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FOREtIORD 

This  repor t  i s  t h e  r e s u l t  of, an analog channel design study f o r  
t he  TIROS-N Operational Ver t ica l  Sounder. 
ducted by Gulton Indus t r ies ,  Data Systems Division, under contract  
t o  the  National Oceanic and Atmospheric Agency, National Environ- 
mental S a t e l l i t e  Service.  This study i s  one par t  of t h e  e f f o r t  
d i rec ted  a t  t o t a l  design of t h e  instrument. 

The study w a s  con- 

The study r e l i e d  heavily upon experience gained on t h e  ITPR and 
ERI3 programs. 
channel study were t h e  inves t iga t ion  in to  advances i n  FET availa- 
b i l i t y  t h a t  would be su i t ab le  TOVS preamplifiers,  and i n  a computer 
model of the  analog channel t o  ve r i fy  t h e  design and t o  help def ine  
c r i t i c a l  amplif ier  parameters. 

The areas of most intensive work on the  analog 



CONTENTS 

FOREWORD 

1. Int roduct ion  
2. Analog Channel Def in i t i on  
3. Detector/Preamplifier 
4. Post Amplifier 
5. Synchronous Demodulator 
6 .  In t eg ra t ion  
7. System Worst Case Analysis 

FIGURES 

1.1 
2.1 
3.1 
3.2 
3.3 
4.1A 
4.1B 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.8 
4.9 
4.10 
4.11 
4.12 
4.13 
5.1 
5.2 
6.1 
6.2 

Al te rna te  Hot and Cold Scenes 
Detector/Analog Channel S igna l  Processing Diagram 
FET T e s t  Results 
Detector and Preanp Schematic 
Noise Equivalent C i r c u i t s  

Post Amplifier Schematic 
Bode P l o t s  of Post Amplifier 

Analog Waveforms 
Computer Run: 
Computer Run: 
Computer Run: 
Computer Run: 
Computer Run: 
Computer Run: 
Computer Run: 
Computer Run: 
Computer Run: 
Computer Run: 
Radiation Test Block Diagram 
Synchronous Demodulator 
Optimizing Chopper t o  scene Phase 
In t eg ra to r  
Demodulator/Integrator Noise Bandwidth 

1 Sec. T.C. Detector;  0 ,  80, 1W.-Amplifier 
0.1 Sec. T.C. Detector;  0 ,  80, 1NF.-Amplifier 
1 Sec. T.C. Detector;  40, 80, IlVF.-Amplifier 
1 Sec. T.C. Detector;  40, 40, 1NF.-Amplifier 
1 Sec. T.C. Detector;  20, 40, 1NF.-Amplifier 
Detail of 4.4 and 4.7 

0 .1  Sec. T.C. Detector;  20, 40, 1NF.-Amplifier 
2 Sec. T.C. Detector;  20, 40, 1NF.-Amplifier 
1 Sec. T.C. Detector;  20, 40, 500 -Amplifier 



1 . 0  Introduction 

The analog channel f o r  the TOVS-BSU infrared de tec tors  has some c r i t i c a l  aspects  
of design t h a t  are due t o  using t h e  r e l a t i v e l y  slow response of pyroelectr ic  
detectors  fo r  a medium speed scan appl icat ion.  
of amplif icat ion,  demodulatfon of t h e  opt fca l  chopping, and radiance l e v e l  
i n t e rp re t a t ion ,  the analog channel must provide f o r  noise  and scene-to-scene 
c ross ta lk  suppression. 

Besides the expected functions 

We envision a hypothetical  s i t ua t ion  _ _  - _ _  -- -- 
T O V S  

0 
0 

of a TOVS scan time where the a l t e r n a t e  scenes of the Gobi desert are obscured 
by clouds,  i n  such a manner t h a t  the r e l a t i v e  radiance of the  desert i s  as much 
more than t h e  blackbody reference as t h e  cloud radiance i s  less. The readings 
from t h e  hot scenes must not be influenced by t h e  cold scenes and v i ce  versa 
i f  c ros s t a lk  i s  t o  be avoided. 
r e su l t i ng  i n  a 5 Hz square wave, t h e  maximum fundamental frequency. 
contrived s i tua t ion  w i l l  be qui te  usual ,  except for amplitude, where p a r t i a l  
cloud cover occurs. 

The time of two scenes i s  one-f i f th  second, 
This 

Because of t h e  de tec tor ’s  in tegra t ing  cha rac t e r i s t i c  fo r  both scene-induced and 
chopper-induced changes, a r a the r  complex detector  output waveform r e s u l t s  
f o r  t h e  above s i tua t ion .  Unless t h e  varying scene-induced components can 
e i ther  be suppressed o r  properly shaped, t he  demodulator output w i l l  be can- 
taminated. 
components. 

The demodulator i s  intended t o  operate only on the chopper-induced 
Because of t h e  complexity of the  problem, where piecemeal 
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analysis  ( i . e . ,  a funct ional  block a t  a time) w i l l  not reveal  the  answer, the  
complete system has been computer-modeled so as optimum method of s igna l  
handling could be derived -- t h e  object ive being t o  maximize S / N  and minimize 
po ten t i a l  c ross ta lk .  

2.0 Analog Channel DefinitPon 

The analog channel i s  influenced ex terna l ly  by t h e  scan mirror system, i n  that 
t h e  mirror scan rate and se t t l e  t h e  determine t h e  input radiance frequency 
and harmonic content. A t  a step-to-step period of 100 mill iseconds,  t he  scene 
radiance fundamental frequency can be as high as 5 Hz. Adding mirror response 
r e s u l t s  i n  a quasi-sinusoidal change froln one scene radiance t o  another w i t h  a 
peak-to-peak (1800) period of the mirror t r a n s i t i o n  time. 

The op t i ca l  chopper modulates t h e  5 Hz scene radiance s igna l  a t  a 40 Hz rate. 
The chopper waveform i s  a l s o  a sinusoidally-modified square wave, t h e  s igna l  
varying as t h e  blade crosses  the beam. For t h e  l a rge  te lescopes t h i s  period 
i s  938 microseconds, f o r  the smal l  telescopes 578 microseconds. 
c a s e . t h e  period i s  over an order of magnitude smaller than the  chopper half- 
cycle period and, therefore ,  does not appreciably e f f e c t  the harmonic amplitude 
within t h e  frequency passband of i n t e r e s t .  
i s  t h e  r e l a t i v e  phasing between the  chopper and t h e  scene hequency, and 
tha t  t h e  chopper and scene frequencies are as symmetrical as possible.  
of these e f f ec t  t h e  s igna l  amplitude and thereby improve t h e  system signal-to- 
noise. A worst case look a t  t h i s  s i t ua t ion  would be i f  a l t e r n a t e  scene 
radiances were f u l l  s ca l e  "hot" and f u l l  s ca l e  "cold" with t h e  chopper blackbody 
i n  between. 
seen . in  t he  case of a 37 mill isecond mirror se t t le  time. 
form and minimal scene-to-scene c ros s t a lk  can be achieved, over a 50 millisecond 
in tegra t ion  t ime, with a scene-to-chopper phase s h i f t  of 90 degrees. 

I n  e i ther  

An area of importance e l e c t r i c a l l y  

Both 

The optimum phase versus in tegra t ion  time can be most c l ea r ly  
A symmetrical wave- 

However, by going t o  a 270 degree phase s h i f t ,  the in tegra t ion  time may be 
increased t o  75 mill iseconds w i t h  a proportional increase i n  signal-to-noise. 
The in tegra t ion  time should be mult iples  of 25 millisecond chopper periods,  
f o r  optimum d r i f t - f r e e  accuracy. This i s  i l l u s t r a t e d  i n  Figure 5.2 i n  the  
Demodulator Sect ion.  

The next system component t h a t  e f f e c t s  t h e  ac s igna l  i s  t h e  detector .  The 
de tec to r ' s  ac response t o  t h e  chopped scene radiance i s  a function of i t s  
e l e c t r i c a l  and thermal time constants .  As it happens, we have two d i s t i n c t  
types of de tec tors  with two d i s t i n c t  responses and r e su l t i ng  complexities. 
The th inner ,  heatsunk de tec tors  as b u i l t  by Mullard, L t d .  have thermal t i m e  
constants t h a t  are an order of magnitude (about .1 second compared t o  about 
1 second) lower than t h e  th i cke r ,  thermally i so l a t ed  de tec tors  as b u i l t  by 
Barnes Engineering. I n  the ITPR, long t i m e  constant Barnes de tec tors  were 
used, which were found po ten t i a l ly  t o  cause c ros s t a lk  problems. It was not 
evident t h a t  ' t h e  problem so lu t ion  found f o r  t h e  ITPR was appl icable  t o  TOVS, 
so a t o t a l  system model was required t o  demonstrate t h e  problem and a l t e r n a t e  
so.lutions. 
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The preamplifier,  post-amplifier, demodulator and in tegra tor  follow t h e  detec- 
t o r ,  and comprise t h e  rest of t h e  de f in i t i on  of t h e  analog channel. The 
following sect ions cover these camponents and their spec i f ic  e f f e c t s  on the  
s igna l  . 

3.0 Detector/Preamplifier 

The analog channel study included a phase of f i e l d  e f f ec t  t r a n s i s t o r  (FET) 
tes t ing .  
FET's su i t ah le  f o r  the de tec tor  preamps. 
junct ion FET's t e s t e d ,  and t h e  r e s u l t s .  
of geometry, and small geometry devices exhibi t  lower current  noise and l a rge  
geometry devices exhibit lower vol tage noise.  
t h i s  i s  not r igorous; and, a lso ,  wide var ia t ions  may occur i n  a pa r t i cu la r  
geometry, o r  device number, making necessary t h e  se lec t ions  of a FET on the  
basis of the  des i red  performance. 

This was t o  determine t h e  qua l i t y  and a v a i l a b i l i t y  of low-noise 
Figure 3 .1  i s  a tabula t ion  of t h e  

In general ,  t h e  noise i s  a function 

A s  may be seen i n  t he  tabula t ion ,  

I n  past  pyroelectr ic  detector  radiometric instruments, t he  system has been 
amplifier noise-limited (assuming optimum design otherwise) 
of a v a i l a b i l i t y  of front-end FET's of su i t ab ly  low noise. 
of the market c l e a r l y  ind ica tes  an improvement i n  FET's over t h e  past  2 years ,  
such tha t  severa l  device types are now avai lab le  t h a t  may be used f o r  se lec t ing  
su i t ab ly  low-noise preamps. 

due t o  t h e  lack  
Our recent  survey 

The c i r c u i t  found most su i t ab le  f o r  pyroelectric-type detectors  is  shown i n  
Figure 3.2. The c i r c u i t  uses ac  vol tage feedback and dc current  feedback. 
This combination has severa l  des i rab le  f ea tu res ,  including having one electrode 
of t h e  de tec tor  at  s igna l  ground and t h e  other only a f e w  m i l l i v o l t s  above 
s igna l  ground, y ie ld ing  good microphonic r e j ec t ion  and fast  overload recovery. 

Microphonic noise of a t  least  two types can Occur. One, due t o  r e l a t i v e  motion 
of t h e  detector  s igna l  lead with respect  t o  t h e  case,  can be avoided or grea t ly  
reduced by arranging t h a t  t h i s  lead is  near dc ground poten t ia l .  Using current  
mode amplif icat ion i s  one way of accomplishing t h i s .  The other  source of micro- 
phonics arises i n  the c r y s t a l  i t s e l f .  All pyroelectr ic  materials are piezo- 
e l e c t r i c  which demands t h e  maximum i s o l a t i o n  possible  f o r  t h e  de tec tor  element. 
Suppliers of de tec tors  have developed mounting techniques which cont ro l  micro- 
phonics qu i t e  well .  
requi re  provisions f o r  t h e  r e su l t i ng  new microphonic cha rac t e r i s t i c s .  

Any design which demands a new mounting technique would 

The vol tage noise  i s  defined as t h a t  obtained with a short-circui ted input .  
i s  wr i t ten  d i r e c t l y  as ISn. Generally Gn as a funct ion of frequency i s  f l a t  
above 50 Hz; below t h i s  it usua l ly  exhib i t s  a ser ious l / f  cha rac t e r i s t i c s  and 
i s  one of the pr inc ip le  reasons f o r  an op t i ca l ly  chopped system. 
i s  found by in se r t ing  an impedance Zs  i n  series with t h e  input,  noting the  
increased noise,  and performing a quadratic subtract ion i 

it 

Current noise 

= e difference . n 
ZS 

3-0 



n V I J H z  
Total Noise in P r e a m p  with a FET 

Designation Source  30 pf Cap. Simulating Detector 

2N5199-1 Int e rsil 

2N5199-2 Inters il 

2N 5 199- 3 Int e rsil 

2N5199-4 In te rs i l  

2N5 199-5 

2N5454- 1 

DN1154-2 

DN 1 1 54 - 3 

DN1154-4 

2N5521- 1 

2N5521-3 

AD841- 1 

FD1726 

In te rs  il 

Solitron 

Siliconix 

Siliconix 

Siliconix 

Siliconix 

S iliconix 

Analog Dev. 

Solit ron 

20Hz 40Hz 80Hz 

94 52 3 2  

174 65 43 

280 104 44 

103 52 25 

122 

165 

90 

94 

103 

112 

85 

106 

62. 6 

12 4, -6- 

1 x 10 S2 r e s i s t o r  contributes insignificant noise 

55 

68 

42.5 

42 

52 

52 

50 

62 

51.7 

29 

39 

28 

24 

36. 5 

26 

28 

36. 5 

33.3 

Removing Noise 
of a 2 x 10” 
Load Res is tor  

8OHz 40Hz 

46 29 

60 41 

101 42 

45. 6 21. 6 

49 26 

63 37 

34 2 5  

38 20 

46 34 

46 22.8 

43 25 

57 34 

Derived Cur ren t  
Noise 

x l O - l 6 A / G  

4. 67 

5.74 

12.0 

5.26 

5.44 

6. 68 

3.02 

4. 23 

4.06 

5. 24 

4. 58 

5.99 

5. 16 

Figure 3. 1: FET Test Results 
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Having found t h e  current noise, i t s  e f f ec t  with a detector i n  place y ie lds  
a voltage noise 

= in 'n - 
W C  

The current noise, in, as tabulated i n  Figure 3.1, was derived from the  
experimental voltage noise,  e f ,  by use of the relatsonship 

- ~. 

2 (+) + e v  2 = e  f *  2 

Assuming ev and in independent of frequency, t h e  above equation a t  two fre-  
quencies yields  

--- - 
2 2 -(A) = e  2 - e  2 -  2 

w2c 1 

Solving fo r  t he  current  noise 
-- 

i = w w C  J.:"-.z: * 
n 1 2  

1 w2 - w 

In  our tabulat ion t h e  noise voltage a t  40 and 80 Hz was used, with the  45 pf 
capacitance, reducing t h e  calculat ion t o  

i = ( 2 7 4 0 )  (45  x 1 0 - 1 2 ) d f  ( e l  2 - e2 2 ). 
n 

*Note: T h i s  equation appears fncorrect ly  on Table 6.2 of t he  TOVS Final  
Report as -__- 

i = -  1 J-." 
2 w - w  n C  

1 

but t he  calculat ions a r e  correct  as shown. 
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A t h i n  detector has an advantage as seen where a typ ica l  current noise of 
--____ - 

Z = 7 9 . 5 n v l G  40 pm thick x 1.8 mm dia at 40 Hz n 

= 20 nv/= 10 pm thick x 1.8 mm dia at 40 Hz 

FET's tha t  exhtbit  voltage noises of 20 t o  25 n v / m a , r e  readi ly  available,  
especially i f  we use a th in  detector,  so that current noise i s  not so c r i t i c a l .  
It can be observed tha t  t he  input capacitance of t he  amplifier was not allowed 
fo r  i n  determining Rv. 
because the  noise, as w e l l  as Rv, goes down with extra  c i r c u i t  capacitance. 

A bias r e s i s t o r  i s  needed fo r  operating point s t a b i l i t  
leakage currents. Resistors are avai lable  of 0.5 x lof2 ohm or greater t ha t  
offer  no noise problem. 

It turns  out t ha t  f i r s t  order NEP's a re  not effected 

or for  a path for FET 

I n  order t o  r ea l i ze  the  optimum noise performance possible with the  new FET's, 
noise on 'the power supply l i n e  must be well decoupled. 

Among the  detectors t h a t  have been selected as sui table  , an alanine doped TGS 
c rys t a l ,  i s  permanently poled. This permanently-poled detector would eliminate 
the  requirement fo r  repoling c i r cu i t ry  and command. 
o rb i t  used on ITPR should be applied i f  pure TGS i s  used. 

The scheme of poling i n  

A noise equivalent c i r c u i t  i s  a convenient t oo l  which can be used t o  gain full 
benefit  from the  test  r e s u l t s  presented l a t e r .  
of a noise equivalent c i r c u i t  of t he  detector plus the preamplifier. 

Figure 3.3 depicts the two forms 

The behavior w i t h  frequency for a given noise i s  evident from the  f igure;  several  
merit discussion. 
off a t  6 db per octave because the capacitor impedance behaves i n  t h i s  manner 
w i t h  frequency. The lo s s  tangent i t s e l f  i s  assumed constant with frequency 
over the 10  t o  100 Hz range. 
f i e r  voltage noise exhibi ts  l / f  behavior below a frequency which var ies  from 
device t o  device but usually below 50 Hz for qual i ty  FET's. 
current noise i t s e l f  i s  assumed f l a t  with frequency over our range of i n t e re s t .  
Again, noise due t o  it drops at 6 db per Qctaye i n  the  presence of the detector 
c apac it anc e.  

Noise due t o  leakage conductance and t h e  load resistor drop- 

Noise due t o  it drops a t  3 db per octave. Ampli- 

The amplifier 

A t  the outset  of the  t e s t ing  program a decision was made t o  do the  c r i t i c a l  
t e s t ing  of detectors and amplifiers when mated. 
incorporated in to  a package a l so  containing the  detector element and the  la rge  
bias  r e s i s t o r .  The impetus for  t h i s  came from d i f f i c u l t i e s  encountered i n  
t rying t o  evaluate bare element detectors under the  ITPR program. 
t i e s  of controll ing microphonics and extraneous pickup when the  high impedance 

FET's of known qual i ty  were 

The d i f f i cu l -  
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leads needed t o  be routed through connectors are serious.  I n  addi t ion,  t h i s  
f a c i l i t a t e d  more r e a l i s t i c  rad ia t ion  because of the c lose  s imi l a r i t y  t o  f i n a l  
packaging techniques. The responsivi ty  and noise were measured with the  same 
amplif ier .  
them a r i s i n g  from ampliffer ga2n uncer ta in t ies .  

The re su l t an t  measured NEP's have v i r t u a l l y  no uncertainty about 

Early i n  t h e  t e s t i n g  program measurements were made of t h e  input character-  
i s t i c s  of the type of preamplifier c i r c u i t  employed on the  ITPR. 
t h e  high loop gain of the c i r c u i t  (provided by the operat ional  a n p l i f i e r ) ,  
t he re  should be v i r t u a l l y  no Miller mul t ip l ica t ion  of the d ra in  ga te  capa- 
c i tance  of t h e  input FET. Using a 2N5197 for  t h e  input FET, a simple tes t  
consis t ing of i n j ec t ing  a small s igna l  from a low impedance source on the  
ground s ide  of a 17 pf capacitor simulating t h e  de tec tor .  
output was noted and then a l s o  noted when t h e  capaci tor  w a s  shorted. The 
r a t i o  of the output vol tages  resu l ted  from an amplifier input capacitance 
of 15 pf .  
tha t  the impedance was indeed capaci t ive i n  nature.  

Because of 

The amplif ier  

Several  frequencies between LO Hz and 200 Hz were used t o  v e r i f y  

4.0 Post -Amplif ier  

The post-amplifier has two pr inc ip le  functions.  
provide the gain necessary t o  provide fu l l - sca le  vol tage a t  a radiance equiva- 
l e n t  t o  3300K and zero vol tage at  b°K, but must provide the required frequency 
compensation f o r  t h e  de t ec to r ' s  thermal time constant ,  and a passband designed 
t o  maximize information content and minimize extraneous noise content and 
sc ene-t 0- scene c ross ta lk .  

The amplif ier  must not only 

The easiest way t o  v i sua l i ze  t h e  signal-to-noise s i t u a t i o n  i s  t o  examine t h e  
information content of a scene, with a l t e rna t ing  scenes of d i f f e r i n g  radiance,  
i n  t h e  form of a Forier  analysis .  "his r e s u l t s  i n  t h e  usual  series expression 
fo r  a 5 Hz square wave, except t h a t  the  higher frequency terms are reduced i n  
amplitude due t o  t h e  nondiscontinuous t r a n s i t i o n  from scene-to-scene. 
s e r i e s  represents  the information des i red ,  and t h e  series sum a t  any point  of 
peak amplitude represents  t h e  scene radiance.  

This 

The chopping operator images t h e  5 Hz scene series on every odd harmonic of t h e  
chopping frequency. 
nature  of t h e  chopper, and t h e  r e su l t an t  dc component. 

The o r ig ina l  s e r i e s  i s  preserved a l s o ,  due t o  t h e  half-wave 

The detector  a c t s  on the s igna l  according t o  the equation: 

1 1 
*out 

e 

The e l e c t r i c a l  time constant ,  
equation i s  e s s e n t i a l l y  one, f o r  a11 frequencies above 5 Hz. The thermal time 

e ,  i s  about 1 0  seconds so that port ion of t h e  
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constant is  a function of detector  s i z e  and thickness ,  and even more important, 
t h e  mounting. For a given ac t ive  area, a th icker ,  thermally-insulated detector  
such as the  Barnes u n i t  exhib i t s  a thermal t b e  constant l i k e  one o r  two seconds, 
and a th inner ,  heat-sunk detector  such as the Mullard u n i t  exhibi ts  a thermal 
time constant around one-tenthof  a second. This results i n  a f ac to r  of' t e n  
d i f fe rence  i n  response as a f'unctfon of frequency f o r  the two u n i t s  from 5 Hz 
t o  40 Hz. The phase l a g  is  given by: 

- - + arctan Tt ,w  - 90 - arctan Te 4 out 4 in 

Again t h e  e l e c t r i c a l  time constant i s  l a rge  enough t h a t  t he re  i s  no phase sh i f t  
contr ibut ion of s ignif icance,  above 5 Hz. The thermal time constant of one 
second causes a goo l a g  (within a couple of degrees) uniformly from 5 Hz up, 
i . e . ,  i s  almost a "perfect" in tegra tor .  The t en th  second thermal t i m e  con- 
s t a n t  un i t  is  not qu i t e  so cons is ten t .  

The post-amplifier must transform t h i s  detector  output t o  a s igna l  acceptable 
t o  the full-wave demodulator. 
de tec tor  s igna l ,  reconstruct ing t h e  o r i g i n a l  chopped scene s igna l ,  except f o r  
t h e  l o s s  of any dc component which t h e  full-wave demodulator w i l l  r es tore .  
T h i s  technique is i l l u s t r a t e d  with t h e  waveforms i n  Figure 4.2.  
t abula t ion  of t h i s  configuration, and t h e  computer p l o t ,  are shown i n '  Figure 4.3 
f o r  a l-second thermal time constant detector  and Figure 4 .4  f o r  a 100-millisecond 
thermal t i m e  constant de tec tor .  
and reference , respect ively,  combining both s i t ua t ions  shown i n  Figure 4.2. 
The mirror t r a n s i t i o n  t i m e  was 37.5 mill iseconds,  t h e  chopper w a s  40 Hz, 
phased a t  270° r e l a t i v e  t o  t h e  scene, and t h e  in tegra t ion  time was 75 m i l l i -  
seconds. 
Clearly the  t h i n  detector  functions w e l l  with t h i s  ampl i f ie r ,  but  t h e  th icker  
detector  never qui te  reaches t h e  desired zero scene value. A second s tage  of 
d i f f e r e n t i a t i o n  w i l l  achieve the  required r e s u l t  fo r  the th ick  de tec tor ,  and 
Figures 4 . 5  through 4.7 i l l u s t r a t e  a gradation from poles a t  40 and 80 Hz, 
40 and 40 Hz, and 20 and 40 H z ,  respect ively.  The f i n a l  design achieves the  
desired r e s u l t ,  and Figures 4.8 show the  details  of t h e  zero reading f o r  both 
t h e  t h i n  and th i ck  de tec tors .  Figure 4.9 i s  s imi la r  t o  4.7 except using a 50 
mill isecond in tegra t ion .  A s  an i l l u s t r a t i o n  of s t a b i l i t y  and detector  thermal 
time constant ,  Figure 4.10 shows a t h i n  detector  on t h e  20 and 40 Hz ampl i f ie r ,  
and Figure 4 .11  shows a detector  wi th  a 2-second thermal time constant,  demon- 
s t r a t i n g  the system independence of thermal time constant,  except f o r  gain; 
i . e . ,  t h e  zero value i s  reached by a l l  three de tec tors  (.l, 1 and 2-second 
thermal  time constants)  

One technique i s  t o  simply d i f f e r e n t i a t e  t h e  

A computer 

The blackbody input scenes were fu l l - sca le  hot 

The amplif ier  i n  both cases had a s ing le  high-pass pole at 80 Hz. 

a t  t he  same time. 

I n  a l l  of t h e  computer p l o t s ,  t h e  IrO1s" are two successive chopped input scenes 
t h e  "xt' are the  amplif ier  output ,  and t h e  "+Is" are t h e  Plot  Of i n t eg ra t ion  
output. 

Note that  t h e  in t eg ra to r  p l o t s  given are p l o t s  of t h e  in tegra tor  output i.f t h e  
In tegra t ion  period had begun 75 mill iseconds previous (50 m s  fo r  Figure k . 9 ) .  
::j ace t h e  zero value i s  reached a t  . lgO seconds means t h a t  each .OgO in-tcl 
t%ch . l o 0  second long scene i s  an optimum "read" time, and the  integraticm should 
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begin 75 mill iseconds previoualy, or a t  ,015 second in to  each scene. The 
p lo t s  show two successive scenes, one from 0 t o  .1 secon4 of fu l l - sca le  
"hot" radiance,  and the second from .1 t o  .2 second of a radiance equal t o  
t h e  chopper blackbody reference.  The r e l a t i v e  fu l l - sca le  value may be read 
a t  0.90 second. I n  ac tua l i t y ,  t h i s  value would be adjusted t o  be t h e  in te -  
g ra to r  fu l l - sca le  vol tage,  by ad jus t tng  t h e  amplif ier  gain accordingly. 
posi t ion of any p lo t  point i s  plus or  minus one space, due t o  te le typwri te r  
l imi t a t ions .  

The 

It is  worth noting t h a t  no unstable  dc r e s to ra t ion  was required t o  achieve 
these r e s u l t s ,  and t h e  placement of t h e  amplif ier  poles i s  not c r i t i c a l .  Thei r  
s t a b i l i t y  i s  important, but  e a s i l y  achieved w i t h  good qual i ty  temperature-stable 
components. 

In  the  i n t e r e s t  of completeness, one more p lo t  i s  given i n  Figure 4.12 of the  
1-second thermal time constant detector  with the 20 and 40 Hz pole amplif ier ,  
w i t h  a low-pass pole a t  500 Hz. 

The r e s u l t i n g  amplif ier  design and Bode p l o t s  f o r  a two high-pass pole and 
amplif ier  f o r  a one high-pass pole amplif ier  i s  shown i n  Figure 4.1. 

Gain s t a b i l i t y  i s  better than 0.2% from 00 t o  +SO0,  provided by temperature 
s t a b i l i z i n g  t h e  de tec tors  t o  within lOC, and by se lec t ion  of temperature-stable 
amplif ier  components. The e lec t ronic  channel c ross ta lk  w i l l  be less than 
-60 db , by adequate sh ie ld ing  and power decoupling . 
The pre-amplifier and post-amplifier were exposed t o  gamma rad ia t ion  t h a t  simu- 
la ted t h e  expected Bremsstrahlung f l u  t o  be encountered i n  the TIROS o r b i t .  
The test  setup i s  shown i n  Figure 4.13. Tests were run with severa l  de tec tors  
with matched FET's, and a lso  a dummy detector  t o  a sce r t a in  t h e  noise component 
contributed by the pre-amplifier and post-amplifier. 
radiation-induced noise i n  t h e  amplif ier  was random low frequency "rumble" 
A t  t h e  normal Bremsstrahlung l e v e l  of 0.1 R / h r  ( s i l i c o n ) ,  t he  amplif ier  broad- 
band r m s  amplif ier  noise w a s  expected t o  increase around 20% and appeared t o  
increase as much as 40%. 
but ion from t h e  amplifier a t  t h e  normal Van Allen r ad ia t ion  l e v e l s  fo r  the 
TIROS o r b i t ,  except f o r  low frequency rumble t h a t  w i l l  be l a rge ly  extracted 
from t h e  s igna l  by t h e  full-wave demodulator. A t  peak r ad ia t ion  l eve l s  t he  
amplifier noise  contr ibut ion may r ise  20 t o  40%, but i s  s t i l l  s ign i f i can t ly  
lower than t h e  de tec tor  r ad ia t ion  induced noise.  The f a c t  t h a t  t h e  r m s  
noise l e v e l  seemed t o  be lower f o r  t h e  amplif ier  after t h e  r ad ia t ion  test  than 
before ind ica tes  surface-effect  contr ibut ions t h a t  can self passivate .  
a l l  of t h e  amplif ier  noise contr ibut ion i s  a t t r i bu ted  t o  t h e  preamplifier FET, 
s ince t h a t  i s  t h e  only point where s igna l  l e v e l s  are low enough t o  r e f l e c t  t h e  
radiation-induced noise  as a s igni f icant  percentage. Using a high temperature 
spec FET would eliminate most surface e f f e c t s ,  so FET suppl ier  l i a i s o n  may w e l l  
d i r e c t  i t se l f  t o  heat  passivat ing t h e  l i n e  of low-noise FET selected f o r  the  
Pre-amplif ier  . 

The character  of the 

The r e s u l t s  ind ica te  e s sen t i a l ly  zero noise cont r i -  

Vi r tua l ly  
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5.0 Synchronous Demodulator 

The synchronous demodulator function can he seen i n  Figure 4.2. 
operation t r ans l a t ed  t h e  input scene dc component t o  t h e  40 Hz c a r r i e r ,  and 
t h e  demodulation i s  required t o  r e s to re  i t ,  i n  order t o  ascer ta in  t h e  absolute 
scene radiance. 
troducing the poten t fa l  inaccuracies due t o  clamping t o  a reference l eve l .  
demodulator i s  phase-locked t o  t h e  chopper wheel by a phase reference pickup 
(PRP) located on t h e  periphery of t h e  wheel. Phase l a g  i s  introduced t o  match 
t h e  l ag  experienced by t h e  40 L s i g n a l  component through the  de tec tor  and 
amplifier, and then a PRP and PRP ( inverse s igna l )  s igna l  cont ro l  FET switches 
a l t e rna te ly ,  s e r i a l i z i n g  t h e  s igna l  and i t s  inverse a t  40 Hz, as shown i n  
Figure 4.2. 
inverted s igna l  not have an o f f s e t  r e l a t i v e  t o  t h e  noninverted s igna l .  I f  t h e  
inver te r  port ion of t h e  demodulator does introduce an o f f s e t ,  the  full-wave de- 
modulation i s  about some non-zero l e v e l  and t h i s  dc l e v e l  s h i f t  introduces t h e  
e f f ec t  of p a r t i a l  half-wave demodulation. 
w i t h  an o f f se t  w i l l  not produce zero output t o  t h e  in tegra tor  w i t h  zero input ,  
nor w i l l  a dc l e v e l  i n t o  t h e  demodulator produce a zero output.  
e f f e c t  w i l l  respond not only t o  dc inputs but t o  slow t r ans i en t s  as w e l l .  The 
res idua l  of scene-to-scene e f f e c t s  a f t e r  amplifier processing are j u s t  such 
t r a n s i e n t s ,  and therefore  any half-wave demodulation e f f ec t  could cause scene- 
to-scene c ross ta lk .  

The chopping 

Full-wave demodulatlon performs t h i s  r e s to ra t ion  without in- 
The 

The schematic i s  shown i n  Figure 5.1.  It i s  important t h a t  t h e  

The r e s u l t s  are tha t  a demodulator 

This  o f f s e t  

- -- _ -  
Fourier Ser ies  Representations: 

a 

2 n 
0 Signal ( e s )  = - + C (a  cos n w t  + bn sin n u t )  

.. . n = 1,3,5,7, 

PRP (eref) = C bn sin n wt 

... n = 1 , 3 , 5 , 7 ,  

A 
2 n 

1 

= - + C b  s i n n w t  

(Full  Wave) 

(Half Wave) 

Forming the products on a t e r m  by t e r m  basis revea ls  t h e  terms which contr i -  
bute  t o  t h e  desired output are of t h e  form bnbn ' s in2n u t .  

This  can be rewr i t ten  as: bnbn ' (1-cos2nwt) . All other products y i e ld  
2 
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purely ac terms which are subsequently smoothed. Th.e exception i s  when t h e  
A 

--term n is  not zero; then then the re  is the dc product of a 
2 

where K denotes the s t rength  of t h e  half-rive contwina t ion ,  
demodulation i s  needed t o  prevent any dc b i a s  t o  t h e  h t e g r a t o r .  

Pure h l l - w a v e  

It i s  assumed throughout t h a t  the PRP i s  per fec t ly  symmetrical which, of course,  
w i l L  never be exact ly  t rue .  
t h e  width of t h e  PRP op t i ca l  beam produce some uncertainty.  The e f f ec t  a: lack 
of time symmetry i n  t h e  PRP also adds a dc component t o  i t s  s e r i e s  repres<>ntat ion.  
It i s  important t o  minhnize any such lack  of symmetry that would a l s o  present a 
dc b i a s  t o  t h e  in tegra tor .  

Tolerances on chopper blade edge posi t ions and 

On t h e  computer p lo t s  i s  indicated t h e  near optimum demodulator phase s h i f t  
r e l a t i v e  t o  t h e  chopper blade,  f o r  each combination of detector  and amplifier 
cha rac t e r i s t i c s  plot ted.  
assumed optimized a t  270° as shown i n  Figure 5.2, fo r  symmetry and m a x i m u m  
s igna l  t o  noise. 

The blade phase r e l a t i v e  t o  t h e  scene has been 

6.0 In tegra t ion  

The in tegra tor  i s  of t h e  operat ional  R-C sample and hold type as shown i n  
Figure 6.1, with t h e  t r ans fe r  function: 

Following the 40 Hz synchronous demodulator, t h e  combination has a noise vs 
frequency cha rac t e r i s t i c  as pictured i n  Figure 6.2. 

The c i r c u i t  cons is t s  of simple FET switches t o  ground t h e  input a t  the end of 
t h e  in tegra t ion  i n t e r v a l  and during the  "hold" time, and t o  cycle t h e  capaci tor  
t o  zero for a new sample. 
Figure 4.2. 

The ac tua l  in tegra tor  waveform i s  given i n  

Signal smoothing and high frequency noise r e j ec t ion  w a s  attempted between t h e  
demodulator and t h e  in tegra tor  by in jec t ing  a low-pass f i l t e r .  N o  reasonable 
valued f i l t e r  t i m e  constant would allow t h e  accuracies desired of t h e  system, 
and the  f i l t e r  .was omitted. 

6.0 
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7.0 System Worst Case Analysis 

The system has been thoroughly analyzed f o r  TTPR, and i n  ERB Worst Case Analysis 
repor t s ,  and t h e  following spec i f ica t ions  r e su l t :  

1. 

2 .  

3. 

4. 

5. 

6. 

7. 

8 .  

9 .  

10. 

11. 

12. 

The amplif ier  i s  unconditionally s t ab le .  

The closed loop gain s t a b i l i t y  of t h e  amplifier i s  within +0.025$. 

The amplif ier  has provisions f o r  su f f i c i en t  gain adjustment for t he  
range of proposed detectors .  

The amplifier output impedance i s  less than 100 ohms, shor t  c i r c u i t  
protected . 
A maximum of two coupling time constants provided i n  t h e  amplifier 
y i e ld  scene-to-scene c ross ta lk  less than 0.2% of f u l l  sca le .  

Amplifier output is  1Ov peak t o  peak. 

Phase s h i f t  var ia t ions  over t h e  range of 00 t o  4OoC f o r  two years 
plus 2000 hours i s  less than I +0.2%. 

The in tegra tor  output impedance i s  l e s s  than one ohm, shor t  c i r c u i t  
protected.  

The maximum noise on the in tegra ted  s igna l  i s  1 0  mv r m s  from -5O t o  
+55OC and from 0 t o  4-10 v output range, i n  t h e  average Van Allen 
rad ia t ion  predic t  ion. 

The in tegra tor  output o f f se t  vol tage d r i f t  i s  36.4 uv/OC typ ica l  
and 264 w / O C  maximum. The maximum e r ro r  caused by t h i s  voltage 
o f f s e t  d r i f t  i n  t h e  output voltage i s  0.1188%. 

The in tegra t ion  accuracy and r epea tab i l i t y  i s  b e t t e r  than 0.096% of 
fu l l - s ca l e ,  worst temperature var ia t ion  and worst case temperature 
coef f ic ien t .  

The system passband i s  capable of providing optimization f o r  t h e  
range of proposed de tec tors .  
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