24.

Leaky waves in a multi-layered structure (i.e., the prism
coupler) experience an energy shifting mechanism-along the dielectric
boundaries that is analogous to that described for a single dielectric
interface. Only the lateral energy shift is larger for leaky waves
in a multi-layered structure than for the reflection on a single

die!ggtric interface. In the previous section using ray optics the

»14@5?@1 ene?ﬁy shift had not been considered and the decrease of the

t:-66
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Figare' A-24. Lateral Displacement D of a Bounded Beam at a

LT, Tamir and H. L. ertoni, [ 1OW in the Lower Medium

J. Opt. Scc.-4merica, Vol.
1371, p.

1397

Dielectric Interface. The Dashed Lines Show
the Boundaries of the Reflected Beam as Predicted
by Simple Geometrical-Optics Considerations;
The Thick Arrow Indicates the Direction of Energy
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reflected wave By from =0 to 1 was based on the destructive interference
of the reflected beam B%’at the prism base and the leaky wave B;, which
were assumed to be synchronous. The difference of the lateral energy
1
3

displacement of the reflection at a single interface B, and of the leaky

wave B;, changes the decrease and later increase of the reflected wave

By as a function of z. This is shown in Figure A-25 for an incident beaw
with Gaussian amplitude distribution, where we observe that the region
of destructive interference has become shorter and the reflected wave
starts to increase before the amplitude of the incident laser beam

has become very small.

To minimize a loss in coupling efficiency in the prism coupler

~ introduced by the lateral energy displacement, the incident beam must

be positioned as shown in Figure A-17, where its right-hand boundary
overshoots the Jower side of the prism. For the highest coupling
efficiency, where the product of coupling coefficient times coupling
length is 2a W, = 1.36, the offset of the beam with respect to the
prism should b %% = (0,733 where NO = W sec 9, and W is the half
beam width of the Gaussian beam.

To explain the function of the off-set of the beam in the
prism coupler, we must remember that over the coupling length 2wo-zr
the propagation constant in the waveguide is complex k2B * Ja
where o represents the loss due to the leaky wave. The géometry is

modified at z > z,. to suppress the leaky mode, so that kz = By thus

s
supporting 2 guided mode. An incident beam as shown in Figure A-17,

therefore, transfers a major portion of its energy into the thin

film waveguide. The energy in the leaky wave region is shifted
, . )
K 5'5"\‘*,)«!
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Hbrizontally along the positive z direction and would be reradiated
back into the reflected beam {f the leaky wave structﬁre would

extend beyond 2z, Because a = 0 at z > Z. the leakage back into
the prism is avoided and the coupled energy is propagating in form

of a guide mode {n the z - direction.

A1.3.2.3 Beam Shape

The prism coupler in Figure A-16 and A-17 is shown as input coupler.
By reciprocity, it also can function as output coupier. However,
using the same configuration for input or output, their efficiencies are
different. This is because the beam radiated by the leaky wave of a
multi-layered dielectric structure has exponential amplitude distribution
rather than Gaussian, shown in FigureA-26. The output coupler when the
height of the coupling gap is adjusted to yield 2 aw, = 1.36,
can theoretically convert a surface wave into a radiating beam with
an efficiency of close to 100 percent. For the input coupler, because
of the disparity of the Gaussian shape of the incident laser beam and
the exponential shape of the leaky wave, the coupling efficiency can

only be 80 percent.
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Figure A26, Amplitude Profile of a Beam Produced by the
Leakage Field of a Leaky Wave

] (T.{ Tamir, "Integrated Optics*

Topics in Applied Physics, p. 702)
A-71

s e g et e i A2 B L e M S weabe .

g

.




A1,3.3 Grating Coupler

When using a prism coupler, which protrude§ from the integrated
optics structure, many of the potential advantages of integrated optics
would be lost, The grating coupler, is of special interest because its
design can be compatible with the realization of these advantages. A
typical ;;ating output coupler is shown in Figure A-27. The grating
is a phase grating, it is often in form of a photo resist film which
has' been exposed to a laser interferometer fringe pattern. Depending
on the specific photo-resist and the developing procedure, the. grating
assumes a sinusoidai, trianguiar, or trapezpidai shape. The presence
of the grating changes the propagation properties of the surface wave
in the thin-fjlm waveguide. At the interface of the thin film
waveguide and the super-imposed grating the guided wave changes to
a leaky wave. The leakage of energy is in direéction of the discrete
diffraction lobec of the grating, The objective of the design of

.an efficient grating coupler is to avoid all diffraction beams but

one backward beam in"the substrate, as shown in Figure A-27.

A-72

S o ﬁ
&Y




- e Ten T s g S T
V‘ -
7]

‘\“(\ ﬁ

Y
\\\

Grating

.==£=========;g=:;==;=e--
Subnl.ro: J/{///ﬁ‘/
(

N g

R

i

L

zj& ?:‘.',‘; % "’;Mg *»v ! E .

|
g
y

a» FigureA-27 Grating Coupler With Prism on the Substrate for
4 Converting an Incident Surface Wave into a Single
" .. Leaky-Wave Beam. The Usual Parameters are such

« " that Backward Leaxage Occurs in Practice.
éa (T. Tamir “Integvated Optics"

Topics in Applied Physics, p. 1)
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Assuming a sinusoidal phase grating, where the perjodic
variation of the dielectric constant in direction of propagation z is;

e(z) = Sr(] - M cos ,2%__,2)

where ¢, is the average value of e(z), M is the modulation index and

d is the distance between striations, (which are parallel to the y

)

direction).’ The solutidn of the wave equations for the field

components of the characteristic waves in all of the uniform regions

of the structure, (air, film and substrate) under the influence of

the g(ating are,

., (3) _ 7
Fi{%12) '-'t%: Fr(‘jt)é 3lkynx + kzp2) ” ")

where the index (j) refers to the jth medium with (j) = a{air), f(fiber)
J

or s (substrate), and Fn are the amplitudes of then space harmonics.

The proagation factors of the space harmon1c5'kzn are related to the

fundemental Jongitudinal propagation factor kzo by

L 2mn |
. kzn = kzo ™+ =q (8)
7 ﬁ/
J
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\Each of the space harmonics observes the dispersion relation,

( 2 2,1/2
kxg)' * (kg™ = kyy) (9)
2 2
where kd = kg, €.

b))

If the grating is sufficiently thin, the fundamental /"
propagation factor k,  is very closely given by the propagation

factor of the guided wave Bsw on the uniform Tayered structure (with

no grating). The propagation factor of the guided wave B, On the
uniform layered structure (with no grating). The propagation factor

of the guided wave Bsw was defined in Equation 3. It is bounded by

the plane wave propagation factors kng Of the substrate and kn_ of

the film, as shown in FigureA-20, The fields of the dominant fundamental

‘partial wave (n=0), can be approximated by the fields of the guided

wave in Equation 4,

The characteristics of the grating éoupler can best be
derived from Equations 3, 4, 8 and 9. For the fundamental partial
wave (n=0) which travels in direction of propagation z of the guided

wave, the fields in air and substrate are evanescent with respect to x,

(a) o(s)
because ky,* and ki ’2re imaginary, as can be shown from Equation 9.

>kn_>
Because Bsw,kng;k,

(a)p 2 2
(ko)™ = (K= = By, ") < 0

()2 w24 2

- <
X0 nS BSW 0

A11 higher order partial waves (n#0) posses small amplitudes. As the
surface wave enters and progresses along the grating, a very small

amount of the field scattering occurs. Because this scattering is

A-75
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very weak, the surface wave fieid in the grating region z>0 (on a local
scale) is essentially quite similar to that in the region without
grating z<0. However, if thé grating is long, the energy leakage by
scattering adds up to a large portion of the energy hrought into

the grating region by the incident surface wave, Beéause of the regular

placement of the scatterers, the individually scattered fields interfere

constructively only along certain preferred direction at angles which

are given by J

= _2_7_71\_ = -
ksin o, =B, +5F— n=+1,42 (10) i

for radiation into air; and at angles

+ 2mn
sw' o d > (11)

) o . _
nns sin Osn B

for radiation into the substrate. , ‘ o ;;i
Leakage of energy of the n-th space harmonic into air can .:E
only occur when kﬁg) in Equation 9 is real; leakage of energy into ij
f : the substraée only when kﬁz) is real. The leakage of energy causes i;
a decay of the guided wave with z as it progresses along the grating ’
; region. Hence, the propagation factor kzn along the grating region
cannot remain purely real but, instead kzn changes to a complex valye.

- amn_ .. :
Ken = Bgw ¥ 7@ —* &0 (12)

For an efficient grating output coupler it is required

that the surface wave incident on the grating of the coupler be

et b e A S M 4 T e T

transformed into a leaky wave having a single propagating s@&EZ“:f:'
3 B harmonic in the substrate and no propagating one in the air region.

This can be accomplished by choosing the appropriate ration of %-,
: ;

A-76
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to yield the following relations

(= (2 - (Bgy *+ &™)%)< 0 for n = -1
(2 = (B2 - (s

(s) ;
(kz,,)2 = (kznf - (B, t ?—I,’J‘——)zk 0 for n = -2 (13)

ot g{‘H‘-—)z)> 0 for n = -1

The Brillouin diagram for a spatially modulated layered
structgre is shown in Figu“eAvZS (Flgure A-20 shows a similar relationship
forféhe dielectric waveguide), The propagation factor B, of the
modulated structure is very closely equal to the value Bew for the
surface wave along a uniform (M=0) layer. The propagation factor
By
(kng) and film (kng). These Timits are the straight 1ines OB

is bounded by the plane wave propagaticn constants of substrate

and 0C in Figure A-28. For small values of’i (ﬂ.so 3), that is inside

the triangle OLG, the propagation along the grating regions is that
of a guided surface wave, where all kﬁ%) for j=a aﬁd s are imaginavy.

For Bod = N w the grating manifests itself by causing a stopband.

Outside the triangle OLG for 0.32< $< 0.38 Equation 13 is met,
where ks -1 is real. Outside the larger triangle 0DG for %—> 0.38

| ks . and k -1 are both real.

Thus, for values of %-for which the operation point is inside
the smaller triangle OLG (e.g. point P), the surface wave remains
bound even if the grating is present. As the ratio %-1ncreases and
the operation point corsses the line FG (e.g. point Q), a single
fadiation beam appears in the substrate (Equation 13) and the surface

wave is changed to a leaky wave. For larger values of %-where the

A-77 N
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Figurs A-28.variation of gyd for the Fundamental TE and ™ E
Modes Along a Modulated Layer With e 3.61, -
2.25, M < 0.5. The insert showd the fﬁst
<topband For M = 0.08 g
(S. T. Peng, T. Tamir and H. L. Bertoni, IEEE Transactions |
MTT vol. ..TT-23, No. 1, Jan. 1975, p. 123) pt
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appear in substrate and air regions.

Vi

In Figure A-29 the attenuation factor in Equation 12 is
shown. In the surface wave region that is for values of %-inside the

triangle OLG ( in Figure A-28), is practically zero. In the stopband
around L,a peaks strongly. Outside the stopband above the line FG

the attenuation factor a s due to energy leakage into the radiation

beam in thé substrate. Above the line DG, a is due to two radiation §
beams. As seen in FigureA-29 ¢ varies slowly in the Teaky wave region, L
except in the vicinity of points which correspond to?t@g/onqset

of additional leaky wave beams in the air or substrate region.

From Figures A-28 and A-29 follows the design of an efficient

grating coupler where the surface wave, incident on the grating, is
 transformed into a leaky wave having a single propagating space

harmonic in the substrate. For instance, for n. = 1.9 and n, = 1.5,
the ratio %~which meets the requirements of Equation 13, must be
between 0.32 ard 0.38

The beam direction of the space harmonic (n = -1) from
Equation 11 is given by

: = _.2an
kng s1n g .1 = Bgw = —d .

. - d. - 50 )
FOP ns-"uS’ and Bsw -~ 1o7k and A“" 0-35, @S‘ _1 "50 » v‘@?‘

The beam direction of the space harmonic (n=1) in the substrate is |
backward. However, the leakage angle @s.-l is larger than the critical )
angle for total reflection between subst;ate and air. To be able

to couple from the substrate into air, therefore, it is necessary to

L

7
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FigureA-29. Variation of the Attenuation Parameter o with I
Frequency for the same Grating as that in Figure 28
The Range Shown Allows for Either a Single Beam in |
the Substrate (e.g., Point Q in Figure 28) or for 3
Two Beams, One Each in the Substrate and Air Regions f
(e.g., Point R in Figure 28), Inside the Stopband
P a Becomes Very Large and Reaches a Peak Which is
. Well Outside the Vertical Range Shown. i
6S‘Tr.-Pen , et al, IEEE Transaction MTT, .
ol) MTT-23, No. 1, January 1975.) _i §
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deform the jower boundary of the substrate or to add a prism as
shown in Figure A-27. .‘ |
A comparison between the prism coupler and éhe grating coupler
shows that in both couplers the surface wave is converted into & single
output beam. Thus, the efficiency of thd grating output coupler can
also approach 100 percent. Also the bﬂhm shaprm of the two output
couplers are quite similar, as shown in Figures A-20 and A-26. When coupling
a Gaussian beam by a grating input coup1er, because of the disparity in
beam shapes, a maximum effic1ency of only 80 percent can be attained,
Similarly, the reguirements of off-setting the beam in
relation to the grating fﬂ?’maximUm efficiency (shown in Figure A-31),

also holds for the gratin,\ﬁnup1er.

{ { _
A1.3.4 Th1n-F1ber Tapeged ﬂavegu1de Couplun.www\ vt P

\

A
N

The princip]e&of the tapered coupler is shown in Figure A-32.

3]

It consists of a section of dielectric waveguide, where the thin film
region is tapered down. USing the geometric optics approach the
waves undergo zig-zag bounces whose angles of incidence on the fi]m
substrate interface decrease progressively as the taper narrows down.
As a result, at point P, the angle of incidence becomes smaller than
the critical angle of total reflectidﬁ and therefore, the rays are
refracted into the substrate. The energy transfer is augmented by
that of subsequent rays, so that ultimately mostbof the energy in

the guided wave is transformed into an outgoing beém. Because the

beam formed by a tapered coupler is produced by rays that emerge at

i Sins oS e e it e o AL
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o Figure A-30. Reverse Substrate Beam Excited By a Film Mode
A In a Sinusoidal Gratingcotpler.

(H. G. U?ger "Planarxbptica1 Waveguides and Fibers" Clarendon Press,
P. 142,
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Figure A-32. The Tapered Thin-Film Waveguide Coupler

(T. Tamir "Integrated Optics" Topics in Applied Physics, p. 118).
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slightly different angles, the outgoing beam is characterizeﬁ;ﬁy a
relatively large divergence. Also, the surface wave is converted
rapidly into the outgoing radiation once the surfaceowave reaches the
cut-off width of the asymmetric dielectric waveguide. Frim these

properties the assumptions can be made that the phase front of

‘the outgoing radiation has close to circular shape

When the t&pered thin-film coupler is used as an 1nputkcoupler
it seems possible to match the circular phase front of the radiation
from the narrow side of the p-n junction of an injection laser,
to the required phase front of the coupler. If this can be accomplished
the coupling efficiency-could be quite high between the radiation of
an injection laser and a surface wave, using the tapé?éd coupler. When
evaluating the coupling efficiency consideration must be given that .
coupling in the tapered coupler is ppsed on the excitation of the i\a;f
Eigemmode of the dielectric wave guide ratherﬂthan in traveling wave

interaction.
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A1.3.5 Summary

Prism, grating and thin-fiber waveguide coup1eruschemes were
analyzed for coupling light energy from a single mode 1njectign
laser into a single mode integrated optic switch. It was found that

~the prism coupler has disadvantages because of its bulk size, and

further it requires special attention in optical alignment of the entrance
beam to maintain high coupling efficiency.

The maximum coupling efficiency is less than 80 percent
owing to the different beam shape of the incident 1ight source and
the allowed propagation mode. '

The grating coupler, has the desired form factor for use with
the integrated optic switch. This coupler Qggs a phase grating and
its efficiency can approach 100 percent, but again the beam shape factor
will Timit efficiency to about 80 perceit.

The tapered thin-fiber coupler appears to circumvent the beam
shape coupling loss problem, but is still developmental.

However, the prism coupler, the qrating coupler and the
tapered thin-fiber coupler take up space on the switching matrix. Because
of the Jimited size of the single crystal L1‘Nb03 or LiTaO3 it seems
advistable to use endfire couplers rather than one of three couplers

described in Section Al.3.

in]
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A1.4 A1GaAs LASER INTEGRATED WITH OPTICAL WAVEGUIDES

A1.4.1 Introduction

Two methods for integration of AlGaAs lasers with optical
waveguides have been reported. One method attempts to couple the
laser through a transition region to tha optical waveguide. I(>the .
sacond method the laser is built diﬁémm#yion the substrate usitig
distributed Bragg reflectors (DBR) ihaﬁmgd of the cleaved mirrorfaces
to form the Fabry-Perol cavity of the laser. The laser structure
is that of an "large optical cavity" (LOC) laser.

P PO e P - . .

g A1.4.2 Transitions Between A1GaAs Lasers and Optical Waveguide

§ Several design concepts have been reported for coupling the

oscillation from an AlGaAs laser to a singie mode channel waveguide.
31 The interconnecting path is all these designs is formed by a guide

L layer that has a slightly higher energy gap than the active layer,

1 and thus has a small absorption loss coefficient of Jess than a few

E cm'].” The transition to this layer in one design is formed by a tapered
. section of the active region. In another design the transition is

ﬁ made over the entire length of the lasing junction. The active

layer is very thin and the optical field of the guided mode spreads
i& both the active layer and the adjacent guide layer with a slightly
higher energy gap.

A1.4.3 LOC-DBR Injection Lasers with Integrated Passive Waveguide

£
f i\ The most promising laser configuration for integrated optical
L a systems which includes the optical source, devices, and components in
ifﬂ %’ miniature waveguide form, is the thin-film DBR Fabry-Perot laser.
L It consists of an active medium between two periodic gratings

e etched on top of the thin film waveguide. The requirements for this
type of device are high quantum efficiency and low threshold current.
Oscillation in the fundamental transverse mode is also essential,

for operation with low-1loss, sindle-mode fibers. The "large-optical-
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cavity A1xGa]_xAs injection laser with low-loss Bragg refiectors" seems -
to meet all these requirements. The configuration of this type of

laser is shown schematically in Figure A-33., The LOC structure accomplishes
the coupling from the active region to the low loss waveguide, The DBR
provides the feedback for the stimulated emission. The LOC structure

is formed by the very narrow (about 0.1 micron) p-type GaAs layer and
the larger (about 1 micron) n-type guiding A1x6a1_xAs layer. The energy
gap of the A1,Ga, ,3S Tayer is slightly higher than that of GaAs, for
x=0,1, Thus, it has a low absorption coefficient for the GaAs emission
also its refractive index is slightly smaller than that of GaAs.

Because of the very thin active layer in which the inversion occurs,

and the small difference in refractive indices, the optical field of

the guided mode spreads over both the active layer and the AlGaAs

guide layer, and a large part of the guided mode energy is in the low
loss Al Ga,_,As layer.

The distributed Bragg reflectors, formed by periodic gratings,
are made part of the Al Ga, As layer outside the active layer.
The function of the distributed Bragg reflector is based on the parametric
interaction of two colinear optical waves by a periodic structure.*
These waves are a forward wave and a "forced" backward wave. Without
the peridic grating only the forward wave can exist. The periodic *
grating couples the forward wave to a colinear backware wave, and the
coupling is strongest when the periodic spacingAis one-hal f optical
guide wavelength or a lTow multiples of it.

2n
Bragg diffraction of the electro-optic Bragg diffraction switch, where
A> Mo
o
/ A-88

*The parametric interaction of the two colinear waves in the

distributed Bragg deflector requires that A = Aoy differs from the
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A=m Ao
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-]
where, m is an integer. For typical value of A0=8700A and neff-a.sa.

(-]
A=m1233A
The distributed Bragg reflectors should be formed by third-order corrugations

(m=3), where most of the energy is guided by the periodic gratings and the

radiation loss is minfﬁﬁged.

The parametri&%interaction introduced by the periodic grating

results in a monotonic decrease of the amplitude of the incident wave
A(D) as it progresses through the grating in the x direction. The

decrease in amplitude is given by
cosh K (x-L)
A(x) = A(0)  cosh KL

At the end of the gré%ing where x=L the amplitude A(L) remains constant,

corresponding to transmitted wave, as shown in Figure A-34. The amplitude
of the forced backward wave B(x) shows a monotonic increase from B(L)=0

at the end of the grating to a value B(0) at the frontend of the grating.
For x<0, B(0) remains constant. The forced backward wave, which is given

by

3(x) = -3a(0) SULp et
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; 5 ' Figure A-34.  Amplitude distributions of A(x) and B(x).
(C.F, Quate, et al. Proc. IEEE, Vol. 53, No. 10, Oct. 1965).
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contributes to the feedback for tustaining the: stimulated emission
in the active layer of the laser.
The coupling coefficient K is determined by the geometry

of the corrugations. For the simplest case of a sinusoidal modulation
of the refractive index of the form J

n(w) = ny(w) +1/2 [n]ejsx + "-le-ij]

where,
g = %’L , &/
the coupling coefficient is
k=" K
L 'ﬁa E

= W
and k nO(w) <.

The coupling coefficient K characterizes the stréﬁgth of

coupling between the colinear waves propagating in opposite directions.

For the case of sinusoidal refractive index modulation K is directly

proportional to the fractional index of modulation and the wave number.

A typical value for the coupling coefficient of the laser

structure shown in Fig. A-33is K = 50 cm™!. @n experimental laser

operating on 3rd with A=37263 using a triangular shaped corrugation of
-]

depth 1500A has been demonstrated. The active region of the laser was

550 microns long. The two DBR regions were 150 microns (on the output

reflector side) and 500 microns (on the mirror reflection side).

0
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ya APPENDIX B /

To complete the feasibility study of the high data rate
optics switching center, using an integrated optics switching matrix
it seems important to compare different types of switching systenms.

Specifically, the integrated optics switching system was compared to
an opto-electronic switching system angjto an electronic switching
system,

Z d//
B1.1 OPTOELECTRONIC SNITCHIﬁG NETWORK (Hybrid Switching Network)

Switching networks will be analyzed which combine optical

distribution from the input to the output terminais with electronic

switching to form the appropriate connections. In the opto-electronic

network 1ight sources such as Light Emitting Diodes or AlGaAs lasers

are modulated with the information from the n input channels. The

1ight sources which are coupled to multimode optical fibers distribute,
by means of lenses or optical fibers, the input channels to the photo-

diodes. The photodiodes convert the modulated optical waves to electric

signals which then are directed to the m output teminals. The opto-

electronic switching network requires at least n x m electronic switches;

in addition, they either require n light sources and n x m photo-

detectors; or n x m light sources and m photodetectors.

B1.1.1 Opto-Electronic Network With N Light Sources and N X M Photo-

Detectors

The design principle is shown in FigureB2-1. Each light

source is modulated by one information channel. The light source modulated

B-1
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with information channel 1, i1luminates m photodiodes, the m photo-
diodes are connected to the m output terminals. The second 1ight source

modulated with information channel 2, illuminates m different photo-

— \,\

diodes. They are connected in parallel to the m output teminals. This 3

is repeated for all n input channels, @

g

B1.1.1.1 Optical Distribution

The reauirements for the optical distribution from one optical

fiber to the m cooperating photodetectors are: efficient energy |

transfer, equal energy division among the photodetectors and confinement )
of the 1ight to the guiding structure. To distribute the 1ight to the !

Ll T
Fr A el e

photodiodes advantage can he taken of the wide angle radiation of the

2 multimode fibers, where NA~0.21. For efficient power transfer from

the optical fiber to the photodetectors the radiation need only be

collimated in one meridian plane by a cylindrical 1ens: In the

orthogonal plane the linear photodiode array should fill the light

I beam, as shown in Figure B2-2a. The distribution of the light to the

photodetectors can also be performed by optical fibers, as shown in L
B © Figure B2-2b. i

1
e H

- A novel design for the optical distribution from the input 4
o0 |

ol Tines to the photodetectors is shown in Figure B2-3. In Figure B2-3

[

' the input optical fiber is coupled to an optical multi-mode

!

B-3

I, T =) B O S Y SRR, ¢ R R P e 5e e e




OPTICAL FIBER _ PHOTODIODE

ARRAY

A

PHOTODIODE ARRAY

OPTICAL FIBER

J

»B) DISTRIBUTION USING OPTICAL FIBERS

Figure B2-2. Distribution/bf Light to Photodiode Array
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fiber with large core diameter. A linear array of miniature photodetertors

N

s placed along the axis of the fiber on the surface of the fiber core.
To do so part of the fiber cladding has to be removed and the refractive
index of the photosensitive surface of the photodetector must be index-

matched to the refractive index of the fiber care.

The photodetectors in the array should be silicon diodes with

a refracti%ejindex of n_=°3.42. Because their refractive index is higher

than that of the fiber core of n 5 1,6, the waves inside the fiber core

will not be totally reflected at the core surface.

Instead they will be

transferred to the photosensitive surface of the photodiode. To minimize
reflections at the interface between fiber core and photodiode an index-

matching layer with a refractive index of n. = 2.4 should be placed betweén

the tyg surfaces. To assure close coupling the index matching layer

should be of pliable material.
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To evaluate the power transfer from the fiber core to the photo-
detectors, the propagation of dptical energy within the fiber cnre has
to be studied., The physical picture of guided 1ight propagation inside
the fiber core is that of superimposed uniform plane waves with wave-
normals which follow the zig-zag path indicated in Figure B2.4 and which
are totally ref1ec5§d at the core boundaries. The plane waves travel
with a wavevector k Ne (where Ne is the refractive index of the fiber
core) in the direction of the wavenormal. The fields of these waves
vary as

exp (-iknf(i,x cos 0.+ z sin @)) (1)

In the multimode fiber the angle range Eof the superimposed
plane waves is limited by the requirement for total reflection at the
éore-c1add?ng or core-air interface., The plane waves can take up the
angles from © > arc sin "__s_to @< arc sin 1.

: e

For the guided modes in the multimode fiber the zig-zagfpicture

predicts a propagation constant 8

B = kng sin @ ? (2)

For the multimode fiber the assumption can be made that the
energy is uniformly distributed over the core cross section, s0 that
the power flux density is S = —%— , where P is the incident optical
power and r is the core radius’ 1TUsing the zig zag picture then S is
also the power flux densiﬁy of the waves with the wave vector knf in
Figure 32-4.

The optical power which is transferred from the fiber core to
the photo detector (using an Tndex matching layer) is proportional to
the power flux density S incident under the angles®, multiplied with the
absorption cross section of the photodetector, A, when projected on the

‘wavenormal of the incident waves. Assumihg a square detector aperture

(A = az), then the intercepted power is

Coe a2 o ‘ (3
~ Py, =Sa \§1n() . (3)
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Obviously, the largest contr*bution will come from the waves where

< s
© % arc sin e (4)

For typical value of P a 10 mW, r = 300 microns, a = 150 microns
sin ©= 0,16, Pin 100y W.

The 1ight energy in the optical fiber becomes smaller as the
waves travel along the fiber axis, this is partly because of the
energy transfer to the photodetectors and partly because of attenuation
in the optical fiber. To compensate for the descreasing light energy,
the active areas of the photodetectors which are further removed from
the light source, must be larger than those closer to the light source,

There are no optical limitations to the spacings of the
-, Photodiodes in the array. The spacings should be such that the post- .
detection amplifiers can be connected to the photodetectors.

1.1.1.2 Electronic Connections to the Qutput Lines

In the opto-electronic switching system the distribution

(’\T‘f . it
. ?\_,j

of one input channel to the m output terminals is greatly facilitated
by the use of a light source and a photodiode array. However, care
must be taken that the parallel operation of the post-detection circuits

does not seriously affect their transfer properties. |

A typical photodetector circuit is shown in Figure B2-5
YThe photodiode is represented by a current generator in parallel with
the photodiode's junction capacitance C, (of a fewpF) and a small series
resistance RS (a few ohms). The load circuit consists of the load resistor

-




Lauba ot T e corp—————RS N

Q. 1
4

d) TN A o *{a}a V TJ

g ® DIOOR JMCTION CAPACITANCE 9
Ry o GIODL SEMES RENSTANCE %3
R * PTCAL LOAD MEMISTOR |
| s Rg ® AMPLIFMR DAY RESIOTANCE "
€a MILPER BANT CAMCITANCE =
U LT T . vl

" ko) |

)

FigureB2-5. Typical Photodetecor Circuit E
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RL(approximate1y 50 ohms) and an ac coupled amplifier in parallel. The
equivalent amplifier circuit is formed by the resistor R, in parallel
with the capacitance Ca followed by an ideal, infinite impedance

amplifier with the gain A(f) (where f is the base band frequency).
The output voltage is given by

&3
~—

Vout (F) = T(F) A(F) Z(f) (

where I(f) is the detector current and Z(f) is the impedance at the
frequency f.

2(F) = (F + juc)"! (6)

Y

and

)

l-.a

R = (%L + )']

|

a

C = Ca + Cd

‘Men the photodetectors would be operated in parallel, the capacitance
in Cquation A2-6 would increase and the impedance Z(f) would become smaller
at higher frequencies.

A better, though more expensive design, would operate each
abtodiode with a separate post-detection amplifier in order to provide
isolation among the paralle] circuits (shown in Figure B2-6).
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In. this design the switching function can be incor-

porated into the post-detection amplifier circuits of the photodetectors.
Advantage can be taken that the amplifiers can be "gated" by changing the

bias voltage so that the amplifier gain becomes greatly reduced and

the internal impedance of the amplifier becomes very high. In the
switching system only the post-detection amplifier in the one channel
which must be connected to the corresponding output line is operated
with optimum gain when terminated b& the characteristic impedance of
the output line. The n-1 post-detection amplifiers in the same column are
"gated", so that their gain becomes very low, and their high impedance
will not noticeably load down the output transmission line. The use of
gated amplifiers should not only minimize the cross coupling between
the inactivated and the activated input channels, but also reduce

the noise contribution from the inactivated photodetection circuits.

If greater isolation between the inactivated and the activated
input channels, is required, the load resistance in each of the inactivated
photodetection circuits can be sharted,as shown in Figure B2-6. In addition,
the photodiodes can be forward biased or avalanche photodiodes can be used

where the negative bias voltage is reduced from its optimum value of approxi-
mate]y-BOO volts to a few volts.

This switching concept has the advantage that the'switcheéﬁ
primarily change the operating conditions of amplifying devices by

varying the negative bias voltages, where the current is extremely small. 7~ /

Also, no switches are in the main lines. 4/

For the proper design of the opto electronic switching network
an evaluation of the signal-to-noise ratio is of importance. The

variables in the network are: the use of photodiodes versus avalanche
photodiodes, and the choice of the load resistance RL in Figure: B2-6,
signal-to-noise ratio is

SNR = 54
GO LT
th

notn
D=1
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where I = %E% P, n is the quantum efficiency of the photodiode.

%v = 0.73 WA-and P is the optical power. The term 3’1 represents the
shot noice that is the mean square fluctuation in the rate of arrival
~of the electrons, 52 {}j$8 where e=1.6x10"17 A sec and B is the
band~width of the baseband information., The tennlthzrepresents the
thermal noise (Johnson noise\ primar11y introduced by the photodiode's
biasing resistance Rt_,I,/' 4kT§,where kT = 4,15 x 10° 21 4 sec. Then

. ({}» P)?

2 %‘ PB + 4 kT Re

=jn

ne
For photodnodes with avalance gain G the output current becomes hv GP.

The shet noise also increases due to the randomness of the multiplication

mechéhisnlz The shot noise term for an avalance detector is
52 < 2%3—; g2 F(G)PB , where F(G) is a measure of the degradation due to

the randomness of the multiplication. For the ratio of ionization
probability k = 0.025, F(G) =

For an avalance photodiode the signal-to-noise ratio is

ne 2
S - o)

Ne 62 p(g)pB+akTS
2 g% 6 F(a)PB+4KTR

For P=100uW, B=300 MHz and a bias resistance of 500, the
signal-to-noise ratio using a photodiode where n is typically 0.7, is

S - 4
N 1.4 x 10

Using an avalanche photod1ode with a typ1ca1 gain of 100, the
signal-to-noise ratio is

S _ 5
N*O.?X 10

It follows that when the power coupled to the photodector is
100 pW, the signal-to-noisecyatio of the photodiode circuit is sufficiently

‘high so that no avalance photodiodes are required.
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In a different approach to connect one of the n photodiodes in
each column to the corresponding output line an integrated matrix switch
of the type F100164 can be used, which can connect one of 16 terminals
alternatively to 1 output terminal. However, for m output terminals
m matrix switches are required. These m matrix switches would increase
considerably the complexity and the power consumption of the switching
system.

)
“B71.1.2 Opto-Electronic Switching Network with N X M Light Sources

And M Photodetectors

The different design principle of the opto-electronic switching
matrix is shown in Figure B-7. An array is formed of n 1ight sources,
each of them is modulated with one of the n information channels. The array
is optically connected (by means of lenses or an optical fiber) to the
photodetector 1 with its post-detection amplifier which leads to the output
terminals 1. An identical array of n light sources is optically connected
to the photodetector 2 with its post-detection amplifier with leads
to the output terminal 2. This is repeated for all m detection circuits.
The distribution of the n information channels to the n x m light
sources presents a similar problems as outlined in Section A2-2. Therefore,
this type of opto-electronic switching network does not’ seem to have any
advantage over the electronic switching network, described in Section A2.2.

We conclude it is the opto-electronic switching network
with the n light sources and ﬁhg n x m photodetectors and post-detection
amplifiers in Figure 12, wh1ch <buuld greatly facilitate the distribution
of the n input terminals to the switching network. \

In summary, the opto-electronic switching system which
requires for n input lines, m photodetectors, but n x m post detection
amplifiers,is definitely more complex than the integrated switching

system which requires only m photodetectors and m post detection amplifiers.
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SECTION 2
ELECTRONIC SWITCHING

81.2.1 Introduction

The electronic design approach to a 300 megabit digital
matrix switch will require the most advanced state-of-the-art digital
technology available: the 100K series Emitter Coupled Logic (ECL)
produced by Fairchild which operates with rise and fall times of 0.7
nsec. and clock speeds up to 500 MHz. While 500 MHz operation:-can be
obtained under ideal test conditions, practical considerations of

component layout and stray input capacitance will reduce the overall
system speed somewhat.

The new technology which permits the higher operating
speeds of the 100 k serfes ECL devices is the Fairchild Isoplanar II
transistor fabrication process. The new transistors have an area of
only 1.2 mi1™ compared to the conventional Planar transistors which
have an area of 4.8 mi1%. This allows for a corresponding reduction

in parasitic junction capacitances which in turn gives a higher gain
bandwidth product of over 5.0 GHz.

A11 devices in the 100 k ECL family are designed to be
used with up to a 50 ohm transmission line. (Some devices can drive
a 25 ohm line.,) Due to the fast rise and fall times of these devices,
any connection over 0.6" must be treated as a transmission line which

will be shown later. Using standard multilayer PC board technology,

a connection less than 0.6" seldom can be implemented; therefore, all
Tines in the system must be 50 ohm controlled impedance lines.
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B1.2.2 Circuit Configuration

The essential device for constructing the matrix switch
will be the F100164 16 to 1 multiplexer. The device accepts up to 16
inputs and will select one of those inputs to be the output according to
information presented to four control 1ines. Eight of these devices caii
be utilized to implement a 16 x 8 matrix switch which can be put on a 4 x 14
inch PC board. This 1s accomplished by driving the inputs of all the multi-
plexers in parallel. The select Tines of each multiplexer are attached to
a register which holds the proper switching information. In this way, any
one of the 16 inputs may be switched into any of the 8 outputs.
Figure B-8 shows a condéptua1 diagram of the switching arrangement.

Matrix switches with more than eight outputs can be easily built
from the basic 16 x 8 building block by running the inputs to the boards
in parallel, Figure B-9 shows how a 16 x 16 matrix switch can be built
from two 16 X 8 switches.

The number of inputs to the switch can also be expanded by either

a 2 to 1 multiplexer board or another 16 x 8 matrix switch. Figure B-10 shows

how a 32 x 8 matrix switch can be built from three 16 x 8 huilding blocks.
Half of the inputs are run to each switch which gives 16 outputs, but only
half of the inputs are available on any given output. The 16 outputs are run
into another 16 X 8 matrix switch which gives only 8 outputs, but now any of
the 32 inputs can be switched to any of the 8 outputs. Another less comp-
1icated approach would be to utilize a 2 to 1 multiplexer card where each
output needs only to choose between one output from either 16 x 8 switch
board. This configuration is shown in Figure B-11 7

A 16 x 128 matrix switch can fit into a single tray approximately

20" x 18" x 6". The same tray can also hold a microprocessor for controlling

the switch with memory, several I/0 parts, a USART, and TTY or CRT inter-
face circuitry. If there is need for a larger switch, more trays can
easily be added.
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Each switch board requires:
~-5.2 volts @ 2.74 Amps
-2.0 volts @ 4.6 Amps
A + 5 volt supply will probably be required for control circuitry. A
16 x 48 switch will require at least a 160 watt power supply for thg
ii . switch PC boards alone. A 16 x 128 switch will require at least a
%

i
i
i B1.2,2 PBower Requircments
3
é

425 watt power supply.

R

B1.2.4 Transmission Line Considerations

_ The 300 M bit/sec. requirement presents some special
problems in the transmission of data in the areas of device fanout,

coupling of transmission lines, and reflections on transmission lines.

Since the devices used have 0.7 nsec. rise and fall times,
all connections longer than 0.6" must be treated as transmission lines.
A typical design parametéF used in digital circuitry for determining
whether a length of line need be treated as a transmission line is as
i follows: any connection with a length over SY‘/f
electrical distance of rising and falling edge which ever is less)
is a transmission line. For instance, on a 50 ® microstrip line, the
speed of light is 3.2 times slower than in a vacuum due to the electric
\ field partly being in a dielectric (fiberglass ¢ p o 15)

‘ 3 X 108 m /sec = 9.375 X 107 m/sec = speed of light on micro-

FeemstSy

3.2 strip
Sr/f‘= ( .7 x 1079 sec.) (9.375 x 107 m/sec.) = 6.6 cm
Ezéf,= 1.64 cm. = .65" S ;
é, Using strip transmission lines: . S,
. Speed of light = 3 x 10% m/sec. = 3 x logfm/sec. = 7.75 x 10 m/sec.
S s 9 T , 5 » "
Sr/f = (.7 x 1077 sec,) ( 7.75 x 10’ m/sec.) = 5.4 cm.

b r/f=1.35 cm = .5"
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F1.2.4.1 Reflections

A\

A1l lines in the system will be 50 Q impedance lines. High
speed communication between boards will be via 50 @ shielded, twisted
pair. High speed data between two points on the same PC board will be
via 50 Q shielded strip 1ines. Termination of these lines will be
50 @ (to - 2.0 volts). °

The nominal input impedance of the 100K devices is 50k &
with about 2 pf of parasitic capacitance (most of which is due to stray
wiring capacitance). This is too large an impedance for an effective
termination of the line. At the highest frequency of the signal, the
capacitive reactance, which is by no means controllable, is approxi=
mately - j160 @ (Calculation based on 500 MHz-~highest frequency
device can carry effectively). This input impedance can cause ringing
along the transmission 1ine because of the impedance of the devices
which feed the transmission lines is less than 50 @ A 500 terminating
resistor is required to significantly reduce this ringing. '

The 50 @ termination serves an additional purpose: the 100K
series ECL requires a pull-down resistor on the output in similar
manner to the more standard 10 k series ECL family. (The 50Q resistor
is tied to ~2.0 volts instead of -5.2 volts as is standard practice
to conserve power), '

B.1.2.4.2 Fanout

The DC fanout capability of 100K series ECL is in the hun-
dreds of gates due to low input power requirements. However, the
stray capacitive reactance at high frequencies becomes very small
using even a small number of gates. Using-the 500 MHz frequency for
calculation, three inputs represent only-jl50 Q@ impedance with 2 pf
capacitance per gate. At this point, the -j 50 @ input reactive
impedance and the 50 @ terminating resistor in parallel can short out
the higher frequencies of the Fourier spectrum of the pul;§7and slows
the edge speed of the data slightly.
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On each card it is necessary for 16 inputs to recejve the
same signal. Figure B-11 shows how this is accomplished without
violating AC fanout rules. The signals are received on the board
(one ECL load) and immediately drive two multiplexer chips. The signal
continues and drives a buffer chip (F100122). This buffer chip can in
turn drive two other multiplexers and another buffer and so forth
down the board. Connections from the transmission line to the devices
are very small compared to the wavelength of the signals to be used.

So far, interconnections on a single board has been discussed.

The next ronsideration is how to drive many boards in a
larger switch configuration such as 16 x 48. The problem is solved
by and ECL gate with multiple outputs. The signals are received by
a special receiver device (F100114) and sent to a device with four
outputs. One output is used to drive the first two multiplexers and

a buffer. Two other outputs are used to send the signal differentially

to the next board. Thus, the signals are "daisy-chained" from board

~ to board to allow simple and effective expandability of the switch,

A schematic depicting one input line is provided in Figure B-12.

[«

3,1.2.4.3 Coupling of Transmission Lines

Lower speed digital systems in the past have used micro~
strip transmission lines which are PC tracks of a specified width and
height above a ground plane. Microstrip lines are rather susceptible
to coupling since 50  lines must be comparatively wide However,
spacing between lines must be sma11 for dense circuitry.

Strip transmission lines would be an improvement over micro=-
strip transmission lines in terms of decreased coupling. The difference
between microstrip lines and strip lines is that strip lines have.a
ground plane above the PC track as well as below it. Microstrip lines
have only one ground plane associated with them. A]so, 50 Q strip
lines are not as wide as microstrip lines for the same distance from

ground - p]ane to s1gna1 line. This allows greater flexibility in PC r
layout.
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In Figure B8-13 a tentative layout of the multiplier F100164 together
with the 16 transmission lines for the electric switching network is
shown. The multiplier is placed on top of the 16 transmission lines,
To ascertain that the connections from the input terminals of the multiplier
to the transmission lines, are equal length, the center spacings between
transmission 1ines must be made equal to the half-center spacings
between input terminals (This requirement concurs with the position
of the input terminals on both sides of the device).
® The transmission 1ines are microstrip lines where the dielectric
spacing b is equal of the thickness of the PC board, (b = 10 mil = 0.025 cm)

and the dielectric constant is that of a standard fiber glass board,
€, = 4,4,

The characteristic impendance of the microstrip is

- 10t | wy=1
z, = 10 (3/5;,57+s.33 ’)

For a pinspacing of 0.1 in. of the multiplier, the center spacing
between transmission lines must be 0.05 in. = 0.127 cm. Then the spacing
between the edges of the microstrips is S = 0.057 cm.

0f major concern is the coupling between adjacent transmission

lines. It is important to realize that the boundary conditions of
parallel microstrips are such that coupling can occur through even and

B-27

l
1
1
1




INp LT
LINES

‘ ML--_-—‘-—-:L*-—‘

1 _*_____L.—-u—-. T - -

3 *—-——0‘— S e e ep———
P eae - - g ammm
M_a—-—-—-,——— o .
 ou— — o oty wint, s . o P NP vt v

| MULTiPLIER|
y !

Figure B-13. Connections of Input Lines to Multiplier

B-28

/




odd modes. Because of the excitation of both modes coupling is
“contradirectional, as shown schematically in Figure B-14. The wave

: traveling from terminal 1 to terminal 4 will couple into terminal 2 ;L |
| but not into terminal 3. Coupling between the parallel microstrips is S
dependent on the interaction length 1. The ratio of the voltages at terminals 3 = .
2 and 1 is ;I i
; Vo jk sin © , o
| VT‘ * 1k cos 0+ j sin e (4-1) T j
i where © = 21 |
Te b ", 1
g A is the wavelength in the microstrip T
Y ZG% = Z'\Q : 2.2 a0 \:1’: R
| = Zoe ¥ Zoo (#-2) .
? \and Z . and Z oare the characteristic impedances of the coupled
| 'hiCrostrip 11nes For the even and the odd excitation, where
Zo = vYZoe Zoo (4-3) x
For €= 4.4, ¥ = 2.8 and £ = 2.3, Zoe = 53.50 and Zoo = 46.50. 1
Then,
k = 0.07. . f ’E ;;
The voltage ratio in Eq. 4-1 becomes largeﬁﬁﬁfor L= (2n+])—— »y n=0,1,2...
Then the coupling between microstrip lines is
| C =20 Tog = 23 db . ,/

i
7

B-29




AR
u

\\,\.‘(

&

Y e Wi S L L

LT ==

)

Figure B-14., Contradirectional Coupling
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The coupling changes periodically from C = 0 for interaction
lengths of n&% ,to C = 26 db for (2n+1)Aa to the closest coupling of
c<23db for (2n+1)2%, where n = 0, 1, 2!

The wavelength \¢ of the microstrip with a dielectric where
£y 4,4, 1is approximately )\ '%99 . At a frequency of 300 MHz ég-' 13¢m
and for the third harmonic in the Fourier spectrum of the pulses ﬁ% = 4.33cm.
These values should be taken into consideration in ‘the layout of the
switching network. Coupling between the microstrip transmission lines
can be decreased when an upper ground plane is added, The upper ground
plane reduces primarily the characteristic impedance of the even mode
Zoe and thus reduces the coupling factor in Eq. 4-2, It also follows
from Eq: 4-3 that the upper ground plane reduces the characteristic
impedance of the transmission lines Z For the upper ground plane to
significantly reduce the coupling, its spacing from the m '
should be no more than 0.025 cm.

-

If this design approach can be implemented the characteristic
impedance of the shielded microship 1ines could be further reduces by
making the lines wider without exceeding the specifications for coupling
between adjacent transmission lines,
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B i.2.5 Other Electronic Technologies
A possibilit \\\ ¢

poss Y- s N yns ruction of a matrix switch is using
ceramic substrates. The silicon chips can be bonded directly to a
ceramic board which has many layers of metalization. This helps to
alleviate stray input capacitance of the devices, but it becomes more
difficult to get 50 Q 1ines close to the devices because the chips are
small and require many connections to the relatively wide 50 2 lines.

A combination of PC technology and ceramic technology would
be the hybrid approach. A hybrid is a small piece of ceramic with two
or three silicone chips bonded to it. The circuit is then mounted into
a case similar to the packages used with standard IC products. The

number of pins required for each hybrid makes this approach impractical.

Each multiplexer requires 16 inputs, 1 output, 4 control lines, power
and ground.

Small quantities of the two above mentioned technologies are
very expensive compared to standard PC boards. Therefore, it is
recommended that a six layer fiberglass PC board be&\sed in the con-
struction of the switch. There should be two layers'of sigials which
will necessitate three layers of ground plane for strip fransmission

lines and one layer for voltage. Figure B-15 shows a typical cut
away section for the PC board.

g 1.2.6"Summary

The matrix switch can be totally electronically implemented
using the Fairchild 100 k serjes ECL family of digital logic. This
logic family has a theoretical frequency Timit of 500 MHz. Using a
single 4" x 14" six layer PC board, a 16 x 8 matrix switch building
blaock can be built with 5¢0-Q differential inputs and outputs. The
number of inputs is easii&*éxpandable by simply adding more switch
boards and "daisy-chaining" the inputs from one board to the next.
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The number 6f inputs is also expandable, but a 2 to 1 multiplexer card

is required to allow any input to be switched to any output. The

| o] § —— = ==

2.7

S e T

number of 2 to 1 multiplexer cards required depends on the amount

- of input expansion desired. The cards will be mounted in a tray which
is approximately 20" x 18" x 6". Each tray will hold enough cards to
implement a 16 x 128 switch with room for control and interface cir-
cuitry.

¢
)

LIST OF FEATURES

Switch made from Fairchi]éLIOOK ultra high speed ECL

16 x 8 Matrix switch on one 14" x 4" PC board

Outputs easily expandable in increments of 8

Inputs expandable in increments of 16 by using either extra 16 x 8
Matrix switches or 2 to 1'multiplexer cards.

Inputs are differential 100K ECL 50 Q lines

Interface to optical lines or other level electrical signals possible
with added custom interface boards which can be mounted in same tray
with switch boards.

Microprocessor controllable i+ Microprocessor with limited support
hardware can be mounted ihiiray with switch. (Support includes
USART, ROM, RAM, and I/0 Pc?ts\ Others available on request)

16 x 128 switch will fit in one +v§y (18" x 20"x 6")

Switch uses standard voltages: -5.2v, -2.0v, +5.0v (+5v is used
only for microprocessor and/ or interface circuitry. ) f
Outputs are differential 100K ECL which are designed to drive up to
1000 ft. of high quality twinax 50 @ cable.

Inputs represent only one 100K ECL Toad plus 50 @ termination
regardless of switch size. ’

More than one tray of switches may be used for applications re-
quiring very large switches.

Forced air cooled trays for heat dissipation
| k
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The concept of an glectronic switching network is described
using multiplexers of the type 100164. Though the performance character-
istics of the multiplexers would lend themself well for switching a
300 Mbit/sec data stream their reactive input impedance will 1imit their
use in a large switching network. The reactive input impedance of
parallel devices can reduce the rise and fall times of the data pulses
considerably. However, buffer stages can be used in the switching
network to mitigate the effect of the reactive input impedances.

The multiplexers together with the buffer stages form a L
rather complex switching system with large power consumption, The 7 ;i

simplicify of the integrated switching matrix is outstanding in com-
parison to the electronic switching system.
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