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ABSTRACT 

This i s  the  f i n a l  repor t  of a project  t o  develop two 100-MHz bandwidth 

e l ec t ro -op t i c  modulators and s o l i d - s t a t e  dr ivers  which achieve 100 percent 

amplitude modulation with less than 10 watts modulator dr ive power. This r e -  

port  t reats  the  design of t h i s  op t i ca l  modulation system and the r e s u l t s  of 

t es t s  performed over the  f u l l  100-MtIz bandwidth. 
I .  
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SECTION 1 

INTROW C T I O N  

I n t e r e s t  i n  mechanizing op t i ca l  modulation systems with wide ins tan ta-  

neous bandwidths has been stimulated by present-day multiple-frequency ranging 

system requirements and by fu tu re  communication system requirements. 

p r inc ipa l  shortcoming of the e lec t ro-opt ic  modulator w a s  i t s  need fo r  large 

dr ive  power levels when operated over wide bandwidths. For instance,  the S2A, 

an o p t i c a l  i n t e n s i t y  modulator developed by t h i s  laboratory,  required up t o  

500-volts rms and 270 wat ts  nominally f o r  operat ion over a 50-MHz video band- 

width. 

The 

The goals of t h i s  cont rac t  were t o  develop an o p t i c a l  modulator and t ran-  

s i s t o r i z e d  dr iver  comprising a modulation system operable over a 100-MHz video 

bandwidth with less than 10-watts modulator dr ive power. The so lu t ion  t o  t h i s  

modulator design problem was  achieved by combining small c ross -sec t ion  potas- 
sium dideuterium phosphate (KD*P) c r y s t a l s  with laser beam-condensing opt ics .  

Modulator length w a s  held t o  an absolute minimum t o  preserve o p t i c a l  perfor-  

mance comparable t o  t h a t  of the S2A. 

Two modulators (Figure 1-1) and s o l i d - s t a t e  dr ivers  were del ivered t h a t  

achieved 100 percent o p t i c a l  i n t e n s i t y  modulation with 6 watts dr ive  power t o  

the modulator over an instantaneous 100-kHz t o  100-MHz bandwidth. This devel- 

opment ind ica t e s  the  f e a s i b i l i t y  of fu tu re  space wide-band communication sys- 

t e m s .  This repor t  treats the  design of t h i s  o p t i c a l  modulation system and 

the  r e s u l t s  of tes ts  performed over the  100-MHz band. 

1-1 
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SECTION 2 

MODULATOR DESIGN CONSIDERATIONS 

Experiment 1 sm 11 cross-sect ion modulators were constructed during the 

e a r l y  phase of t h i s  program and operated over the 100-MHz video bandwidth. 

These t e s t  modulators employed potassium dihydrogen arsena te  (KDA) and l i th ium 

niobate  (LN) c r y s t a l s  of 1-mm cross sec t ion  i n  balanced c e l l s  with aspect  

r a t i o s  of 40; i . e . ,  with a modulator c e l l  length t o  he ight  r a t i o  of 40 mm: 1 mm. 

The at ta inment  of a 16:l o p t i c a l  i n t e n s i t y  ex t inc t ion  r a t i o  and the  de tec t ion  

of modulation over t he  100-MHz band with the  KDA prototype device proved the  

f e a s i b i l i t y  of a lumped-element t ransverse modulator design combined with beam 

forming opt ics  t o  meet t he  10-watt d r ive  power requirement. The LN device 

demonstrated poor o p t i c a l  performance and exhib i ted  i n t e r n a l  c r y s t a l  inhomo- 

g e n e i t i e s  as found by other  inves t iga tors .  (Iy2) 
both experimental modulators appear i n  Appendix A. 4 

Detailed tes t  r e s u l t s  f o r  

The i n t e r n a l  view (Figure 2-1) shows cons t ruc t ion  d e t a i l s  of the t rans-  

verse lumped-element e lec t ro-opt ica l  modulator. A laser beam-condenser i s  

employed a t  the modulator input t o  reduce and col l imate  the  beam. The now 

c l a s s i c a l  balanced cons t ruc t ion  of t he  modulator c e l l  employs equal length 

c r y s t a l s  on each s i d e  of a half-wave plate  with t h e i r  op t ic  axes opposite i n  

sense t o  balance the  n a t u r a l  birefr ingence of the  e lec t ro-opt ic  element t h a t  

i s  a func t ion  of temperature. When a vol tage i s  appl ied across  the  c e l l ,  gen- 

e r a t i n g  an E f i e l d  along the opt ica l  ( Z )  a x i s  of the c r y s t a l s ,  a phase r e t a rda -  

t i o n  i s  imparted t o  the  x component of a l i g h t  beam propagating along the y 

a x i s .  The r e t a rda t ion  i s  given i n  t e r m s  of the  e l ec t ro -op t i c  material param- 

eters by: 

3 

4 =  b 
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where 

8 = phase re ta rda t ion  i n  radians 

= ordinary index o f  re f rac t ion  70 

r63 = electro-opt ic  coef f ic ien t  i n  meters/volt  

h = wavelength of op t ica l  c a r r i e r  i n  meters 

Q = modulator c e l l  length 

V = applied voltage 

b = dimension of the c rys t a l  across which voltage i s  applied.  

The r e s u l t  of the re ta rda t ion  imparted t o  the x component of the l i g h t  

beam i s  a conversion of l i nea r ly  polarized input l i g h t  t o  an e l l i p t i c a l l y  

polarized output.  The analyzer i n  the  output window converts the polar iza t ion  

modulated beam t o  in t ens i ty  modulation. The quarter-wave plate  biases  the 

system t o  a l i g n  the  peak-modulated polar iza t ion  vector with the analyzer ax i s ,  

thus el iminat ing the need f o r  a dc bias  component i n  the applied modulation 

voltage.  

2 . 1  MODULATOR CELL 

2 . 1 . 1  Video Drive Power 

The dr ive voltage requirement f o r  the  transverse modulator i s  de te r -  

mined by the half-wave f ie ld-dis tance product of the e lec t ro-opt ic  element and 
i t s  aspect  r a t i o  ( length  t o  height r a t i o )  according to :  (4 )  

where 

V = the peak-to-peak dr ive voltage required f o r  
operat ion t o  ex t inc t ion  

b = the  c r y s t a l  height i n  the  d i r ec t ion  of the  
appl ied e l e c t r i c  f i e l d  

2-3 
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Q = the  c r y s t a l  length i n  contact  with the  electrodes 

Q / b  = the  aspect r a t i o ,  and 

{ E B Q } ~ / ,  = the  half-wave r e t a rda t ion  vol tage f o r  the c r y s t a l  
mater ia l ,  otherwise known as  the half-wave f i e l d -  
dis tance product. 

For comparison of dr ive power-bandwidth requirements f o r  the modulator 

c e l l  designs considered during t h i s  program, i t  i s  more convenient t o  use r m s  

values.  For t h i s  purpose we wr i t e  

where V i s  the rms drive voltage required f o r  operation t o  ex t inc t ion ,  and 

The peak- 

{ E*Q)h,2 M =  
2Vz 

o-peak half -t sve r e t a rda t ion  

h 

( 4 )  

oltage i s  given by: 

where 

h = op t i ca l  wavelength 

= ordinary index of r e f r a c t i o n  
770 

re3 = e lec t ro-opt ic  coe f f i c i en t .  

For modulation frequencies up t o  severa l  hundred megahertz, the  length 
I 

of video modulator c r y s t a l  assemblies considered here is  less than the modula- 

t i o n  frequency wavelength, consequently the c r y s t a l  and e lec t rode  s t ruc tu re  

may be regarded simply as a capaci tor .  

I 

Modulator capacitance equals c r y s t a l  

2 -4 
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I 

and s t r a y  capacitance.  During t h i s  work, s t r a y  capacitance w a s  minimized. 

The modulator c r y s t a l  capacitance f o r  c r y s t a l s  of square cross  sec t ion  i s  given 

by : 

c = KeoQ 

where 

K = c r y s t a l  r e l a t i v e  d i e l e c t r i c  constant  

= permi t t iv i ty  of f r e e  space (8.85 pF/m) . 
€0 

The modulator capacitance and the des i red  operat ing bandwidth place a 

l i m i t  on a dr iver  shunting r e s i s t ance  according to :  

1 
2nf2KcoQ 

This requi res  t h a t  the d r ive r  be capable of de l iver ing  power over the  video 

band t o  the  shunting r e s i s t ance .  For 100 percent modulation over the  band- 

width, f t h a t  power becomes: 2’ 

M 2 2  b 02nf2Keo 

Q P =  

Broadbanding techniques a r e  o f t en  used t o  achieve bandwidth improve- 

ments of ,  t yp ica l ly ,  1.8 t o  3 . 5 .  ( 3 )  

video ampl i f ie rs  developed under t h i s  cont rac t  achieved bandwidth improvement 

of 3 . 5  when the  t o t a l  modulator capacitance and connecting cable  capacitance 

were included. Broadbanding techniques w i l l  al low f o r  a corresponding dr ive  

power reduct ion f o r  a given bandwidth a s  given by: 

Double p i  f i l t e r  networks employed i n  the  

M 2 2  b 27rf2*Kco 

3 . 5 Q  P =  

2 - 5  
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Rearranging Eq. ( 9 )  and combining constants,  we obta in  the  expression f o r  

dr ive power per megahertz of bandwidth for  a modulator with zero s t r a y  capaci-  

tance : 

15.9 ( 10; 6, M2b2K( vJat /MHz) P'  = 

Prac t i ca l  considerations must take account of modulator s t r a y  capaci-  

tance and t h a t  of connecting leads t o  the d r i v e r ' s  terminating res i s tance .  

This i s  e a s i l y  done by modifying K t o  take these e f f e c t s  i n t o  account. The 

KD*P modulators developed under t h i s  contract ,  considering s t r a y  as  wel l  a s  

connecting capacitances, achieved a 60 mW/MHz dr ive power requirement. 

Before deciding upon KD*P as  the e lec t ro-opt ic  element f o r  the 100-MHz 
modulators, severa l  mater ia ls  were considered. (4 )  

verse  modulator designs using these mater ia ls  a r e  given i n  Table 2-1.  The de- 

s ign  cons t r a in t  i s  a 10-watt maximum drive power requirement using a bandwidth 

impcovement f ac to r  of 1.8.  

a r e  i t s  minimum length and the f a c t  t h a t  i t  can be r ea l i zed  with the fewest 

number of c r y s t a l s .  Both of these f ac to r s  g rea t ly  influence the o p t i c a l  qual- 

i t y  and mechanical compactness of the design which were i t e m s  of considerat ion 

under the cont rac t .  

The design values fo r  t r ans -  

The advantages afforded by the 3/4-mm KD*P design 

2 .1 .2  Modulator Bandwidth 

Referring t o  Figure 2-1, the  modulator c e l l  can be seen t o  approximate 

a p a r a l l e l  p l a t e  transmission l i ne .  Neglecting f r ing ing  f i e l d s  due t o  edge 

e f f e c t s ,  the d i s t r ibu ted  capacitance i s  given by: 

cl  = (K+6)eO = 495 pF/m ( 11) 

The d i e l e c t r i c  constant f o r  KD*P i s  50 and the modulator c e l l  cons i s t s  of 1 2  
percent s t r a y  capacity which accounts f o r  the f ac to r  (K+6) i n  Eq. (11). Total  

capacitance f o r  the  57-mm long c e l l  i s  28.5 pF. 

2-6 
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E l o  
C r y s t a l  

KD*P 

M=24 50 

K=50 

KDP 

M=6280 

K=20 

KDA 

M=5300 

K=2 1 

RDA 

M=4 5 50 

K=19 

TABLE 2 - 1  

ALTERNATE 10-WATT, 100-MHz V I D E O  MODULATORS 

Q 
c m  

10 .2  

8 . 0  

5 .7  

30.2 

1 7 . 0  

22.2 

13.0 

1 5 . 0  

8 . 5  

C R V P N o .  
PF sz V r m s  Watts C r y s t a l s  R e m a r k s  

48 .3  59.4 24.0 10.0 4 

38.6 74.2 23.0 7 . 1  4 
27.6 104.0 32 .3  10.0 2 S i m p l e  C e l l  

6 6 . 1  43.5 20.8 10.0 8 

38.9 73.6 27.7 10.0 4 

50.2 57.0 23.9 10.0 12 KDA i s  d i f f i -  

30.7 93.0 30.6 10.0 8 c u l t  t o  ob ta in  

longer than 2 c m  

31.2 91.8 30 .3  10.0 16  RDA i s  avai l -  

18 .4  156.0 18 .2  10.0 10 able  i n  s a m p l e  

quant i t ies  only  

t o  1 c m  length.  

2-7 
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The d is t r ibu ted  inductance fo r  the  transmission l i n e  i s  given by: 

b L' = - po 
0 . 

where 

w = l i n e  width 

po = permeability of f r e e  space (1.257 @/m) . 
The d i s t r ibu ted  inductance for  the KD*P modulators i s  0.375 W / m .  

In  the lumped-element center-driven modulator, s ince  the transmission 

l i n e  i s  not terminated, the appl ied voltage produces a standing wave a s  a re- 
s u l t  of the incident and r e f l e c t e d  waves on the l i n e .  The phase deviation ex- 

h i b i t e d  by the light-wave t ravers ing  the c r y s t a l  i s  a function of both the 

forward and backward t rave l ing  waves and can be shown t o  be given by ( 5) 

where 

n 

Q = length of the modulator c e l l  

w = modulating angular frequency 

= op t i ca l  index of r e f r a c t i o n  

E = e l e c t r i c  f i e l d  of the modulating wave 
0 

X = f r e e  space wavelength of the l i g h t  

n1 = modulation index of r e f r a c t i o n  = c vm 
= e lec t ro-opt ic  coe f f i c i en t  . '63 

The modulation e f f ic iency ,  considering the  match i n  the v e l o c i t i e s  of 

the l i g h t  and the  modulation, i s  defined a s :  

2-8 
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The bandwidth of the  capac i t ive  modulator i s  determined by the frequency a t  

which t h e  modulation e f f ic iency  becomes 0.707. The o p t i c a l  index of r e f r ac -  

t i o n  of KD*P i s  1.512. Subs t i tu t ing  values of d i s t r ibu ted  inductance and 

capacitance given e a r l i e r ,  we f ind  t h a t  the modulation index of r e f r a c t i o n  i s  

3.95. Subs t i t u t ing  these values in to  Eq. (14 )  y ie lds  a 70.7 percent modula- 

t i o n  e f f i c i ency  a t  an operating frequency of 330 MHz. 

can thus be considered t o  be 330 MHz. 

The modulator bandwidth 

2 . 2  BEAM CONDENSER 

The laser beam-condenser a t  the o p t i c a l  input t o  the modulator i s  essen- 

t i a l  when the design employs s m a l l  c ross -sec t ion  c r y s t a l s ,  i . e . ,  1 mm or l e s s .  

Without the condenser, the typ ica l  laboratory l a s e r  beam of 1.4 t o  2.0 mm 

would not f i t  wi th in  the ava i l ab le  c r y s t a l  aper ture .  Thus, the beam-conden- 

s e r  allows the use of a high aspect r a t i o  modulator with a r e l a t i v e l y  la rge  

l a s e r  beam. The beam reduction afforded by the condenser i s  determined by the  

r a t i o  of foca l  lengths of the input and output lenses.  The KD*P modulators 

employ a foca l  length r a t i o  of 24 mm: 4 mm, and thus reduce input  beams by a 

f a c t o r  of 6 .  The condensers provide an  input  aper ture  of about 4 1/2 mm. 

Laboratory laser beams have Gaussian i n t e n s i t y  d i s t r i b u t i o n s  across  t h e i r  

2 
diameter, the  l a t t e r  being spec i f ied  a t  the ($) point .  Most beams a r e  not 

col l imated but have divergence of the order of a mi l l i r ad ian .  Both the l a s e r  

beam diameter and the beam divergence a r e  important considerat ions when de- 

s ign ing  the s m a l l  c ross-sect ion modulator, because the  c r y s t a l  s i z e  must be 

adequate t o  accommodate the beam spot s i z e  throughout the c r y s t a l  length.  

Beam divergence becomes an  important f ac to r  when a condenser i s  employed, s ince  

the  condenser magnifies the divergence while reducing the beam. 

a r e  governed by the  condenser focal  length r a t i o ,  f l / f z .  

Both e f f e c t s  

2 -9 
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W e  now ca lcu la te  the  maximum allowable modulator length f o r  a given 

c r y s t a l  cross  section, condenser foca l  length r a t i o ,  laser beam spot  s i z e  and 

divergence. 

ser e x i t  lens  a t  which the laser beam has diverged t o  a diameter equal t o  the  

c r y s t a l  cross  section. A focused condenser i s  assumed; i . e . ,  f o c i  of input 

and output lenses superimposed. The length l i m i t  w i l l  be set  by o ther  modula- 

t o r  requirements, such as high ex t inc t ion  performance, which may d i c t a t e  t h a t  

the modulator e x i t  beam occupy considerably less than of the c r y s t a l  c ross  

s e c t  ion. 

The maximum length w i l l  be set  by the  dis tance from the  conden- 

When a divergent l a s e r  beam i s  used with a modulator employing a beam 

condenser, t he  maximum modulator length according t o  the above cons t r a in t  i s  

given by : i 

Dl 
f l / f 2  

b - -  

'max = 'm 
where 

b = c r y s t a l  square cross  sec t ion  

= l a se r  beam diameter 

= l a se r  beam divergence 

Dl 

61 

f l / f2  = condenser foca l  length r a t i o  o r  beam-reduction f a c t o r  

I S = safe ty  f ac to r .  

The divergence of the beam i n  the  c r y s t a l s  i s  given by: 

I 6 2  = 6 f /f 1( 1 2 )  

and the spot  s ize  a t  the  condenser e x i t  p u p i l  i s  given by: 

Dl 
D2 = fl/fz 

2-10 
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Therefore, the beam diverges t o  f i l l  the c r y s t a l  cross  sec t ion ,  b, i n  a d i s -  

tance Qmax when : 

b - D2 
- - 

'max 62 

When the sa fe ty  fac tor ,  S ,  i s  included, E q .  (18) becomes: 

b - D2 
- - 

'max S d 2  

Equation (18) i s  p lo t ted  i n  Figure 2 -2  fo r  the 2-mm and 1.4-mm beams of the 

Spectra Physics 125 and 130B l asers .  A s  can be seen from the lower t race,  by 

using a safe ty  f ac to r  of 1, the modulator could employ 3/4-mm c r y s t a l s  and be 

U D  t o  10-cm long and operate with a 2-mm beam of 0.7-mr divergence. The mod- 

u l a t o r  design, represented as  a point on the graph, enjoys a sa fe ty  f ac to r  of 

1.75 under the 2-mm beam condition, and a sa fe ty  f ac to r  of 2.17 under the 

1.4-mm beam condition. These safety f ac to r s  seemed adequate i n  view of the 

14 dB o p t i c a l  ex t inc t ion  performance achieved (Sect ion 4.1) and the ease of 

alignment experienced. 

Kaminow and Turner have defined a sa fe ty  f ac to r  f o r  the focused beam de- 

s ign.  (6) 
c e l l  but ins tead  focuses the beam to  a narrow waist  a t  the center  of the c e l l .  

Unlike the coll imated beam design which must consider the beam s i z e  and diver-  

gence a t  the e x i t  aper ture ,  the focused beam design must confine the area of 

in te rcept ion  of both the converging input and diverging output within the 

c r y s t a l  aper ture .  Safety fac tors  of 3 were found required of the focused beam 

design t o  ease alignment. 

This method does not pass a coll imated beam through the modulator 

Modulators employing the focused beam design with sa fe ty  f ac to r s  near 3 
(798) have achieved ex t inc t ion  r a t i o s  comparable t o  the KD*P modulator performance. 

It can be infer red  from the comparison of the two beam design conditions t h a t ,  

f o r  equivalent o p t i c a l  ex t inc t ion  r a t i o  performance, a 50 percent drive power 
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savings may be afforded by the collimated design because the lower sa fe ty  

f a c t o r  requirement would allow the  use of smaller cross-sect ion c r y s t a l s .  

2 . 3  CRYSTAL SURFACE QUALITY 

An important f ac to r  governing modulator performance i s  c r y s t a l  o p t i c a l  

surface qua l i ty .  Imperfections on the surface degrade the  o p t i c a l  transmis- 

s ion  c h a r a c t e r i s t i c s  by sca t t e r ing  the l a se r  beam. High ex t inc t ion  r a t i o  and 

o p t i c a l  e f f ic iency  a r e  dependent upon minimum sca t te r ing .  Surface defects  

ac t ing  as sca t t e r ing  centers  on small cross-sect ion c r y s t a l s  may have a more 

pronounced e f f e c t  than the same defects on la rger  c rys t a l s ,  s ince they occupy 

a grea te r  proportion of the c r y s t a l  aper ture .  

The discovery of surface defects e a r l y  i n  the program i n i t i a t e d  an inves- 

t i g a t i o n  t o  determine t h e i r  cause. Crystals  pass through three  s tages  of pro- 

cessing before assembly i n t o  a modulator: lapp, polish,  and a n t i r e f l e c t i o n  

coating. A control led experiment, where 28 c r y s t a l s  passed through the pro- 

cess ing  cycle  with surface quali tymeasured a t  each s tage,  revealed t h a t  de- 

f e c t s  were not due fundamentally t o  any s tage of the  cycle.  Instead, defects  

r e su l t ed  from handling techniques and atmospheric exposure preceding and f o l -  

lowing these stages.  

Surface defects,  other than gross physical  damage, are of two types: 

s leeks and blemishes. Figure 2-3  is a micrograph of a 1-mm KDA c r y s t a l  show- 

ing both types. The s leek  defect  is f e l t  t o  ac tua l ly  or ig ina te  a s  a weakened 

area  during the f i n a l  s t rokes of  t he  pol ish s tage.  Sleeks are not d i scern ib le  

a f t e r  polishing but only become defects a f t e r  considerable exposure t o  moisture 

allows the weakened area t o  e tch  out. The blemishes on the surface are the 

r e s u l t  of the c r y s t a l  having been i n  contact  with c r y s t a l  debris a f t e r  the 

polishing stage,  and having been exposed t o  a moist environment. Crys ta l  de- 

b r i s  f lakes  off  the s i d e  surfaces  when c r y s t a l s  a r e  transported or  handled 

when confined i n  containers.  Upon exposure of the c r y s t a l  t o  the atmosphere, 

debris  on the op t i ca l  surface w i l l  r ap id ly  absorb moisture i f  not immediately 

removed. Figure 2-4 i s  included t o  show the  presence of debris  and t h a t  i t  

can be removed readi ly .  A s  a r e su l t  of t h i s  inves t iga t ion  processing and hand- 

l i n g  techniques have been improved and surface defects  minimized. Surface 

q u a l i t y  representa t ive  of the c r y s t a l  shown with debris  removed i s  maintained 

through the  modulator assembly process. 
r ) - 1 0  
L A  L3 
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Figure 2-3. Crystal Surface Imperfections 
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l m m  KDA CRYSTAL SHOWING PRESENCE OF DEBRIS 

DEBRIS REMOVED 

Figure 2-4. . KDA Optical Surface Micrographs 
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SECTION 3 

SOLID-STATE DRIVER DESIGN 

A 20-watt transistorized distributed amplifier was developed early in the 
program. Although the device was very useful, allowing us to verify the op- 
tical performance of test modulators over the 100-MHz band, it presented dif- 
ficulty in obtaining any response below about 10 MHz. 
in establishing a reasonably flat gain-frequency characteristic led us to 
abandon the distributed amplifier configuration in favor of a cascade design. 
The distributed amplifier is treated in more detail in Appendix B. The cas- 
cade amplifier developed to solve this 100-kHz to 100-MHz video driver require- 
ment is discussed below. 

Additional difficulty 

Figure 3-1 shows the internal view of the solid-state driver that con- 
sists of a preamplifier, power amplifier, 40-volt dc power supply, 130-volt 
dc power supply, and a fan. The construction allows for rack mounting but op- 
eration with the optical modulator dictates extremely short cable runs of only 
a few inches. This limitation will not seriously affect the implementation of 
the combined modulator and driver into a communication or ranging system, since 
both amplifiers can be operated remotely from their power supplies. The sizes 
of the preamplifier and power amplifier are about 1 l/2-inch x 2 1/2-inch x 4 
inches and 1 l/2-inch x 2 1/2-inch x 7 inches, respectively, and so lend them- 
selves to compact packaging within the laser head of an optical transmitter. 

The preamplifier, Figure 3-2, consists of two Class A common emitter 
stages, the first employing a type 2N3553 transistor and the second, a 2N3375. 
Interstage coupling is via a video shunt peaking circuit. 
consists of another shunt peaking circuit. Input and output impedances are 
50 ohms. The preamplifier requires a 40-volt power source and provides a nom- 
inal 20-dB gain. 
amplifier affords isolation. 

The output circuit 

A 3-dB pad inserted between the preamplifier and the power 

The power amplifier, Figure 3-3, is a two-stage Class A design using the 
2N3375 distributed-emitter transistor. Input impedance is 50 ohms. The first 
stage is an emitter follower used to provide a suitably low output impedance 
to match the 5-ohm input impedance of the output stage. The output circuit is 
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a cascode amplifier.  

l e l  cascodes, each employing a common emit ter  dr iver  t r ans i s to r  and a common 

base output t r ans i s to r .  Terminating co l l ec to r  r e s i s t ance  f o r  the cascode 

s tage  i s  170 ohms and d iss ipa tes  the 6-watt maximum s igna l  power when provid- 

ing the  32-volt r m s  ex t inc t ion  voltage t o  the modulator. The output p i  ne t -  

work i s  a wide  range matching device tha t  enables the amplif ier  t o  achieve a 

100-MHz response when driving the modulator and cable  capacitance of about 

33 pF. Without the matching network, the s y s t e m  could only have achieved the  

100-MHz response with a 48-ohm terminating res i s tance ;  thus the network pro- 

vides an equivalent bandwidth improvement f ac to r  of 3.5 and corresponding 

video dr ive power savings. The power amplif ier  requires  40-volt dc and 130- 

v o l t  dc power sources and provides a nominal 15-dB gain. 

It cons is t s  of s i x  t r a n s i s t o r s  arranged i n  three paral-  

Both dr ivers  have been used successfully with the  op t i ca l  modulators i n  

broadband tests.  Suf f ic ien t  gain is  provided s o  t h a t  the 32-volt r m s  ext inc-  

t i o n  vol tage i s  developed with only a nominal 0.3-volt  drive which i s  provided 

by most s igna l  generators. When operating a t  91-volt peak-to-peak output, 

which corresponds t o  the modulator 32-volt r m s  ex t inc t ion  voltage requirement, 

operat ion over most of the f u l l  100-kHz t o  100-MHz band i s  character ized by 

less than 5 percent d i s to r t ion .  Figure 3-4 shows the  gain-frequency response 

f o r  the 32-volt output condition. 
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SECTION 4 

EXPERIMENTAL 

4 . 1  LOW FREQUENCY TESTS 

4 . 1 . 1  Ext inct ion Ratio 

The ex t inc t ion  r a t i o  i s  defined a s  the r a t i o  of the peak-modulated 

l i g h t  i n t e n s i t y  t o  the unmodulated l i g h t  i n t ens i ty .  The ex t inc t ion  r a t i o ,  a 

maximum a t  a 100 percent modulation leve l ,  i s  the dynamic range of output in- 

t e n s i t y  over which a modulation system i s  operat ional .  

modulators achieved 2 5 : l  (14 dB) power ex t inc t ion  r a t i o s  a t  100 percent modu- 

l a t i o n  (Figure 4-11. The 32-volt rrns drive l eve l  for  operation t o  o p t i c a l  ex- 

t i n c t i o n  agreed with the theore t ica l  value. 

The small cross-sect ion 

4 .1 .2  Thermal S t a b i l i t y  

The modulator, i n i t i a l l y  a t  room temperature, was operated i n  an oven 

fo r  2 hours and 22 minutes while a 100-watt heater ,  placed d i r e c t l y  under the 

modulator, was cycled t o  maintain the ambient a i r  a t  +65OC. During t h i s  high 

temperature soak, the modulator underwent a 4OoC temperature r i s e  and demon- 

s t r a t e d  an ex t inc t ion  r a t i o  var ia t ion  from 2 5 : l  t o  14:l. This t e s t  pointed 

out the success of the longitudinal thermal balance design of the modulator. 

As previously explained i n  the design discussion, the thermal birefringence 

of the modulator c e l l  halves i s  theore t ica l ly  canceled by employing a h a l f -  

wave p l a t e  a t  the junct ion of each c e l l  ha l f ,  wi th  the sense of t h e i r  o p t i c a l  

axes 180° opposed t o  each other. 

thermal changes corresponding t o  t h i s  measured ex t inc t ion  r a t i o  va r i a t ion  i s  

0.785 mr /OC.  

The modulator r e t a rda t ion  s e n s i t i v i t y  t o  

4 .2  OPTICAL EFFICIENCY 

Optical  e f f ic iency  is  defined a s  the r a t i o  of the peak-modulated output 

l i g h t  i n t e n s i t y  t o  the input l i g h t  i n t ens i ty .  Efficiency r e s u l t s  obtained by 

two measurement methods a r e  i n  close agreement. One method employed o p t i c a l  

4-1 
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Figure 4-1. KD*P Modulator Extinction Ratio 
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f i l t e r s  t o  a t tenuate  the detected l a se r  beam in t ens i ty  t o  a l eve l  correspond- 

ing t o  the  peak-modulated in t ens i ty .  

e f f ic iency  measurements for  modulator S/N -1 and -2,  respect ively.  

method employed an op t i ca l  power meter t o  d i r e c t l y  measure the op t i ca l  t rans-  

mission of the l a s e r  beam through the modulator and i t s  components. This d i -  

r e c t  measurement method yielded 46.0 and 33.8 percent e f f ic iency  values f o r  

modulator S/N -1 and -2,  respectively.  Optical  e f f ic iency  values fo r  modula- 

t o r  components a r e  given i n  Table 4-1. 

This method yielded 45 and 36 percent 

The second 

TABLE 4-1 

MODULATOR OPTICAL EFFICIENCY 

Beam Condenser 

s/N-1 

83.3% 

s /N-2 

83.3% 

Modulator Cel l  65.774 53.8% 

"Amp 1 i tude" Window 

Complete Modulator 

84.574 

46.0% 

75.4% 

33.8% 

The f ive  individual lenses of the beam condenser combine t o  present ten 

a i r - g l a s s  in te r faces .  Although these surfaces were a n t i r e f l e c t i o n  coated, the 

1 t o  2 percent r e f l e c t i o n  loss per in t e r f ace  accounts f o r  a l l  the beam con- 

denser losses .  The complex condenser was d ic ta ted  by a 4-mm aperture  s p e c i f i -  

ca t ion  t h a t  was a cont rac t  requirement. Early experiments were conducted with 

88 percent e f f i c i e n t  condensers providing 3-mm apertures .  

Optical  losses  of the modulator c e l l  a r e  due t o  r e f l e c t i o n  and sca t t e r ing ,  

with the  l a t t e r  predominating. Reflection losses  a r e  minimized by construct-  

ing a balanced c e l l  with only two c rys t a l s  with surfaces  polished f l a t  t o  a 

small f r a c t i o n  of a wavelength and a n t i r e f l e c t i o n  coated. 

p r i m a r i l y  due t o  the cleaved surfaces of a small cross-sect ion mica waveplate 

used a t  the center  of the c e l l .  Optical loss  of the amplitude window r e s u l t s  

p r i m a r i l y  from absorption i n  the polarizer.  

The sca t t e r ing  i s  

4-3 
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4 . 3  SYSTEM OPERATION OVER 100-I"~ BANDWIDTH 

4 . 3 . 1  Direct Detection 

The KD*P modulator was operated with the s o l i d - s t a t e  driver over the 

100-kHz t o  100-MHz band a t  100 percent modulation leve ls .  Direct detect ion 

was achieved with a photomultiplier and spectrum analyzer display located 

within a 120-dB screen room. For a constant 32-volt rms applied t o  the modu- 

l a t o r  over the band, the detected amplitude was found t o  pa t te rn  the photo- 

mul t ip l i e r  100-MHz response and the analyzer gain va r i a t ion .  

method of determining the presence of 100 percent modulation was required and, 

consequently, measurements were next performed using the dc s h i f t  method. 

A more accurate  

4.3.2 Modulation Measurements by DC S h i f t  Method 

Use of the dc s h i f t  method fo r  determination of the  modulation l e v e l  

v e r i f i e d  the  capabi l i ty  of the complete system t o  develop 100 percent modula- 

t i o n  over the 100-kHz t o  100-MHz band, with no more than 6-watts video dr ive 

power a t  the modulator. Measurements w e r e  extended t o  1 kHz by use of a con- 

vent ional  video amplif ier  ver i fying the modulator capab i l i t y  t o  e s t a b l i s h  op- 

t i c a l  ex t inc t ion  over the complete 0 - 100-MHz band with a constant 32-volt rms 

drive voltage.  

4-2. The accuracy of t h i s  method i s  f e l t  t o  be 2 10 percent. 

The data points obtained by t h i s  method a r e  p lo t ted  i n  Figure 

The equipment setup f o r  modulation measurements by the dc s h i f t  method 

i s  shown i n  Figure 4-3. The advantage the method o f fe r s  i s  t h a t  the need f o r  

a rece iver  with high frequency response i s  eliminated. The laser  l i g h t  i s  
chopped a t  a 90-Hz r a t e  and, so, the  average value of the  detected output i s  
e a s i l y  read on an ac meter. The method involves taking four measurements and 

is  described i n  the following. 

I n  the in t e rna l  view of the  amplitude modulator (Figure 2-1) , 
put E vector  of the l i g h t  can be wr i t t en  using Jones Calculus 

the out- 

as : 

1 1 

I- 1 
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Figure 4-2. Percent Modulation vs. Frequency 
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where 
- 

= input E vector 
Ei 

m( t) = r s i n  umt 

r = e f fec t ive  peak phase re ta rda t ion  

o = modulating frequency m 

= net  phase re ta rda t ion  of one component r e l a t i v e  t o  the 
other  due t o  na tu ra l  birefringence. y1 72 

The peak phase s h i f t ,  r, has been given i n  Eq. (1) i n  terms of the e l ec t ro -  

op t i c  mater ia l  parameters with the drive peak voltage equal t o  the half-wave 

r e t a rda t ion  voltage. The right-hand s i d e  of Eq. (20) cons is t s  of Jones ma- 

t r i c e s  fo r  c r y s t a l  l, half-wave plate,  c r y s t a l  2,  quarter-wave p la te  and po- 

l a r i z e r ,  respect ively.  Because of the ax is  reversa l  of c r y s t a l  2,  the  phase 

s h i f t  of the x component i s  reversed i n  sign, while the na tura l  birefringence 

e f f e c t  remains the same as  c r y s t a l  1. As w i l l  be evident i n  the following 

ana lys i s ,  such an arrangement tends t o  o f f s e t  the e f f e c t  of na tu ra l  b i r e f r i n -  

gence of one c r y s t a l  with t h a t  of the other.  

Inser t ing  the Jones matrix for  the input E vector,  the output E vector 

With ex terna l  o p t i c a l  biasing, the output E vector i s :  

E2 =$ [  1 

1 
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The magnitudes of the output l i g h t  i n t e n s i t i e s  are obtained by mult iplying 

out the  above two equations and taking the  magnitude-squares: 

Si = k 1 + Cos(2 I' Sinumt + 26)} 1{ 

S2 + = k2{l + Sin (2  I' Sinumt + 26 

where 

Equations (23 and (24) can be expanded out i n  t h e i r  tr igonometric i d e n t i t i e s  

and then i n  Bessel funct ions.  Retaining only the  dc terms a f t e r  the expan- 

s ions ,  one obtains  

s1 

k 1 + J (2 r )S in  26 s2 = 2 1  0 

For both measurement condi t ions,  without (1) and with ( 2 )  ex t e rna l  op- 

t i c a l  biasing,  two measurements are taken corresponding t o  the  presence (m) 

and absence (n)  of the 100 percent modulation d r ive  vol tage.  Thus, t he  four  

r e s u l t s  obtained f o r  the  four  d i s t i n c t  measurements a l low the  determination of 

the  four  unknowns, kl, k2, I?, and 6 .  

S: = kl 1 + J (2r)Cos 2 q  c o  

Sy = kl[l + 1] = 2k 



S;  = k2 1 + 0 = k2 i l  
Combining Eqs.  (28 )  - (31 )  and rearranging, we obtain 

and 

-1 26 = tan 

(2 -1) 
( .  -4 

F -6 16 2 - 1 

( 3 0 )  

( 3 1 )  

The percentage amplitude modulation i s  given i n  terms of the peak phase 

r e  t a r  da t ion by : 

AM = 100 Sin( 2r) percent ( 34) 

4.4 MODULATOR SYSTEM PULSE PERFORMANCE 

The KD*P modulator was operated w i t h  a pulse modulation format a t  PRF's 

up t o  10-MHz. The pulse source was a Tektronix Programable Pulse Generator 

t h a t  provided a 10-volt pulse amplitude enabling the modulator t o  e s t a b l i s h  

1 7 . 5  percent o p t i c a l  i n t e n s i t y  modulation. 

l imi ted  by the generator. 

t ec t ed  output of a photomultiplier with the system operating a t  l-MHz PRF. 

Operation a t  h$gher PES'S w a s  

Figure 4-4  shows both the dr ive pulse and the de- 

4 -9 
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MODULATOR PULSE RESPONSE 

PRF l M H z ,  WIDTH 50ns 

MODULATOR INPUT R I S E  TIME 10 ns 

DETECTED OUTPUT R I S E  TIME 12 ns 

Figure 4-4. Modulator Pulse Response 
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PRF 2.5 MHz, WIDTH 75 ns 

Figure 4-5. Modulator System Pulse Response 
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The apparent lack of coincidence between the pulses i s  due t o  synchronization 

l imi ta t ions  of the  dual beam sampling osci l loscope used. The 2-11s degradation 

t o  the 10-ns input pulse rise t i m e  i s  a t t r i b u t a b l e  e n t i r e l y  t o  the response of 

the  photomultiplier. The 330-MHz modulator bandwidth would degrade a u n i t  

s t e p  input  t o  an  op t i ca l  pulse rise t i m e  of about 1.0 nanosecond as a f i r s t  

o r  der approximation. (3)  
e r a t i o n  a t  PRF's of a few hundred megahertz and a t  100 percent modulation 

leve ls .  

The modulator i t s e l f  i s  t h e o r e t i c a l l y  capable of op- 

The modulator was operated with the  6-watt d r ive  ampl i f ie r  under pulsed 

conditions again up t o  LO-MHz PRF's but near 100 percent modulation leve ls .  

Although the amplif ier  w a s  not designed f o r  pulse appl ica t ions ,  t he  response 

as seen i n  Figure 4-5 is  s a t i s f a c t o r y  f o r  many PCM communication appl ica t ions .  

The upper t r ace  shows the 75-11s pulsewidth, 2.5-MHz PRF input pulse chain t o  

the dr iver ;  the  lower t r ace  shows the detected output. Input 10-ns r ise t i m e  

i s  detected as having been degraded t o  14 ns. 

4.5 DESIGN AND TEST DATA SUMMARY 

The per t inent  design c h a r a c t e r i s t i c s  and experimental t es t  results f o r  

the  s m a l l  cross-sect ion KD*P modulator are presented i n  Table 4-2. 

TABLE 4-2 

KD*P MODULATOR SUMMARY 

C e l l  Length (I)  57 m Modulator Bandwidth 330 MHz 
Cross-Section (b) 3/4 nun Ext inct ion Rat io  25:l  

Aspect Rat io  (I/2) 76 Optical Eff ic iency - 45 $ 

Capacitance 28.5 pF Aperture 4 1 / 2  nun 

Thermal S t a b i l i t y  0.785 mr/'C Ext inct ion Voltage 32 V r m s  

Drive Power 60 mW/MHz Wavelength 6328 +50 
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SECTION 5 

CONCLUSIONS 

The pro jec t  goals of providing two working 100-MHz video bandwidth modu- 

l a t o r s  and s o l i d - s t a t e  dr ivers  were achieved. The modulators provide 100 per- 

cen t  o p t i c a l  i n t e n s i t y  modulation over the 100-MHz bandwidth when operated a t  

32-volts r m s .  Modulator capacitance w a s  minimized enabling a t r a n s i s t o r i z e d  

ampl i f ie r  t o  provide the 32-volt modulation s i g n a l  over the band when termin- 

a t e d  wi th  a r e s i s t i v e  load d iss ipa t ing  6 w a t t s .  The modulation system thus 

achieved a dr ive power requirement of 60 m i l l i w a t t s  per megahertz of operat ing 

bandwidth. This represents  a s ign i f i can t  advance i n  the s t a t e -o f - the -a r t  of 

capac i t i ve  modulators; previous devices such as the  S2A required some 5 w a t t s /  

MHz and operated a t  500-volts rms--a level incompatible f o r  broadband opera- 

t i o n  wi th  t r a n s i s t o r i z e d  dr ivers .  

The modulators provided a 25:l o p t i c a l  ex t inc t ion  r a t i o  when operated 

with a 1.4-nun diameter Gaussian beam. This performance i s  comparable t o  t h a t  

of t he  S2A and, i n  general ,  exceeds the dynamic range requirements f o r  many 

communication appl ica t ions .  The KD*P modulator w a s  optimized f o r  operat ion a t  

6328 +50 A; however, i t  can be provided t o  operate  a t  any wavelength wi th in  

the  s p e c t r a l  transmission region of KD*P, 0.4 t o  1 . 2  microns. 

0 

The CW modulation tests and the pulse  response measurements show the  

f e a s i b i l i t y  of employing the  modulator i n  e i t h e r  CW or  PCM communications sys- 

t e m s .  The compact s i z e  and termperature independent performance of t he  high 

aspec t  r a t i o ,  KD*P modulator ind ica te  f e a s i b i l i t y  f o r  fu tu re  use of s i m i l a r  

designs i n  broadband space conununication sys t e m s .  

A space q u a l i f i c a t i o n  design and tes t  e f f o r t  must be c a r r i e d  out  before  

implementing the  space modulation system with the  low drive power modulator. 

The temperature independent performance demonstrated a t  atmospheric pressure 

must be v e r i f i e d  i n  the  vacuum of space. A space q u a l i f i c a t i o n  program would 

l o g i c a l l y  include considerat ion of the a c t i v e  e l ec t ro -op t i c  elements, l i t h ium 

niobate  and t an ta l a t e .  Although these elements promise a dr ive  power r equ i r e -  

ment a n  order  of magnitude below tha t  of KD*P (see Appendix A ) ,  t h e  present  
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laser-induced d i s t o r t i o n  and the la rge  temperature dependent birefr ingence 

may preclude t h e i r  eventual use i n  systems using high power l a se r s  or those 
exposed t o  la rge  temperature changes. ( 12) 

Two modulator performance c h a r a c t e r i s t i c s  important t o  the space communi- 

ca t ion  appl ica t ion  a r e  o p t i c a l  e f f ic iency  and phase f r o n t  d i s to r t ion .  Optical  

e f f ic iency  must be increased. Modulator output phase f ron t  d i s t o r t i o n  i s  
present ly  unknown; s tud ies  ind ica te  phase d i s t o r t i o n  s u b s t a n t i a l l y  less than 

a f r a c t i o n  of a wave will be required fo r  deep-space communicaton. 

~ 

5-2 



F-6162-1 

SECTION 6 

REFERENCES 

1. A .  Ashkin et al., "Optically-Induced Refractive Index Inhomogene- 
ities in LiTaO Applied Phys. Letters, vo1.9, pp.  72-74;  1 July 1966.  3' 

2 .  E. G .  Spencer and P. V. Lenzo, "Lithium Niobate and Lithium Tantalate 
in Electro-optic Device Applications," NEREM Record, pp. 230-231;  
1966.  

3 .  Millman and Taub, Pulse and Digital Circuits. 

4 .  "Proposal for Development of a Wide-Band High Efficiency Optical Mod- 
ulator," ARL, no. B-85-65; 3 December 1965.  

5 .  C. J. Peters, "Gigacycle-Bandwidth Coherent-Light Traveling-Wave 
Amplitude Modulator," Proc. IEEE, vol. 53,  no. 5 ,  pp. 455-460;  May 
1965.  

6 .  I. P .  Kaminow and E. H. Turner, "Electro-optic Light Modulators," 
Applied Optics, vol. 5 ,  no. 10, pp. 1612-1628; October 1966.  

7 .  R. T. Denton et al., "Lithium Tantalate Light Modulators," J. Appl. 
Phys, to be published. 

8. R. T. Denton, T. S. Kinsel, and F. S. Chen, "225 Mc/s Optical Pulse 
Code Modulator," Proc. IEEE (Letters), vol. 54,  no. 10, pp. 1472-  
1473; October 1966.  

6 - 1  



F-6162-1 

APPENDIX A 

EXPERIMENTAL TEST MODULATORS 

Experimental t e s t  modulators constructed ear ly  i n  the program used 1-rmn 
square cross-sect ion c r y s t a l s  of KDA (potassium dihydrogen arsenate)  and LN 

( l i t h ium niobate) i n  balanced c e l l s  of 37-mm and 40-mm length,  respect ively.  

These devices employed l a se r  beam condensers providing an input aper ture  of 

about 2-2/3 mm. The modulators were constructed t o  determine the f e a s i b i l i t y  

of employing beam condensing optics i n  conjunction with small cross-sect ion 

c r y s t a l s  so a s  t o  reduce modulator video dr ive power requirements while simul- 

taneously allowing the use of large diameter l a s e r  beams. 

KDA TEST MODULATOR 

A t es t  modulator, Figure A - 1 ,  assembled with a balanced two c r y s t a l  po- 

l a r i z a t i o n  modulator c e l l  of KDA achieved an ex t inc t ion  r a t i o  of 32:1, an op t i -  

c a l  e f f ic iency  of 43 percent, and a 100 percent modulation voltage of 143-volts 

rms. The la t te r  agreed exact ly  with t h a t  predicted by the half-wave f i e l d  d i s -  

tance product fo r  KDA and the aspect r a t i o  of the modulator c e l l .  

The KDA modulator w a s  operated a t  modulation r a t e s  up t o  100 MHz and 

l e v e l s  up t o  60 percent f o r  prolonged periods without any d iscern ib le  perfor-  

mance degradation. Extinction r a t i o  and modulation s e n s i t i v i t y  were unaffected 

by the RF exposure. Figure A - 2  shows 10-MHz modulation detected a t  a 60  per- 

cent  modulation l e v e l  superimposed on a chopped l i g h t  waveform and the corre-  

sponding 70.7-volt drive.  

l e v e l  w a s  prevented due t o  lack of a su i t ab le  dr iver .  

Broadband operation a t  a 100 percent modulation 

Capacitance measurements agreed with theo re t i ca l  values f o r  the KDA as -  

sembly. Of the t o t a l  9.7 pF presented by the balanced modulator, 7 .0  pF were 

a t t r i b u t a b l e  t o  the KDA c r y s t a l .  The modulator possessed 28 percent s t r a y  

capacitance. 

Performance r e s u l t s  f o r  the KDA polar iza t ion  modulator a re  shown i n  Table 

A - 1 .  The 333-mW/MHz drive power requirement i s  based upon a 3.5 load improve- 

ment f a c t o r  found t o  be f eas ib l e  as  demonstrated by the 100-MHz amplif ier  de- 

l ivered  under t h i s  contract .  

A - 1  
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Figure A-1. Test Modulator 
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Upper: 60% Modulated-Chopped Light. 
Lower: 200 Volt Peak-to-Peak Drive Voltage. 

Figure A-2. KDA Modulator Ooeration at 10 MHz 
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TABLE A-I 

KDA TEST MODULATOR SUMMARY 

Cell Length (Q) 37 -m Extinction Ratio 32: 1 

Cross-Section (b) 1 -mm Optical Efficiency 4 3% 
Aspect Ratio ( Q / b )  37 Extinction Voltage 143 V rms 
Aperture (nom) 2 2/3-mm Capacitance 9.7 pF 
Modulator Length 4.625 in. Modulator Bandwidth 1045 MHz 

Modulator Diameter 1.50 in. Drive Power 333 mW/MHz 

LN TEST MODULATOR 

A test modulator was assembled with a balanced four-crystal polarization 
modulator cell of the ferroelectric LN with a square 1-mm cross section and 
40-mm length. The half-wave retardation voltage for LN is 1040-volts rms, 
thus enabling this test modulator with aspect ratio of 40 to operate to ex- 
tinction with 26-volts rms drive voltage. Agreement between the predicted 
and measured extinction voltage was obtained only after both the crystal elec- 
trode surfaces and the electrodes themselves were plated. Prior to plating, 
a 100 percent modulation drive voltage of 67 volts was required. 

Extinction ratio performance of the LN modulator was poor. Operating 
with the 1.4-mm beam of the Spectra Physics 130B laser, a 4.9:l extinction 
ratio was attained. A major factor contributing to the poor extinction may 
have been due to scattering within the crystals. Some evidence of internal 
inhomogeneities was found upon microscopic investigation of the LN optical 
surfaces. Micrographs in Figure A-3 reveal these inhomogeneities as dark 
patches. Detailed investigation showed that abrupt discontinuities in the 
index of refraction were discernible throughout the full length of most of 
the LN crystals. 

A seventeen-hour continuous exposure to a 50-mW laser beam was attended 
with a 10 percent decrease in extinction ratio performance and a lesser de- 
crease in optical efficiency. These results do not conclusively show direct 
evidence of the damageability of LN as the variations are within measurement 
accuracy and alignment stability. 
week later demonstrated the original 4.9:l extinction ratio. 

Reoperation with the 1-mW laser beam one 
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LN INTERNAL INHOMOGENEITIES SURFACE DEBRIS AND NEAR-SURFACE 
FROST IN G" 

LN INTERNAL INHOMOGENEITIES LN HIGH POLISH QUALITY 

Figure A-3. LN Optical Surface Micrographs 
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The optical efficiency of the LN modulator was 28 percent, a value con- 
siderably lower than that of the KDA unit because of the internal scattering 
losses of our samples of LN. Table A-2 summarizes the performance character- 
istics of the LN polarization modulator. 

TABLE A-2 

LN TEST MODULATOR SUMMARY 

Cell Length (Q) 40 -TIIII~ Extinction Ratio 4.9:l 

Cross-Section (b) 1 -mm Optical Efficiency 2 8s 
Aspect Ratio (e/b) 40 Extinction Voltage 26 V rms 
Aperture (nominal) 2-2/3-1n1ti Capacitance 13.8 pF 
Modulator Length 4.625 in. Modulator Bandwidth 1310 MHz 
Modulator Diameter 1.50 in. Drive Power 13.9 mW/MHz 

The product of permittivity and megahertz has been suggested as a figure 
of merit f o r  electro-optic crystal materials, as it is directly proportional 
to the drive power requirement per unit operating bandwidth per unit modulator 
cell length for a given aspect ratio.(7) 
retardation voltage and is given by 

M is the rms value of the half-wave 

The figure of merit in joules per meter is given by: 

or 

2 P* Q 
2 KEoM = 

2nf2b 
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A comparison of the f igure  of m e r i t  and other e lec t ro-opt ic  c r y s t a l  character-  

i s t i c s  i s  given i n  Table A - 3 .  The exceptionally low f igure  of merit  f o r  LN 

ind ica tes  a tenfold savings i n  drive power over the KD*P modulators supplied 

under t h i s  contract  t ha t  achieved a 60-mW per MHz dr ive requirement. LN a l so  

i s  hard, non-hygroscopic, and is  eas i ly  polished t o  high op t i ca l  surface qual- 

i t y .  Despite these advantages, the poor ex t inc t ion  r a t i o  performance and ex- 

cessive sca t t e r ing  losses  experienced with the LN samples which we t e s t ed  and 

bel ieve t o  be representat ive of what i s  readi ly  ava i lab le  today, precluded our 
se l ec t ion  of LN as  a mater ia l  f o r  use i n  the del iverable  u n i t s .  ( 1 9 2 )  
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APPENDIX B 

20 WATT TRANSISTORIZED DISTRIBUTED AMPLIFIER 

A transistorized distributed amplifier system was designed to provide a 
100-volt peak-to-peak output signal over a 100-MHz video bandwidth when oper- 
ated in conjunction with capacitive loads presented by the optical modulator. 
The characteristic impedance of the output transmission line was 50 ohms and 
when terminated with a matched load the amplifier delivered 20 watts of signal 
power. The amplifier system comprised three separate amplifying units (Figure 
B-1). 

The system operated to full output developing 23 dB of power gain when 
driven with a nominal 100 mW. The first and second preamplifiers developed 
13 dB of power gain. The high power unit employed the 2N3375 in eight stages 
and developed 10 dB of power gain. 

Substantial use of the distributed amplifer was made during broadband 
modulation experiments conducted with the KDA and LN test modulators. The 
output voltage swing was raised to 200-volts peak-to-peak by a bifilar wound 
ferrite auto-transformer for application with the KDA modulator (Figure A-2). 

Two characteristics of this amplifier design were the fundamental reasons 
for abandoning it in favor of a cascade amplifier as the solution to the 
100-MHz video bandwidth requirement. It was very difficult by tuning to ex- 
tend the low frequency response substantially below a few megahertz. Further- 
more, the gain characteristic varied by several decibel over the band, making 
pre-emphasis of the input signal a necessity for any wideband communication 
application requiring a 100-MHz instantaneous bandwidth. Despite these char- 
acteristics the distributed amplifier would be quite satisfactory as a driver 
where fixed frequencies are involved such as in multiple-tone ranging systems 
and subcarrier communication systems. A third argument favoring the cascade 
amplifier was that our experience had indicated it would be a less complicated 
and smaller device thus offering system packaging advantages. 
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