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1.0 MECHANICAL DESIGN 

1.1 PREAMPLIFIER 

Physical characteristics of the *preamplifiers satisfied the requirements of J P L  State- 

ment of Work, SW 3478, as msdified by J P L  Interoffice Memorandum, A. Eisenman to 

D. LaPorte, dated 3 November 1964. Maximum body dimensions were 0.125 in. x 1.0 in. 

x 1.94 in. , exclusive of header. 

Details of the physical construction a re  contained in GD/E Drawings 3005603, 3005605, 

3005606, and 3005607, which w e r e  previously delivered to JPL. Figure 1 shows the com- 

ponent layout conforming to GD/E Drawing 3005603. This layout was made for use with 

the Fairchild FET 2N3277 in the 0,125 in, x 0.250 in. flatpack case as shown in Figure 1. 

Preamplifiers Serial No. 1 through 6 were built according'to this layout. 

I 

When the Siliconix 2N3578 on the 0.10 in. x 0.10 in. ceramic chip was substituted for 

the 2N3277, the layout was  revised a s  shown in Figure 2 and on GD/E Drawing 3005603, 

revised 21 April 1965. Copies of the revised GD/E Drawing 3005603 and schematic dia- 

gram, GD/E Drawing No. 3005601, revised 21 April 1965 are included with this report. 

This layout was used for all amplifiers subsequent to Serial No. 6. Other changes made 

on this same revision were: 

1) 

2) 

Addition of 82-pf ceramic capacitor C5 

Elimination of 21.5 K ohm resistor R9 

3) 
, 

Substitution of microballoon filled epoxy resin, Type P-37A for polyure- 
thane foam, Type CPR349-4, as the encapsulation material 

The C5 and R9 changes became effective with preamplifiers, Serial No. 7 and on. The 

encapsulation change became effective with Serial No. 40 and on. 

The two different encapsulant8 are visually distinguishable by their color; Type P-37A 

is blue, and Type CPR 349-4 is green. Type P-37A provides more uniform density with 

1 
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Figure 1. Component Layout Conforming to GD/E Drawing 300 5603 
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voids than Type CPR 349-4 foam polyurethane; however, both materials performed satis- 

factorily over the temperature range. No failures were  experienced as a result of the 

thermal o r  mechanical properties of either. 
0 

On preamplifiers Serial No. 1 through 6, pin connections from terminals to the 

printed circuit board were made by soldering the pin into a hollow terminal. Subsequent 

amplifiers used one piece pin-terminal combination. 
. .  

Total weight of a completed preamplifier (Figure 3) is 6.2  grams. It is distinguish- 

r 

able from the intermediate amplifier both by its color (gray) and by Part No. 3005603-1 

stenciled on the thin edge (not visible in Figure 3). 

1.2 INTERMEDIATE AMPLIFIER 

Details of the physical construction of the intermediate amplifiers are contained in 

GD/E Drawings 3005602, 3005604, 3005605, and 3005607, which were previously deliv- 

ered to JPL. 

Figure 4 shows the component layout used for  all intermediate amplifiers. Shown 

also are the three separate steps in the assembly process: 

1) 

2) 

3) 

The weldable double -sided circuit board 

The board with components installed 

The encapsulated module with nickel electrostatic shield 

Completing the module requires only a spray coat of insulating enamel (blue for the inter- 

mediate amplifier) and identification stencils. 

Maximum body dimensions are the same as for the preamplifier, 0.125 in. x 1.0 in. 

x 1.94 in., exclusive of header. Type CPR 349-4 foam polyurethane was used for en- 

capsulation of all intermediate amplifiers because these were all built before the change- 

over to  microballoon Type P-37A epoxy resin. 

Approximately half of all intermediate amplifiers made used solder pins in hollow 

terminals. The remainder used one piece pin-terminal combination. 
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2.0 COMPONENT SELECTION AND EVALUATION 

2.1' PREAMPLIFIER 

All components originally selected for the preamplifier proved to be acceptable ex- 

cept the input stage FET. The' Fairchild 2N3277 in a TO-5 can, used for breadboarding, 

demonstrated suitable characteristics including noise figure. In the 0.125 in. x 0.250 

in. x 0.035 in. flat package, however, the ambient temperature 330-cps noise figure for 

the transistor alone had increased to approximately 7.0 db from about 1 .0  db in the TO-5 

can. Further tests showed that the problem was associated with the noise-versus- 

frequency characteristic; in the flat package the characteristic low frequency l / f  rise 

began at a higher frequency Wm in the TQ-5 container. 

Tests were performed by Fairchild Semiconductor on two dice from the same wafer; 

these dice exhibited different characteristics in the two different packages. Because 

Fairchild Semiconductor was unable to isolate the cause of the problem, a replacement 

transistor had to be found. 

0 

The Siliconix 2N3578 on a 0.10 in. x 0.10 in. ceramic chip, epoxy coated, proved 

very satisfactory. Of 42 transistors measured for 330 -cps ambient temperature noise 

figure, none exceeded 0.6 db; the average was about 0.3 db. 

Table 1 summarizes failures and rejections in the preamplifier components. 

The wirewound, 1-megohm resistor presented a major handling problem. Fine 

wire winding breakage occurred during all stages of assembly, encapsulation, and plat - 
ing because the thickness dimension of the resistor was only 0.025 in. less than the max- 

imum module thickness. Substituting an in-house polyurethane coating for the relatively 

thick and soft silicon rubber coating originally applied by the vendor provided some re- 

lief for the problem late in the program. Temperature performance, however, was 

1 

suprisingly good for thie type component; only two failures were directly attributable 

to temperature cycling. 
0 
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QUANTITY 

23 

2 

3 

7 

2 

Table 1. 

SYMBOL 

R1 

R1 

R2 tR* 

Q21Q3 

Q2 ' Q3 

Preamplifier Component Failures and Rejections 

TYPE AND VALUE 

Wirewound, 1 Megohm 

~~ __ 

Wirewound, 1 Megohm 

Film pellet, 2.87 Megohm 
. .  

2N3117 Transistor 

2N3117 Transistor 

FAILURE MODE 

Open 

open 

Below tolerancc 

High noise 

No output 

CAUSE 
- ~ 

Physical damage 

Temperature cycle 

Temperature cycle 

Factory processes 

Temperature cycle 

Experience with the 2N3117 transistors during fabrication of intermediate amplifiers 

dictated that they be screened for noise figure before installation in the second and third 

stages of the preamplifier because of their wide noise figure distribution, Seven 2N3117 

transistors were outside an acceptable limit; two had no output after the Receiving Inspec- 

tion, -125°C soak. 4 

Three 2.87-megohm pellet resistors were slightly below the 5% tolerance after the 

Receiving Inspection, -125" C soak. No component failures occurred after installation in 

the module except the wirewound bias resistor. 

Note (Figure 2) that four resistors are  considerably smaller than the mylar cutout in 

which they are installed. These a re  Caddock Electronics metal film, Type MM112, 1/20- 

watt resistors without molded epoxy case, 0.061 in. in diameter and 0.165 in. long. The 

Mepco, l/lO-watt, Type FElO resistor, for which the layout was designed, has a 0.098 - 
in. diameter and is 0.270 in. long. Considerable space could have been saved in the ori- 

ginal layout had it been knowq at the time that the MM112 resistors were available. 

2.2 INTERMEDIATE AMPLIFIER 

The noise figure of the 2N3117 transistor presented the only component problem in 

the intermediate amplifier. The transistors in the 63 intermediate amplifiers that were 

assembled had been cold soaked and given a beta check, but not a noise-figure measurement, 



before being installed. Of these 63 amplifiers, 16 had noise figures greater than 12.5 

db, ranging as high as 60 db. Replacing first stage transistors in 13 of the 16 amplifiers 

with transistors that had been screened for a good noise-figure measurement resulted in 

13 acceptable amplifiers. 

No component failures occurred after installation. One metal film resistor (Mepco) 

was rejected after cold soak for being slightly below tolerance. 
- 4  
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3.0 ELECTRTCAT, PBR.FORMANcE 

3.1 PREAMPLIFIER 
2 

Table 2 summarizes "worst case" performance of those characteristics measured on 4 
the five amplifiers subjected tu Design Assurance Tests. All requirements have been 

satisfied; however, performance was considerably better than specification limits for in- 

put impedance, output impedance, dynamic range, and independent linearity. 

Table 2. Preamplifier Electrical Performance 

e 

~ ~~ 

PARAMETER 

~ 

Input Impedance 

Noise Figure** 

Phase Shift 

Phase Shift Variation 

Voltage Gain 

Output Impedance 

Input Dynamic Range 

Input Capacitance 

Power Consumption 

Independent Linearity 

Transfer Stability 

SPECIFIC AT ION VALUE 

MIN 

5 megohms 

9 

2.5 mv 

MAX 

5 db 

2t25 deg 

&8 deg 

11 

2 K ohms 

50 pf 

5 mw 

8% 

2% 

"WORST CASE" * 
MEASURED VALUE 

20.2 megohms 

4.68 db 

19.5 deg 

4.75 deg 

9.55 (min) 9.78 (max) 

108.5 ohms 

180 mv 

49.8 pf 

3.78 mw 

0,79% 

1.9% 

* Lowest (or highest) value obtained at any test temperature on any of the five 
amplifiers subjected to Design Assurance Tests. 

** Combined amplifier and bias resistor noise, 

10 



Figure 5 shows voltage-gain distribution as a function of temperature on all pream- 

plifiers. Voltage -gain distribution shifts verylittle over the operating-temperature 

range, Individual amplifier gain remains stable (within about 1 percent) over the tem- 

perature range; the average was about 0.5 percent, 

Figure 6 shows noise-figure distribution as a function of temperature for preampli- 

fiers. The distribution broadens at -125" C with a higher average value than at 0" C and 

at +30°C. The individual test data sheets previously delivered to JPL show, however, 

that the actual noise voltage output of the amplifiers decreased with temperature down to 

-125" C for those 55 amplifiers which met the combined 5 db noise identification. For 

the five amplifiers,temperature-1imited to -80" C, the noise-voltage output decreased 

from +30° C to 0" C but increased as temperature was lowered to -80" C and to -125" C. 

What causes this condition is not known with certainty but the 2N3117 transistors of the 

second or third stage are susgeotgd; for wimple,  defwts in surfaoe passivation or im- 
perfect bonds of the fine wire connections to the dice o r  the case tabs. In fact, replace- 

ment of the second &age 2N3117 in one case did correct an out-of-specification noise 

condition. 

c I 

3.2 INTERMEDIATE AMPLIFIER 

Table 3 summarizes '%rorst case" performance for those characteristics which were 
- ~ 

measured on the five iniermediate amplifiers subjected to Design Assurance Tests. All x 

requirements were satisfied, most of them with a comfortable margin. 

Figure 7 show voltage-gain distribution as a function of temperature on intermediate 

amplifiers, The average drift with temperature was about 1 percent negative over the 1 
range +30" C to -50' C. 1 

Figure 8 shows noise-figure distribution with temperature for the intermediate am- 

plifiers. The broadening and general increase of noise-figure distribution with decreas- 

ing temperature is even more evident then for the preamplifier. The a3117 transistor 

is the only active device in the intermediate amplifier; therefore, it is most likely the 

11 
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component responsible for this changing characteristic. Of the 60 intermediate ampli- 

fiers delivered to JPL, the -5O'C noise figure of 46 waa 10 db o r  less and of 14 was 

between 10 and 12.5 db. 

Table 3. Intermediate Amplifier Electrical Performance 

PARAMETER 

Input Impedance 

Noise Figure 

Phase Shift 

Phase Shift Variation 

Voltage Gain 

Output Impedance 

Input Dynamic Range 

Input Capacitance 

Power Consumption 

Independent Linearity 

Transfer Stability 

SPECIFICATION VALUE 
. I  

' ' MIN 

50 K ohms 

95 

25 mv 

MAX 

10 db 

*lo deg 

4 deg 

20 5 

500 ohms 

150 pf 

20 mw 

5% 

1% 

"WORST CASE" * 
MEASURED VALUE 

208.'3 K ohms 

9.72 db 

1.5 deg 

0.8 deg 

95.42 (min) 102 (max) 

213 ohms 

31.5 mv 

149 pf 

14.7 mw 

1.05% 

0.41% 

* Lowest (or highest) value obtained at any test temperature on any of the five 
amplifiers subjected to Design Assurance Tests. 

J 
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Situations that dictated replacement of components in the welded assemblies before 

. ,  and after encapsulation were: 

1) Replacement of FET 2N3277 by 2N3578 in Preamplifiers Serial No, 1 
through 6 

I 

2) 

3) 

Replacement of Resistor R7 to match the 2N3578 characteristics 

Replacement of Q1 in 13 intermediate amplifiers to improve noise figure 

4) 

5) 

Replacement of Q2 in one preamplifier to improve noise figure 

Replacement of 23 wirewound resistors (Rl) in preamplifiers 

The paint and electroformed shield were completely stripped from modules that had 

been encapsulated. The encapsulation was then removed in the area of the part to be re- 

placed by use of a scalpel and dental pick. The weld pad and component leads were then 

cleaned with an epoxy stripper. The leads of the defective component were clipped ad- 

jacent to the weld pad, but the weld nugget and a small section of the lead component 

were left intact. The new component was then installed by Pulse-Dot soldering, a proc- 

ess which uses a minimum amount of controlled heat. Finally, after the void in the en- 

capsulation was filled with Type P-37A epoxy resin, the plating and paint were  applied. 

In subsequent testing to the temperature extremes, no failure occurred at the con- 

nection of any of the replaced components. As a check on future performance, the am- 

plifiers in which these repairs have been made a re  listed below: 

I 

I teml)  I 1 through 6 
Item 2) 1 through 6 
Item 3) 

Item 4) 26 
Item 5) 

20, 49, 23, 42, 31, 50, 27, 
15, 32, 26, 29, 63, 24 

9 (twice), -10, 16, 19 (twice) 
22 (twice), 23, 25 (twice), 26, 37, 
38, 39, 43, 47, 51, 55, 58, 59, 
61, 62 

17 I 



The details of design and manufacturing processes used to make the weldable printed 1 
4 

circuit boards a re  contained in GD)E Report 3005015, previously supplied to JPL. Fig- 

ure 9 illustrates the manner in which five boards were formed on a single sheet by step- 

and-repeat at the photo-reduction stage. 

For both types of amplifiers, 0.060-in, diameter weld pads and 0.016-in. conductors 

were used on both sides of the board. Experimentation has been continued on improving 

the weld strength and strength distribution. A recently developed change in pad configura- 

tion shows promise. Eliminating the circular section on the side of the board to which 

the component lead is attmihed, improves the heat balance, In preliminary teaing, thie 

has resulted in greater strength with less dispersion. Present data indicates that strengths 

will exceed the requirements of JPL Specification GPO-30995-GEN by 15 to 20 percent. 

Detailed test results will be forwarded when available. 

18 
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6.0 TESTING PROCEDURES AND TECHNIQUES 

All testing for the intermediate amplifiers was done in accordance with Test Proce- 

dures 1,  4, 6, 8, 10, 12, and 16, previously delivered to JPL, with the exception of 

noise figure measurement, Part . .  III, 3B of TP-1. In this case, the measurement of e,, 

was eliminated and noise figure was calculated by 

1.13 e 

e K  
no 

N F  = 20 log 
th v 

where 

e = output noise voltage, with input terminated in Rs 
no 

K = amplifier voltage gain as measured in TP-1, Part III, 2 
V 

e = thermal noise of ~ o u r c e  resistance 
th 

The same change was made in measurement of preamplifier noise figure, TP-2, 

Part 111, 3B. 

The Quiet Amplifier was eliminated from the instrumentation for making preampli- 

fier gain measurements. With the same inputs specified in TP-2, Part In, 2, the am- 

plifier output was terminated as specified and read directly on the Model 600, Tunable 

Microvoltmeter. For the low-level input, the gain of the amplifier is equal to the output 

in microvolts divided by 10. For the high-level input, the gain is equal to the output in 

millivolts. The high signal level gain figure was used for noise figure calculations. 

In TP-9, Preamplifier Independent Linearity, Part III, l(b) (1), the formula should 

read 

e 

i x e  
0 G = - X 1 0  



In TP-11, Preamplifier Transfer Stability, Part III, l(e), the formula should read 

e6 G = - x l O  
e 
i 

In TP-5, Preamplifier Phase Shift Measurement, Part III, l(a), the test oscillator 

output was set to 300 millivolts rather than to 100 millivolts. The higher signal level 

was necessary to obtain reliable operation of the phase meter. 

Test Procedure 14, Preamplifier Bias Resistor Noise, was eliminated entirely. To 

replace this procedure, noise-figure measurements were made by the procedure of TP-2 

with R = 500 K ohms, 150 volts bias applied (NF ) and with R = 500 K ohms, no bias 

applied (NF ). The 500 K ohm resistance was obtained by connecting a 1.0-megohm 

wirewound resistor in parallel with R , the 1.0-megohm bias resistor as shown sche- 

matically in Figure 10. 

S 2 S 

3 

1 

A. NF2 Measurement 

I-------- 1 

I- 

B. NF3 Measurement 

Figure 10. Connection for Noise -Figure Measurement 



. 

were computed with R = 500 K ohms. 

Bias resistor current noise was assumed to be NF2 - NF3 where NF2 and NF3 

S 

The foiiowing steps were  taken to minimize the effect of external noise during 

noise-figure and low-level gain measurements: 

1) 

2) 

3) 

4) 

Amplifier and source resistance were placed in steel box inside chamber 

Inputs and outputs were on coaxial cable, including power and bias 

Chamber power was turned off during measurement period 

Batteries were used to supply the -150 volt bias voltage 

A test jig with spring-loaded contacts to the amplifier terminals proved satisfactory 

for these measurements, which made soldering to the terminals unnecessary. Repeated 

use of the jig, however, required careful attention to the condition of the contact surfaces 

and to the spring tension. . 

Another necessary precaution is for the bias voltage to be removed when the test 

temperature cycle causes heavy condensation on the amplifier and test jig; i. e., when 

returning to  ambient from the -125" C soak. Repeated failure to do so resulted in a 

carbonized current path on the jig terminal block and finally in severe damage to  the 

jig and one preamplifier. 

0 

Noise-voltage measurements were made using a 30-second integration period. 

Several preamplifiers were observed to have higher noise figures without bias than with 

bias (NF > N F  ), When this occurred, measurements were repeated to verify the con- 

dition actually existed. One explanation may be that the bias voltage stresses the input 

capacitor, C1, in additidn to generating current through the bias and source resistors. 

For the unusual cases where NF was greater than NF 
3 2' 

i tor stress and resistor current may have had a canceling effect in the narrow band 

around 330 cps. If these few unusual cases are neglected, average bias resistor noise 

measured about 0.7 db, 0.4 db, and, 0.3 db at +30"C, O'C, and -125'C, respectively. 

3 2 

the noise components of capac- 
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7.0 RECOMMENDATIONS 

The following changes are recommended for improved performance and reliability 

and for decreased size and cost i f  circuits of this type are to be utilized on space 
I ,  

missions : . .  
a. Decrease bobbin thickness of the 1.0-megohm wirewound resistor. Discussion 

with Kelvin Electric indicates that this can be done and the overall thickness reduced by 

about one -half. 

b. . Replace the 2N3117 transistor to  provide a lower figure with less dispersion. 

It is felt that this can be obtained on a 0.10 in. x 0.10 in. ceramic substrate similar to 

the 2N3578 FET. 

c. U s e  Caddock Type MM112 resistors without molded case. If used throughout, 

considerable saving in volume without loss in reliability would result. 

d. Encapsulate by transfer molding using one part epoxy powder to provide a 

denser, more uniform coating. Application of this process to circuits of this type is 

being investigated at GD/E. 

e. The new weld pad configuration described in Section 5.0  should provide improve- 

ment in weld strength and distribution characteristics. Test data will be furnished to 

JPL. 

f. All resistors, with the exception of 1 megohm and 2.87 megohms, could be 

replaced with silk-screened Ceramet resistors, preconnected on a single wafer if 

further reduction in volume is of sufficient importance to justify a major redesign. 

23 



Addendum No. 1 

PREAMPLIFIER PARTS LIST 

Resistors 

Tolerance Power Mfgr 
Symbol Value (%I (watts) Construction Type Manufacturer 

1.0 M 0 . 5  1/4 wirewound 1258P Kelvin 
R1 

* R3 

* R5 

* R6 
* R7 

* R 1 O  

* R2,R4 2.87 M 5 .1/10 pellet 6 928 -RP Mallory 

51.1 K 1 1/10 metal film FElO Mepco 

1 1/10 metal film FElO Mepco 1.1 K 

~ 100 K 1 1/10 metal film FElO Mepco 

23.7 K 1 1/10 metal film FElO Mepco 

121 K 1 1/20 metal film FE5 Mepco 

10 K 1 1/10 metal film FElO Mepco 
* R8 

21.5 K 1 '  1/10 metal film FElO Mepco * R1l 

* Preferred replacement; Caddock, 1/20 watt, metal film, Type MM112 

Capacitors 

% Mfgr 
Symbol Value Tolerance Voltage Construction Type Manufacturer 

0.01 pf 10 200 metallized EP34938 Electron Products 

1 Pf 10 20 solid tantalum B105 Components Inc. 

3.3 pf 10 20 solid tantalum A335 Components Inc. 

10 pf 10 6 solid tantalum M10 Components Inc. 

82 pf 10 200 ceramic RH04CX820K San Fernando 

polycarbonate c1 

c2 

c3 

c4 

c5 
Electric 

Transistors 

Mfgr Case 
Symbol Type Designation Style Manufacturer 

Q, 2N3578 SU 50 1 0 . 1  in. x 0 .1  in. chip Siliconix 
I 

2N3117, 
Q2 

SP 99 53 TO-51 Fair child 

2N3117 SP9953 TO-51 Fairchild Q3 
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Addendum No. 2 

INTERMEDIATE AMPLIFIER PARTS LIST 

Resistors 

Tnlsrzce PFxz? MIgr 

Symbol Value (%I (watts) Construction Type Manufacturer 

147 K 1 1/10 metal film FElO Mepco 

Mepco 31.6 K 1 1/10 metal film FElO 

12.1 K 1 8 1y10 metal film FElO Mepco 

51.1 0 1 ' '  1/10 metal film FElO Mepco 

Mepco 68.1 K 1 1/10 metal film FElO 

13.3 K 1 1/10 metal film FElO Mepco 

1 .0  K 1 1/10 metal film FElO Mepco 

FElO Mepco 5.11 K 1 1/10 metal film 

6.81 K 1 1/10 metal film FElO Mepco 

5.62 K 1 1/10 metal film FElO Mepco 

R1 

R2 

R3 

R4 

R5 

R7 

R9 

R 1 O  

R6 

R8 

Caddock, 1/20 watt, metal film, Type MM112 are a preferred replacement for 
all resistors. 

> 

Capacitors 
a 

% Mfgr 
Symbol Value Tolerance Voltage Construction Type Manufacturer 

1 Pf 10 20 solid tantalum B105 Components Inc. 

1 Pf 10 20 solid tantalum B105 Components Inc. 

10 pf 10 20 solid tantalum L10 Components Inc. 

3900 pf 10 50 ceramic G504X392K San Fernando 

c1 

c2 

c3 

c4 
Electric 

10 pf 10 20 solid tantalum L10 Components Inc. 

10 pf 10 20 solid tantalum L10 Components hc.  
c5 

'6 

a 

Transistors 

Case 
Symbol Type Designation Style Manufacturer 

2N3117 SP9953 TO-51 Fairchild 

2N3117 SP9953 TO-51 Fair child 
Ql 

Q2 
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LOW NOISE MICROELECTRONIC AMPLIFIER 
FOR OPERATION DOWN T O  CRYOGENIC TEMPERATURES 

E. K. Novak, E. E . ,  and J. M. Lasley, M. E. 
General Dynamics/Electronics, San Diego Operations 

San Diego, California 

Abstract 

This report describes the design and fabrication of a 
low level preamplifier for use in applications requiring 
very low noise and highly gain stable amplification over 
large temperature ranges with particular emphasis on 
temperatures of -125OC and colder. The circuit 
utilizes single plane, flat pack construction with rnicro- 
discrete passive components and semiconductors which 
a re  resistance welded to a mylar based printed circuit 
board. The over a l l  dimensions of 1.0" by 1. 8" and 
0. 12" in thickness include an electroplated and insu- 
lated electrostatic shield and signal/power terminals 
along one of the narrow edges of the package. 

Summary 

In many applications, when minimum size, welght, and 
power consumptton are lmportant considerations, the 
high degree of mtniaturtzation afforded by single chip 
integrated circutts I s  unnecessary and often even tm- 
practlcal. In these circumstances, the utilization of 
mlcrodtscrete components and mtcrocircult techniques 
can be applied to provide a degree of design flexiblllty, 
components avatlabillty, and precls ton performance 
that cannot be approached by thtn film o r  dlffused, fully 
integrated methods. In additton, this method of micro- 
miniaturization permits the use of fabricatton technplg 
which are more econornlcally suited to small produdion 
quanttttes as  well a s  adaptable to large, fully automated 
production runs. 

0 

The method of mtcromlniaturlzation to be described 
utlltzes the flat pack type of constructton In which all 
components are In a single plane and whtch results In 
a package shape that has one of its dimenstons reduced 
to a practlcal mtnimum. Some advantages of thls con- 
flguratton are adaptabtlity to stacktng when many siml- 
lar untts are requlred, high packing denslty, good 
electrical isolatton and heat s u i n g  due to the metal 
shield. and repairabillty due to the single plane con- 
struction. Microdlscrete metal ftlm and pellet type 
resls tors  are used along wtth mintature solid tantalum, 
ceramlc, and metalllzed polycarbonate capacitors as 
the passive elements. The semiconductors include 
Kotab type field effect and flat pack type bipolar tran- 
ststors. Components a r e  mounted either on the prlnted 
circuit o r  tn holes through the board to hold package 
thickness to less than 1/8 inch Component leads are 

resistance welded to pads on the printed board and the 
assembly is  held in place by polyurethane potting. An 
lnsulating spray coat of patnt completes the module. 

The eIectrical clrcutt characteristics of the ampllfier 
a r e  opttmized for use wlth a high impedance, llquid 
nltrogen cooled, IR detector. However, the unit is 
useful in many other applications when low level 
signals from hlgh lmpedmce sources must be ampllfted 
by an accurately known and temperature stable scale 
factor, wtth a minimum of addittonal nolse, by an 
amplifier capable of operatton down to extremely low 
temperatures. Furthermore, due to the space and 
weight limttatlons In the vlcinity of the IR detectors, 
particularly when multiple arrays of amplifters are 
required, the size of the discrete components must be 
the smallest obtainable and the number of clrcult 
components must be minimized. 

Circutt Design 

The electrlcal ctrcult design was based on the fol- 
lowing list of requirements: 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

9. 

10. 

Input reslstance, tn the order of 50 megohms 
Input capacitance, less than 20pf 
Voltage gain, 20db 
Gain stabllity, t 0. 5 percent 
Output amplltude, up to 1 volt pp 
Frequency response, ?: ldb from 10 cps to 100 kc 
Output reststance, less than 500 ohms 
Spot nolse flgure, less than 2db for source 
resistances between 0.2 megohm and 2. Ornegchm 
and frequencies down to 300 cps 
Temperature range, -125OC to +3OoC speclfled, 
-175OC to +lOO°C objecttve 

Total power consumption, less than .005 watts 

Additional requirements restrtctlng the des tgn were 
protection against transients on the signal lnput 
termlnal due to power supply turn on and the necessity 
for a mtnlmum parts count due to severe space and 
weight llmitat ions. 

The spectfied performance was achieved by the use of 
the three stage feedback amplifler shown in Flgure 1. 
The utllizatlon of complementary translstors permlted 
dc coupling which resulted ln a hlgh degree of dc feed- 
back and consequently good operattng polnt stability as 
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well as a mtnlmtzatlon of the parts count. 
loop gain was obtatned by the eltmtnatton of local slgnal 
feedback and isolatton of the two galn stages. Over all 
negdve feedback was factlttated by the use of only two 
phase tnverslons whlle closed loop gatn was made de- 
pendent upon only the ratto of the values of two prect - 
ston ftlm reststors. 

High open 

Input Impedance and Notse Ftgure 

In order to obtatn the htgh tnput reststance and low 
notse figure in the range of source reststances spect- 
fled, I t  was necessary to employ a fteld effect devtce 
for the tnput stage. The FET used has a maxtmum 
gate leakage current of only a few nanoamperes at the 
upper end of the spectfted temperature range whtch 
tndtcated that the tnput reststance would be ltmlted to 
about 1000 megohms. However, due to btas stablltty 
requirements, a much lower gate source ctrcutt rests- 
tance was necessary. Ustng a htgh degree of negattve 
feedback and gate to source boot-strapptng provided 
both a htgh dynamtc tnput reststance of 50 megohms 
and a practtcal, low dc gate circutt resistance of less 
than 3 megohms. 

An addtttonal advantage of boot-strapping In the tnput 
ctrcult is the effecttve decrease In the capactty, par- 
ttcularly when the amplifter operates wtth htgh tmpe- 
dance sources and moderately fast  response Is requtred.  
The tnput capacitance I s  determtned by the sum of the 
stray shunt capactttes and the FET dynamlc tnput capa- 
ctty. The latter I s  gtven by 

C t ' C g s ( l - K  ) + C  ( 1 + K  ) 
g s g d  gd 

where Cgs and Cgd are the device termtnal to terminal 
capacities and Kgs and K g d  are the absolute voltage 
galns between the indicated termtnals. The ftrst term 
on the rlght slde of the equatton tndtcates that Cgs wtll 
be vtrtually eltmtnated stnce the feedback wtll tend to 
make K equal to unity. The second term shows that 
C wtl$tend to increase due to the Miller effect: how- 
ever, as  shown In the appendtx and because the dratn of 
the FET ts wlthtn the feedback loop, K wtll be much 
smaller than untty. Thus, stnce Cgs t p t n  the order of 
12-20 pf and C I s  3-6 pf, the effecttve tnput capactty 

thinness of the package, the stray capacitles result tn 
an tnput terminal capacitance of 15-20 pf. 

gd 

wlll be only a 8" ew ptcofarads. However, due to the 

In addttlon to the advantage of constderably htgher tn- 
put tmpedance, when compared wtth practtcal input 
tmpedances available wtth btpolar tranststors ustng 
stmtlar feedback techniques, the FET also has an ad- 
vantage wlth respect to noise ftgure when used wtth 
high reststance sources. Since Its output current does 
not pass through any p-n junctions, the only source of 
shot noise 1s the extremely small gate leakage current. 
This results In a low noise ftgure wtth much larger 
source reststances and over much larger  ranges of 

source res tstance than are avatlable from bipolar 
tranststors. A further advantage of the FET, when tt 
must be operated at low frequencies, ts the posttlon In 
the frequency spectrum of its flicker notse or  l / f  
reglon. The l/f corner for blpolar transistors occurs 
near 1 kc, while for  an FET, the corner occurs near 
100 cps for source reststances In the order of 1 meg- 
O h m .  

For  the frequency range In whtch thts ampltfter oper- 
ates, the output Impedance of the ftrst stage ts in the 
same order as  o r  ts htgher than the load resistance. 
Under these condlttons, the noise generated by the load 
reststance must be constdered and the resulting notse 
ftgure equation for the ampltfter becomes 

0 

where F I s  the over all notse factor and F1, Fp, F3, 
P1, and P2 a r e  the correspondtng noise factors and 
power gatns of the three tndtvtdual stages. A s  tndt- 
cated, the over all notse factor will be very nearly the 
notse factor of the tnput tranststor lf the power gatn of 
the ftrst stage i s  sufflctently high. A further condttton 
for low notse requires an optimum source reststance 
of about 20k for the second stage and 4k for the thtrd. 
In thts ampltfter, however, the gain stability, low 
power, and low temperature spectftcations necessttate 
a compromise of the above condtttons resultlng In a 
sltghtly greater noise ftgure and the requirement for 
low notse tranststors ln the thlrd a s  well a s  the second 
stages, The power galn from the input termtnal to the 
drain of the FET is approximately lOdb tndicattng the 
second stage notse cannot be neglected. 
reststance requlred by the second stage, however, has 
a relatively broad optlmum reglon centered around 20k 
ohms so  that the actual source reststance of about lOOk 
ohms produces a sufflctently low notse ftgure. The 
emltter follower provides power gatn and approxlmate- 
ly the correct source tmpedance for the output stage; 
however, due to the tmpedance transformation, the out- 
put stage also influences the over all noise figure. Al- 
though all stages tnfluence the nolse flgure, the contrl- 
butlons from each are  small, and a s  shown in the per- 
formance table, over all notse flgures between ldb and 
2db can be obtatned. 

The source 

m 

Gatn Stabillty 

In order to obtatn the requtred galn stability and ltne- 
art ty,  a large amount of feedback, high open loop gatn, 
and good operating polnt stablltty were necessary. 
Typtcal temperature coeffictents for the drain current 
of an FET a r e  approximately -0.6 percent per degree 
Centtgrade while typical collector current drifts in npn 
transistors are about t O . 5  percent per degree C .  The 
dc feedback reduces these temperature coefftcients by 
a factor of 10, and In addttton, reverses the transistois 
coefftctent improving Its ac  galn characterlsttcs a t  the 
lower temperatures. The resulttng dc operating potnt 

0 

, 
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stability is typically ? 5 percent on FET drain current 
and ? 3 percent on transistor collector current over the 
temperature range +75% to -15OOC. 

The degree of open loop stablltty requlred is tndlcated 
by the differential of the basic feedback amplifier 
equation 

(3) 

where: 4 A f  z the change in closed loop gain 
A A = the change in open loop gain 

1 + AB = the feedback level 

For  thls circuit, due to the variation ln semiconductor 
parameters with temperature, open loop ac gain varies 
inversely with temperature down to about -lOO°C and 
then reverses. The maximum change in gatn is  about 
75 percent; thus, the amplifier open loop gain of about 
63db results In 43db of feedback and the required cbsed 
loop gatn stability of 0.5 percent. 

Low Temperature Operation 

Dlsregarding mechanical failures, passive components, 
In general, function in a normally predictable way a t  
any temperature from +lOO°C down to the cryogentc 
regton. For  example, all parameters of film reststors 
except temperature coefficient are normally controlled 
to -125'C. Informatton on solid tantalum capacitors 
shows relatively linear and predictable parameter 
variation down to -190OC. Since the field effect transis- 
tor  is a majority car r te r  device resembling a voltage 
controlled reststor, i t  also, in general, functions pre- 
dictably at lower temperatures. Bipolar semiconduc- 
tors, however, a r e  not normally rated for low temper- 
atures and published data for operation below -65OC are  
not usually available. 

Published typical operating charactertstics for silicon 
diffused bipolar transistors, at temperatures between 
-65OC and +lOO°C indicate a relatively linear variation 
wtth temperature. Above and below thls range, normal 
semiconductor properties begin to deteriorate and 
eventually disappear with the result that transistor 
action ceases. As shown by the experimentally obtained 
curves of Flgure 4, current gatn under constant dc 
current operating conditions, for example, decreases 
almost linearly from its +2SoC value as temperature 
decreases. Below -6OOC however, the rate of fall 
decreases and the characteristic curve tends to ap- 
proach zero gain at O°K asymptotically. Although the 
curves show that current gain drops to very low values 
(about 2% of its +2SoC value) a t  -2OO0C, the dynamic 
input impedance also behaves in much the same way 
thereby making amplification, at least for small slgnals, 

~~ 

possible. 

For low frequency FET ampltfters employing large load 
0 

(4) 

where: gm = small signal transconductance 
RL drain circuit ac  load resistance 

Voltage gain for bipolar transistor amplifiers is given 
approximately by 

where: hfe = short circuit small slgnal current gatn 
hie z short ctrcult input impedance 
RL = collector ctrcult ac load resistance 

If the two single stage amplifters are connected in 
simple cascade, however, neither opttmum over all 
gain nor satlsfactory low temperature operation is 
obtained due to the mutual loading. The large drain 
resistance of the FET stage is shunted by the relatively 
low input impedance of the bipolar stage and the high 
output impedance of the FET stage appears in ser ies  
wtth the input of the bipolar stage. A s  indicated in 
Figures 3 and 4, the gatn of each unloaded stage In- 
creases  as temperature decreases toward approxi- 
mately -lOO°C; however, the loading on the FET due 
to hie increases at a greater rate resulting in a de- 
creasing over all gatn characteristic. An addttional 
stage, consistlng of a simple emitter follower inter- 
posed between the two amplifiers provides the Imped- 
ance level conversion requlred to obtain more satis- 
factory performance from the over all amplifier. A s  
shown in Figure 5, the high input impedance and low 
output impedance of the emitter follower effectively 
isolate the FET and bipolar stages giving an over all 
voltage gain nearly equal to the product of the individ- 
ual unloaded gains. 

Electrical noise due to passive components will 
generally decrease as temperature decreases. Neg- 
lecting resistance changes due to temperature coeffi- 
cient, resistor noise decreases as temperature de- 
creases since the thermal component of resistor noise 
I s  directly proporttonal to the square root of tempera- 
ture. Current noise in resistors, however, is lndepen- 
dent of resistance and temperature. Noise due to capa- 
cttors tends to decrease at low temperatures stnce 
leakage decreases. 

The two main sources of noise in an FET are the 
thermal noise of the conducting channel and the shot 
noise caused by the gate leakage current. Since both 
sources a r e  increasing functions of temperature, the 
electrtcal nolse decreases a t  lower temperatures. 
Fllcker noise is  an additional lmportant source of ndse 
in bipolar transistors. Along with shot noise, it con- 
tributes to increasing electrical noise a t  lower temper- 
atures due to increasing junction resistance. 

to source resistance ratlos, the voltage gain is given 
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D C Operatlng Condtttons 

The notse ftgure of the FET stage I s  relatlvely tndepen- 
dent of the operattng polnt, whtle the notse ftgure of the 
btpolar stage I s  a senstttve functton of dc collector 
current. For  thts reason, the FET stage btastng I s  
based matnly In obtatning the correct operattng condt- 
tions In the output stage along wlth the hlghest gatn at 
the lowest practical current in the f t rs t  stage. The 
FET operates at about 60 ua and the output stage at 
about 200 ua. The resulttng total power requtrement 
ts less than 5 mtlltwatts and the open loop gain ts about 
1000 a t  +2SoC and -165OC. 

Packaglng Des@ 

Packagtng Requlrements and Constratnts. The pack- 
aging deslgn was based on the followtng ltst of requlre- 
ments and constraints: (Ftgure 1) 

1. The maxtmum package stze was to be .125 x 1.0 x 
2.0 tnches exclustve of termtnals and postttontng 
flanges. 

2. Six termlnals were to be provtded a t  one end of the 
package. These termtnals were .09 inch dlameter, 
gold plated, btfurcated, and soldered termtnals. 

Operattng temperatures were -125OC to +3OoC wtth 
a destgn goal of -175OC to +lOO°C. 

3. 

4. Headers contalntng the termtnals were of .062 tnch 
epoxyjftber glass board. Thts board was to extend 
beyond the maxtmum envelope .12 tnch on each 
stde to form posttton flanges for use durtng 
mounting. 

5. The package was to be elec trostattcally shtelded. 

Constdertng the above package requirements and con- 
stratnts, I t  ts apparent that the package must have a 
htgh degree of flextbtltty, especially in envtronmental 
temperatures; tt must be small and disproporttonately 
thtn, and tt sttll must support solder termtnals. Wtth 
the further conslderatlons of development time and 
development cost, the dectston was made to use mtcro- 
clrcutt techntques and rntcrodtscrete components as  
opposed to tntegrated ctrcutts. The GD Flat-Pak 
Module Techntque was used. Thts technlque was the 
only practtcal method of meetlng the . 125 tnch package 
thtckness requtrement and sttll use  discrete components. 

Descrtptton of the GD Flat-Pak - Module. The Flat-Pak 
is a welded planar electrontc ctrcutt module technlque 
developed by General Dynamtcs. The planar termtnol- 
ogy ts dertved from Its two dtmenstonal weldment con- 
ftguratton on a two stded prtnted ctrcutt board. 
the advantage of the repeatabtltty of a prtnted ctrcutt 
board plus the reliability of a reststance weldedmodule. 

___ 

It has 

The ctrcult board matertal ts mylar .001 tnch thtck 
lamtnated on both stdes wtth one-ounce copper (. 0014 
tnch thtck). Holes were etched through the clrcutt 
board matertal to accept the body of each electrontc 
component and In the area of each land to allow the 
lands to be placed through and therefore be conductors 
from one stde to the other, both for clrcutt contlnutty 
and for opposed electrode weldtng. The lands are 
matched pads on both stdes of the ctrcutt board con- 
nected together through the mylar substrate by electro- 
plated ntckel. The hole whtch I s  etched through the 
ctrcult board matertal for each land I s  smaller thanthe 
matched pads on each slde so that the mylar i s  sand- 
wtched tn a stmtlar way as wtth an eyelet. The elec- 
trontc components were dropped into the etched clear- 
ance holes tn the ctrcutt board matertal and the leads 
were welded to the lands wlth a vertlcally opposed 
electrode weldsr. Thts eltmtnated the necesstty to 
bend the leads of all electrontc components whlch have 
coplanar leads. The leads were pre-cut to a pre- 
determlned length and are relattvely short stnce no 
heat stnktng I s  requtred durtng the short weld cycle. 

The clrcutt tnterconnecttons are ntckel plated copper. 
The electro-plated ntckel serves a dual purpose. 
acts as a rests t  to the copper etchant durtng ftnal 
etching and It aids weldtng due to the low reststance of 
copper when bare and unplated. 

It 

The mtntmum thtckness of the Flat-Pak Module ts 
determtned by the dtmenston of the largest electrontc 
component In the module. Stnce components l ie  ln the 
holes In the ctrcutt board, they protrude from both 
stdes of the ctrcutt board, and the thtckness of the 
ctrcutt board I s  not addlttve tn determtntng the module 
thickness. The maxtmum hetght of each component as 
mounted was ltmtted to 0. 11 tnch for thts 0. 125 lnch 
dtmenston of the module. The mtntmum length and 
mlntmum wtdth of the module a re  determtned by the 
cross  secttonal area of each component plus the con- 
ductor area, the weldtng land area,  and necessary 
spactng between each. It follows, then, that holdtng 
line conductor lengths to a mtntmum and equaltztng 
the number of conductors on each stde of the prtnted 
ctrcult board wtll tend to tncrease the over all parts 
denstty by holdtng down the area requtred for  
conductors. 

Packaglng Layout of the Module. The packagtng layout 
was made four times scale on mylar drawtng format. 
The choke of scale was made to a large extent by con- 
stdertng conductor widths and weldlng land stzes  versus 
available tape widths and circle sizes stnce the masters 
were made by taping. The layout was made on a draw- 
tng format to expedite the task stnce It became the 
assembly drawing af ter  the addttton of tdenttflcatlons 
and the parts 1lst. The electrontc components were 
latd out to the maximum slze allowed by spectflcatton 
wtth connectton points shown as lands o r  ctrcles wtth a 
cross  tn the center for  matchlng the a r t  work. 

- 

A frame 
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was added all around, external to the circuit area, for 
handltng ri gldity and to prevent damage during later 
fabrication and assembly. Thts frame alee zr+s zz n 
"thtef" during electro-plating to prevent excesslve 
nickel build-up on the conductors. Lands were also 
added, external to the circuit area, for use during 
assembly for further proofing of weld schedule and for 
inspection. As a matter of nomenclature, the side 
vtewed when looktng at the layout ts considered 'hear 
side" and is the side on which all electrontc components 
are mounted. Conductors for tnterconnection are shown 
as single ltnes and conductors on the " f a r  side" of the 
board to  component leads are shown as  dotted. 

Preparation of the Ctrcult Photo Masters. The art work 
for the circuit photo masters (Figure 8) i s  the conven- 
tlonal black tape and ctrcles on mylar drawlng format. 
The masters  were made to match the layout and there- 
fore match each other. Three photo masters are re- 
quired for the Flat-Pak These are the near si& c i r -  
cuit, the f a r  slde clrcult, and the hole pattern. The 
hole pattern master allows holes to be etched for the 
components and in the welding lands for conttnutty from 
one side to the other. For  the component holes, the 
entire component outline was taped solid, but for the 
weldlng land holes, only a small circle was placed in 
the center of the land. The land size 1s .060 Inch 
diameter on both stdes and the hole through the mylar 
is .040 lnch dtameter. This, once again, is for the 
eyelet effect. The conductor ltnes a r e  .016 tnch wlde. 
These were the dimensions before nickel plattng. The 
module size I s  1.0 x 2.0 inches exclusive of the frame. 

When the masters  were photographed to reduce them to 
the actual slze of the module, a number of tmages were 
put on a single sheet of ftlm by a step-and-repeat pro- 
cess. This allows several module printed clrcult boards 
to be made at one time on a slngle sheet of material. 
PositSve transparencies of each of the three masters  are 
used in this process. 

Fabrtcation of the Prtnted Ctrcutt Board. The Flat-Pak 
Circuit Board material is copper/mylar lamhate. The 
mylar substrate thickness is . 001 Inch and the copper 
I s  one-ounce on each side. Briefly, the b a s k  steps of 
fabrtcattng clrcult boards are as follow: (Figure 9) 

1. The copper/mylar laminate is senstttzed with a 
photo res t s t  and is exposed to llgfit with the hole 
pattern posltlve in contact. 

2. The copper on one stde of the laminate and the 
mylar are etched away in this hole pattern leavlng 
only the copper on the other slde. 

3. New photo resls t  is applied and the laminate Is 
again exposed to ltght wlth near stde and far slde 
ctrcutt pattern postttves In contact. 

4. These clrcult patterns on each side of the laminate 
are then electro-plated with nlckel to a .004 inch 
CL, -1- - -- 
C L I L C . n * l S i U U .  

5. The photo resls t  is removed and all copper is 
etched away leaving only the nickel plated circuit 
and exposing the mylar substrate contalnlng the 
etched component holes. 

The sheet of circuit boards I s  now ready for assembly 
and welding of electronic components in place. 
this polnt, these boards were fabricated with only 
photographlc,chemtcal etchtng and electro-plating 
processes and no hand work o r  machine work was 
required. 

Up to 

Assembly and Finish of the Modules. The electronic 
components and the header were resistance welded to 
the prtnted circuit board with a vertlcally opposed elec- 
trode welder (Figure 7). When the holes were etched 
ln the weldlng lands and subsequently plated, a dlmple 
was left on the far side of each land. The bottom elec- 
trode was located tn this dlmple while weldlng.J%ls 
cornbinatlon is an automatlc postttontng feature. The 
header was made from .062 inch thick epoxy/flber 
glass lamlnate with swaged-in solder termtnals. These 
termtnals contaln pins on the circuit side of the header 
which were reststance welded to the circuit lands. 

After the clrcult boards were assembled and function- 
ally tested, the frame was cut away from the clrcult. 
They were conformally coated with polyurethane and 
encapsulated tn a rlgld polyurethane foam. Thts foam 
was used tn preference to a solid o r  ftlled restn be - 
cause tests tndicated that It would be superior tn the 
extremely low operating temperatures and would least 
affect the circuit function. Some resins fracture at 
these low tempmatures. After curing, the foam was 
given a seal coat to insure a smooth surface on which 
to plate. 

The modules were then ready for electrostatlc shleldng. 
This was accomplished by nickel pIating the entire 
module except the header. The case common terminal 
has a plece of copper foil running to the surface of the 
module smh that, when plated, the case was attached 
to the foil and was electrically common. The modules 
were flrst coated over the surface wlth approximately 
ten mtlllonths of an inch of electroless copper and 
were painted, seriallzed, and identified and were com- 
plete and ready for final functtonal test. 

The volume of thls module is . 2 5  cubic inch and each 
module welghs 6 grams and contains 18 electronic com- 
ponents. The parts denslty, then, is 72 per cubic inch 
and wetghs less than one ounce per cubic inch. 
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Appendix 

1. Derivation of Amplifier Gain 

vgs = ei - vs 

= e  - ( i  + i  ) R  

= e  - g m V  R - i  R 

i =  = ( l + h  ) h  

i d c 2 1  

i gs 1 c2 1 

c2 hfe2 ib2 fel fe2ibl 

Then from Eq. (4) and (5) 

R. 
4 i = ( l + h  ) h  i 

c2 fel fe2 d R4 + hiel 

= P V g s h f e l  

where 

hfet = (1 + h ) h  
R4 

fel fe2 Rq + hiel 

Substituting Eq. (8) in (3) 

V = e . - g m V  R - g m V  R h 
gs 1 gs 1 gs 1 fe 

e . = V  ( l + g m R  h I )  
1 gs 1 fe 

e = V + i  R 
0 s c 2 2  

= e. - V + gm Vgs hfet R2 
1 gs 

From Eq. (10) and (12) 

e = V  ( l + g m R  h I ) - V  

+ g m V  h 

= gmVgshfel (R1+ R2) 

0 gs 1 fe g s  

gs fe' R2 

From Eq. (10) and (14) 

Eq. (15) is in the feedback amplifier form 

where 

K = g m h  fe I (R1 + R2) = open loop gain (17) 

= feedbackfactor (18) fe' 
KB= gmh 

R 

R + R  (19) 
1 B =  - -  

hfel 1 2  R + R  - 
1 2 1 + h  

fe 

Then since the open loop gainishigh (i. e. KB >> 1). 
the closed loop gain is 

1 R2 K = - = -  
f B R1 

2. Input Resistance 

e. e. R e . R  

i I S  gs 
R ='='=- 

i i e.-V V 

ei = vgs+ vs 

i 

gm hfe 
(22) - -- c 2 1 + i  R + i  R 

d 1  c 1  

i i R  
c2 c2 1 

-- + ~ + i  R 
c2 1 gmhfel hfe 

fe' R1 
l + g m R  + g m h  

= i  [ 1 

hfet c2 

= V  ( l + g m R  h I )  (25) gs 1 fe 

From Eq. (21) and (25) 

R . = R  ( l + g m R  h I )  (26) 1 g  1 fe 

3. Input Capacitance 

(27) gd) 
C. = C (1 -Kgs) + C (1 + K  
1 gs gd 

where 

C and C are the FET terminal 
gd capacitances 

K and K are the gate to source and 
gd gate to drain voltage gains 

gs  

gs  
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where 

Eno = total output noise voltage 

!. - amplifier voltage gain 
V 

B = noise bandwidth 

R = source resistance 
S 

k = Boltzman's constant 

T = absolute temperature 

From Eq. (lo), (27). and (29) 

1 c ' =  c gs g s l + g m h  ' R  
fe 1 When the amplifier consists of more than one stage 

the overall power gain is P1 . . . Pn and the out- 
put noise is For the C t e rm in Eq. (27) 

gd 

Vd id R4Re1 
K = - = - . -  

gd e. ei R4+ R ' 
1 e 

N = F P  + F  P P + . .  . o n n n-1 n n-1 

+ F I P n .  . . p1 
where 

%el + ') hiei! 
Re' = h  + 

Rel = the emitter resistor of the emitter 

+ hiel i e l  

follower 

where 

F is the per stage noise factor 

P is the power g d n  

n is the number of stages 

Dividing each te rm by the overall power gain gives 
the overall noise factor From Eq. (10) and (31) 

(3 7 )  
Fn . .  F2 

p1 '1. . . 'n-1 
= F  + - + .  

The noise figure for the emitter follower and com- 
mon emitter amplifier is found as follows: 

From the general noise factor equation 

and from Eq. (27). (31), and (32) 

(33) 

4. Noise Figure 

The noise factor of an amplifier is defined as 

Total noise power referred to amplifier input 
Noise power due to the source resistance (34) F =  

Since both the input signal and the input noise 
power have the same generator resistance Rs, 
and both the output signal and output noise power hav 
have the same load resistance; the noise figure 
can be expressed in the more conveniently meas- 
ured voltage rather than power. 

If the emitter follower signal output is expressed 
as 

2 

(3 9) 
Vs2= 4 P s R s = 4 G  2 P R 

s s  
Re+ 

and the noise voltages a r e  expressed as 

= 4kTBRsG2 

= 4kTBRnG2 

Thermal noise in R 

Shot noise in R 

Thermal noise in R = 4kTBR (1 - - )  e 
Shot noise in R', 

S 

1 2  
n 

e G  
= 4kTBRtn 

Eno 
N F  = 20 log 

A ,/- 
V S 

(db) 
(3 5) 
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Then the noise factor is  

(41) 
e 1 2  R '  R 

+ - (1 - - )  
Rn n 

= 1 + - +  - 
Rs G ~ R ~  Rs G 

Since G will be very nearly unity 

Rn Rn' 

Rs Rs 
F = l + - + -  

where 

P = signal power 

R = source resistance 

R = equivalent noise resistance 

S 

S 

n 
Rn' = transformed equivalent noise resistance 

of next stage 

R 
e G=- = voltage gain of emitter 

Re+ follower 

5. Output Resistance 

V = ( i  + i  ) R  (43) 

(44) 

s d c 2 1  

=gmVgs  R 1 + i  c2  R 1 

- gmVgs (4 5) 
vS i = -  

c2 R1 

From Eq. (11) and (45) 

(46) 
vS 

e = V  +-R - g m V  R 
o s R 1 2  gs  2 

The output current i s  the difference between the 
feedback and collector currents. 

vS i = i  - i  - 
-- - gmVgs 1 

o f b c 2 R  

(4 7) 
- gm vgs hfe' 

Since Ro is measured with ei equal to zero 
V = -V , therefore 

gs s 

e Vs+ VsR2/R + gmVsR2 
0 1 

o i Vs/R + g m V  + g m V  h ' 
0 1 S s fe 

R = - =  

R2 

gm hfe' 

1 +- 
- R1 

R + R 2  

KB 
. 1  -~ - 

R R gm 

R + R 2  
1 2  1 +  
1 
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