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THIN -FILM WIDEBAND TUNNEL -DIODE 

AMPLIFIER 

I. INTRODUCTION 

A considerable number of tunnel -diode amplifiers 

operating in the megahertz (MHz) and gigahertz (GHz) have 

been reported in the literature (2,20,29). Though some 

of them achieved a gain- bandwidth product of 
a few GHz, 

or even tens of GHz, few attained a bandwidth1 higher 

than a decade (20,21) and hardly any showed promise of 

being able to develop into a truly wideband amplifier. 

This limitation on the bandwidth of the existing 
tunnel - 

diode amplifiers can be attributed only to the mode 
of 

the amplifier design and not to the tunnel -diode 
itself 

which is capable of operating from d -c to tens 
of GHz. 

The amplifier to be presented here does not have 
those 

inherent limitations on bandwidth and, for the first time, 

the full frequency capability of a tunnel -diode is uti- 

lized. 

In this paper, the design and experimental results 

obtained with three models of a wideband and constant 

gain tunnel -diode amplifier designed for operation 
from 

1 
The term bandwidth is defined as either, (1) the dif- 

ference between the limiting frequencies of 
a continuous 

frequency band, or, (2) the range of frequencies within 

which performance falls within specific limits 
with re- 

spect to some characteristic. When the latter definition 

is adopted, the range can be expressed in terms of the 

ratio between the upper and lower limiting frequencies. 
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d -c to 500 MHz range will be presented. The current gain 

per stage of the amplifier was approximately three. More 

than one amplifier stage could be coupled together to 

obtain higher gain. The amplifiers were designed to work 

with a source impedance of 50 ohms and an input signal of 

five millivolts (mv). 

The wide bandwidth was achieved by the use of com- 

mon-base transistor stages to isolate the input and out- 

put load from the tunnel- diode. This assured the proper 

load impedance on the tunnel -diode for a wide frequency 

spectrum. Further, the isolation transistor stages also 

offered the means of coupling more than one amplifier 

stage together to attain even higher gain- bandwidth prod- 

uct. Thin -film circuitry was employed in the construc- 

tion of the amplifiers to minimize the stray reactances, 

mainly inductances, due to the interconnections. The 

ultimate limitation for high -frequency operation will be 

the transistor's ability to maintain the isolation func- 

tion and the inductances introduced by the interconnect- 

ing leads and by the emitter -base junction of the tran- 

sistor. It was shown that the upper frequency limit will 

be in the few GHz range. 

The main difficulties encountered in the design of 

tunnel -diode amplifiers for wideband operation were con- 

cerned essentially with questions of matching the 



negative resistance of the tunnel -diode to the corre- 

sponding load impedance for an indicated frequency band 

and (at the same time) maintaining isolation between the 

input and output in order to obtain unidirectional gain. 

Being a two -terminal device, a tunnel -diode has 100% 

coupling between its input and output. If useful gain 

is to be obtained, this must be secured by additional 

circuit components. 

The load -matching problem of the tunnel -diode 

amplifiers has usually been solved'by the introduction of 

a resonant circuit (4,9,30). For the series resonant 

amplifier, the inserted inductance and the capacitance of 

the tunnel -diode formed a resonant circuit which can be 

tuned to a desired frequency. Similar to the other types 

of resonant amplifiers, wider bandwidth can be obtained 

at the expense of gain. A parallel configuration can 

also be realized for this type of amplifier by the use of 

a cavity resonator with a tuning coaxial capacitance 

bar (27). In amplifiers designed to operate at ultra- 

high frequencies, improvement of bandwidth can be 

achieved by employing band filters in the form of strip 

lines instead of tuning the resonant circuit to a fixed 

frequency (21) . 

The problem of obtaining unidirectional gain and /or 

isolation between input and output was resolved by 

3 
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utilizing the reflection property of electromagnetic 

waves. Basically, the reflection -type amplifiers were 

designed so that the reflected signal from the amplifier 

would be constructive where gain was to be obtained and 

destructive where isolation was desired. One of the more 

popular reflection -type amplifiers called for a circula- 

tor to be used in the circuit (34). The input signal was 

fed to the tunnel -diode amplifier through the circulator 

which was usually made up of ferrite material and had the 

property of transmitting the electromagnetic wave through 

in only one direction. The amplified signal was reflect- 

ed to the circulator, which directed it towards the load. 

With the impedances properly adjusted, the reflected wave 

was greater than the incident wave and thus power gain 

was obtained. The application of a circulator was, to 

some degree, limited to the centimeter waveband. At . 

lower frequency (UHF), the dimensions of the circulator 

might prove to be excessively large and thus impractical. 

Another method permitting directional transmission 

of the input signal was to use a 3 -db coupler, or a 

hybrid junction (29). Two tunnel -diode amplifiers, con- 

nected to the junction with wave -guides differing in 

length by one -fourth of the operated wave- length, were 

employed in this configuration. This phase relationship 

resulted in the addition of the two amplified and 
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reflected waves at the output load, and cancellation at 

the input terminals. Theoretically, 100% addition or 

cancellation will take place for a single frequency only. 

The schemes employed, as mentioned in the previous 

paragraphs, to obtain "useful gain" from tunnel -diode 

amplifiers were inherently frequency limited. It was 

obvious that a tuned circuit would have a limited band- 

width. The band -filters, circulators and hybrid coupled 

junctions were all designed for a specific frequency 

band. This was why most of the tunnel -diode amplifiers 

reported had a bandwidth less than a decade. 

This paper presents a new approach for designing a 

wideband tunnel -diode amplifier. Only the circuit 

aspects of a tunnel -diode as a negative resistance ampli- 

fying component are included here. A discussion on the 

physics of tunnel -diodes can be found in other references 

(11,19,25). The paper begins with a discussion on the 

amplifying properties of tunnel- diodes when operated in 

the negative resistance region and then follows with a 

theoretical analysis of the amplifier design. The 

experimental results obtained from the three amplifiers 

constructed are reported in the last chapter. 
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H. DESIGN AND THEORETICAL ANALYSIS 

Amplifying Characteristics of the Tunnel -Diode 

One way of showing the reason why the tunnel 
-diode, 

being a two -terminal device and thus void of 
impedance 

transfer characteristic, can be used as an amplifier 

element is to examine its differential conductance 
as a 

function of the bias voltage (26, p. 3 -22). Figure 1 

shows the V -I characteristic of a tunnel -diode 
and its 

differential conductance g as a function of voltage. 

V excess current 

0 
V 

Figure 1. Characteristic of a tunnel- diode. 

I 

I 
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The most interesting feature in the characteristic curve 

is that the slope becomes negative, which yields nega- 

tive values for g, for a certain range of bias voltage. 

A negative differential conductance, being opposite to 

the conventional positive conductance which consumes 

energy, implies the amplification of signal energy. This 

can be shown analytically, Consider the simple series 

circuit shown in Figure 2. 

Figure 2. Simple series circuit with tunnel -diode. 

The energy- balance equation of this series circuit is 

ei = i2Rs + i 
2 
RI, + i2rd(V). 

The differential resistance rd(V) of the tunnel -diode is 

a function of the d -c bias voltage, V. For the small 

signal case, rd can be considered to have a constant 

value. When the tunnel -diode is biased at the negative - 

resistance region, at Vo as shown in Figure 3, rd will be 

negative, causing the quantity i2rd to be negative also. 

By conventional circuit rules, negative power dissipation 

will be equivalent to power generation. The power "gen- 

erated" is divided between the source resistance, Rs, and 
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the output load, and and amplification results. 

II 

Load line of 
equivalent load 
impedance 

Stable 
/operating 

point point 

Figure 3. Illustration of stable bias condition 
at the negative -resistance region. 

The source of this "generated" a -c power, from the 

principle of conservation of energy, can be traced to 

the d -c power supply. This becomes obvious when the 

total power dissipation of the tunnel -diode is consid- 

ered, 

pTD = IoVo + i2rd. 

When the tunnel -diode is operated in the negative - 

resistance region (Vo,Io), the power dissipation pTD 

will be decreased by an amount i2rd from the quiescent 

value I0V0; and the same amount, as shown previously, 

will appear in part at the output load. In other words, 

the tunnel -diode, when operated in the negative-resist- 

ance region, can convert the d -c source energy into 

L// 

RI, 
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signal energy. 

The amplification of signal energy can also 
be 

illustrated graphically. Consider a simple circuit where 

a tunnel -diode is shunted by a load resistor 
R. When the 

value of R is properly chosen (l /R is slightly larger 

than I -gI), a composite V-I characteristic such as shown 

in Figure 4 can be obtained. 

I 

Input 
current 

The composite 
characteristic 
curve 

Output current 

TD 

V 

Figure 4. Illustration of amplifying characteris- 

tic of a tunnel- diode. 

A small incoming signal current, which is 
represented by 

the current swing in the composite characteristic 
curve, 

will cause a much larger current swing at 
the load 

resistor R and amplification results. 

/t2 
- 

ti 
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Circuit Considerations 

Stability Criteria 

As already shown, amplification with tunnel- diodes 

is possible when the operating point is in 
the negative - 

resistance portion of the tunnel -diode characteristic. 

However, this operating point will be stable only under 

certain conditions. The subject of this stability cri- 

teria has been discussed quite thoroughly 
by Hines (18) 

and others (3,10,24,32). Generalized stability criteria 

have been established for many loading conditions 

(7,12,15,28). The most important criteria is that, for 

all frequencies where gain is larger than one, 
the equi- 

valent load impedance evaluated in parallel with 
the 

tunnel -diode, should always be less than the absolute 

value of the negative- resistance (1 
-rdl) of the tunnel - 

diode at the operating point. The requirement can be 

clearly illustrated by drawing different load lines 
(for 

various equivalent load impedances) in the negative - 

resistance portion of the tunnel -diode characteristic 

curve (see Figure 3). If the load line is to intercept 

the negative- resistance region of the characteristic 

curve at a single point and a single point only, as 

shown by load line I in Figure 3, the slope of the load 

line (which equals the negative of the reciprocal of 
the 

load impedance) must be greater than that of the 



negative slope of the tunnel -diode characteristic curve. 

In other words, to have stable operation the equivalent 

impedance must be less than the negative resistance of 

the tunnel -diode: This requirement imposes certain 

specific conditions on the method of coupling the input 

signal and output load to the tunnel -diode, on the choice 

of bias source, and the method whereby it is connected. 

If the equivalent load impedance is larger than the 

negative resistance of the tunnel -diode, the load line 

will intercept at more than one point with the tunnel - 

diode curve, as shown by load line II in Figure 3. 

Under this condition the operating point will be switch- 

ing between A and B and amplification will be impossible. 

Circuit Configuration of the Tunnel -Diode Amplifier 

The main feature in the following circuit design is 

that the input and output are isolated from the tunnel - 

diode by common -base transistor stages. Therefore, there 

is more freedom in selecting the proper loading on the 

tunnel -diode to achieve the desired gain and bandwidth, 

and meet the stability requirement for all frequencies. 

The circuit that will perform the function just mentioned 

takes the form as shown in Figure 5. 

Figure 5 includes only the main part of the tunnel - 

diode amplifier. To bias the tunnel -diode and tran- 

sistors at the proper operating points, additional 

11 
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Input Tl R T2 Output 

Figure 5. Basic elements of the amplifying 
circuit. 

circuitry is required. With the added circuitry, the 

complete one -stage tunnel -diode amplifier design 
is as 

shown in Figure 6. 

A brief list of symbols used in the circuit 
diagram 

will be helpful in the discussion of circuit features 

that follows.. 

List of Symbols Used in the Circuit Diagram 

B+ and B- ... voltage supplies, above and 

below ground respectively 
capacitors used for a -c ground cl, c2 

D1, D2 diodes 

RA, RB resistors involved in d -c 

biasing 

R1, R2 resistors involved in the a -c 

and d -c loading 

T1 and T2 input and output transistors 
for isolation purpose 

TD tunnel -diode 

ZD zener diode 



Input 

Input 
capacitor 

RA 

VV' 

B 

/ 

Tl 

R2 

TD 

B+ 

RE 

R3 T2 
Output 

Output 
C3 capacitor 

D2 

MA, 
RC 

jr. DI ZD 

o 

Figure 6. Circuit diagram of the one -stage amplifier. 

44-11 e 

OWEN 

I--- -1 H- e 
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Operation Principles 

With reference to Figure 5, the input current, 

after passing through Tl, encounters the tunnel 
-diode and 

its parallel load impedance. With the components pro- 

perly chosen, a composite V -I characteristic similar 
to 

that shown in Figure 4 can be obtained. The amplified 

input current at the emitter circuit of T2 will 
appear 

at the output and current gain is achieved. 

The additional circuitry shown in Figure 
6 is mainly 

for the purpose of d -c biasing and impedance 
matching. 

RA controls the operating point of Tl,and R1 
is added to 

give the proper impedance matching with the signal 

source. D1 and ZD serve as d -c voltage references which 

will not be affected by the signal voltage or 
current. 

The operating point of T2 is set by RD. With R2 control- 

ling the d -c bias current, the operating point of the 

tunnel -diode will depend on R2 as well as the current in 

Ti and T2. Normally, currents in Ti and T2 are approxi- 

mately the same so that the tunnel-diode's 
biasing point 

will be very sensitive to the value of R2. Another mode 

of operation is that T2 will be operated around 
the cut- 

off region so that its emitter -base impedance, 
Zeb 

can be used as an adjustable load on the tunnel- diode. 

Under this condition, the d -c currents in Ti 
and TD will 

be drawn from the source through R2. The gain of the 

, 
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amplifier can be adjusted by varying the load applied 
to 

the tunnel -diode. 

Stability and Gain Analysis 

A -C and D -C Loads on the Tunnel -Diode 

The value of the load impedance of the tunnel 
-diode 

changes with frequency. For stable operation, the 

stability criteria should be satisfied at the 
low fre- 

quency end, d -c, as well as at any other frequency. In 

general the d -c and a -c loads are different 
in an ampli- 

fier. However, in order to have a flat gain throughout 

the operating frequency range, the a -c and d -c loads 

should be kept approximately the same. 

The a -c load will be discussed first. Assume that 

the capacitors C1 to C3 are large enough to become 

effective a -c short -circuits to ground, and the tran- 

sistors Tl and T2 offer sufficient isolation;2 
the a -c 

equivalent load on the tunnel -diode will be 
as shown in 

Figure 7. 

There are three impedances, the collector 
-base 

inpedance of Ti, C Zcbl , R2 and the sum of R3 and 

T1 

2 
It is implied here, as well as in the discussions 

throughout the theoretical analysis, that the 
operating 

frequency in question is always below the upper cutoff 

frequencies of the active components concerned. 



16 

Figure 7. A -C equivalent load on the 
tunnel- diode. 

emitter -base impedance of T2, , which shunt across [Zeb] 
T2 

the tunnel- diode. With R2 and p cb ] in the order of 
Tl 

kilo -ohms, the a -c load on the tunnel -diode 
will be 

[z a-c [zeb] 
T2 

When T2 is biased in the active region, [Zeb] will 
T2 

have the value of a few ohms. This leaves R3 to be the 

determining factor in the loading. 

The d -c load is more complicated. A significant 

portion of the circuitry is devoted to satisfy 
the d -c 

stability requirements. D2 and R4 are added to provide 

a d -c return path for the effective a -c load [Z]a_c 

The resistance of this d -c return path must be 
kept at a 

minimum so that the difference between a -c and 
d -c load 

will be small. The choice of D2 depends on the potential 

difference between the base of T2 and the cathode of the 

= R3 + ' 



tunnel -diode. The effective d -c load is 

[z] d-c R3 + 
[Zed 

T2 + R4 + [Z]D2 

17 

which must be kept below the absolute magnitude 
of the 

negative resistance of the tunnel -diode. 
The magnitudes 

of R4 and [Z]D2, the diode impedance, will 
be a few ohms 

each. The value of the negative resistance 
of a tunnel - 

diode depends on the peak current. The normal range of 

the negative resistance values for germanium 
tunnel - 

diodes is from five to 250 ohms, corresponding to peak 

currents of 22 to 0.5 milliamperes. 

Equivalent Circuits 

Before a rigorous analysis can be made 
on the 

relationship between stability and circuit 
parameters, 

the equivalent circuits of the active devices, 
the tunnel - 

diode and the transistor, have to be examined. 
Figure 8 

shows the equivalent circuit for a tunnel 
-diode (33). 

L 
s 

and R 
s 

are the series inductance and resistance 

respectively; Cd is the capacitance of the 
junction and 

g is the differential conductance. 

It has been shown that this model is valid for 

operating frequencies in the GHz (22). The values of 

the parameters are determined by the quiescent 
operating 

point, or the d -c bias voltage for the tunnel- 
diode. 

For high frequency microwave tunnel -diodes, 
Ls, Rs, 

= 
C 

J , 



Figure 8. Equivalent circuit of a tunnel - 
diode.3 
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g and Cd are on the order of 10 -10 ,henries, 100 ohms, 

10 -2 mhos and 10 -13 farads respectively. Direct measure- 

ments for these parameters are extremely difficult. 

Indirect measurements which entail simplifying assump- 

tions are usually employed (1,17). The difficulty in 

making accurate measurements has an important bearing on 

the approach of practical circuit design. An elaborate 

circuit analysis, based on these approximated parameter 

values, is unwarranted. More emphasis should be placed 

on the experimental work. 

A simplified equivalent circuit for the forward 

biased emitter -base junction of a transistor is given in 

3 
The precise title should have been "The small signal equivalent circuit of a tunnel -diode biased at the negative differential conductance region ". Since only the negative differential conductance of the tunnel diode is of interest here, it is taken for granted that, unless otherwise stated, the tunnel -diode is biased at the negative region. The term g will imply 1 -gj. 

- 



19 

Figure 9. This model was chosen because it is simple and 

more important; also it agrees quite well with experi- 

mental results where a fast -risetime current pulse is 

used for measurement. For high frequency transistors, 

Figure 9. Simplified equivalent circuit for 
the emitter -base junction of a 
transistor. 

the values of c, ß and r are on the order of 10 -12 

farads, 10 -9 henries and 100 ohms respectively. Again 

it should be emphasized that the parameter values are a 

function of the quiescent operating point of the tran- 

sistor. 

The collector junction of a transistor operating at 

the active region is always reverse biased and therefore 

represents a large impedance, in the order of 104 ohms 

or higher. With reference to Figure 7, the collector - 

base junction impedance of Tl is much larger than that 

of the tunnel -diode and the emitter -base junction of T2. 

Consequently the collector junction, in this special 

case, can be represented by a current source (responsive 

. 
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to the input signal to Ti) shunted by a capacitor, as 

shown in Figure 10. 

Current 
source 

Figure 10. Simplified equivalent circuit for 
the collector junction of a 
transistor. 

The above presentation is not valid for frequencies 

higher than a few GHz where the shunting effect of the 

capacitor C can no longer be neglected. 

Stability and Gain of a One -Stage Amplifier 

As mentioned previously, the stability of the tun- 

nel-diode circuit depends on the equivalent resistance 

evaluated in parallel with the tunnel- diode. The prob- 

lem of stability analysis is reduced to that of finding 

a suitable equivalent circuit for the amplifier. With 

reference to Figure 7 on a -c equivalent loading, there 

are three impedances connected in parallel with the tun- 

nel- diode. R2 is designed to be quite large compared to 

R3 + [Zeb] and can be neglected. Using the results 
T2 

developed in the previous section, the equivalent 



21 

circuit for stability analysis will be as shown in 

Figure 11, 

R 

Figure 11. Equivalent circuit for stability 
and gain analysis. 

where L = the inductance due to T2 and the lead 

inductance, 

R = R3 plus resistance due to T2 (including R4 and 

diode resistance also for the d -c load), 

C = the sum of the collector junction capacitance 

due to Tl, emitter junction capacitance due to 

T2 and stray capacitance in the circuit. 

The equivalent circuit as shown in Figure 11 is valid 

only under the following conditions: 

(1) The quiescent operating points of Ti, T2 and 

TD are in the linear regions. 

(2) Ti and T2 offer effective isolations for the 

TD from the input source and output load at 

the operating frequency concerned. 
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(3) The environmental conditions, such as tempera- 

ture, are constant. 

The expressions for the impedances of the 
tunnel- 

diode(9) and its equivalent load in terms of 
the Lapla- 

cian operator "s" will be presented first and then 
the 

transfer function between i and i 
L' 

the signal current 

and the output current respectively will be 
derived. It 

is assumed here that the common -base current 
gain,0<, of 

the transistor is approximately one. 

The impedances of the tunnel- diode, ZTD, and its 

parallel equivalent load, ZL, are 

(RSCd LsCds2 
s ds 

2 
+ sCd 

- Lsg)s + (1 R g) 
s 

ZTD 
TD 

= Cds g 

Z = 
LCs + CRs + 1 

Ls + R 

where "s" is the Laplacian operator. 

where 

The transfer function between i and L is 

i 
L 

Z 
ZTD 

-7--- = 
i ZTD 

TD 
+ ZL L 

. 
a s4 
4 

+ a s 
3 

3 
+ a s 

2 

2 +as+ a - 1 (1) 
, 

2 
b4s4 
4 

4 
+ b3s3 

3 

3 
+ b2s2 

2 
+ b s 

1 
+ bo 

o 

a4 = LSCdLC 

a3 = LSCdRC + RSCdLC - L gLC s 

a2 = LSCd + LC - RsgLC.+ RSCdRC 
- LsgRC 

a = RC - RSgRC 
s 

+ RSCd - Lsg 

- 

- 
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ao = 1 - Rs g 

b4 = a4 

b3 = a3 

b2 = (LsCd + LC - RsgLC + RSCdRC - LsgRC) + LCd 

b1 = (RC - RsgRC + RSCd - Lsg) + CdR - Lg 

bo = (1 - Rsg) - Rg. 

The requirement for stability is that the poles of the 

transfer function fall in the left half side of the 

s- plane. This requires that the real parts of the roots 

of the equation, 

b4s4 + b3s3 + b2s2 + bls + bo = 0, 

be negative (5, p. 469 -485). Then, from the Routh - 

Hurwitz criteria (16, p. 395 -422) which gives the require- 

ments for a polynomial to have exclusively negative roots, 

the necessary and sufficient conditions for stability 

will be, 

b4, b3, b2, bl, bo >0, 

bl bo 

i0, 
b3 b2 

b1 bo 0 

b3 b2 bl 

0 b4 b3 

0. 

The stability requirements can be simplified when the 

following relations, which are generally true in 
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practice, are taken into consideration, 

L>> Ls 

R 
>>Rs 

C 10 -12 farad. 

This being the case, the stability criteria for the 

amplifier are reduced to the three conditions 

1 Rs + R, (2) 

Lsg 
Rs > cd (3) 

R > LC 
. 

(4) 

Equation (2) is a mathematical statement of the stability 

criterion that the negative resistance of the tunnel - 

diode should be larger than its equivalent load impedance, 

as mentioned previously. Note that equations (3) and (4) 

are of the same form, with equation (3) governing the 

parameters of the tunnel -diode and equation (4) that of 

the parallel load on the tunnel- diode. 

The current gain, given by the transfer function 

between iL and i, is accurate for U) C 1010 Séá. At the 

higher frequencies, the shunting effect of the capacitor 

C (which includes the capacitance of the input transistor 

as well as the stray capacitance of the circuit) will 

become prominent. Note that the magnitude of C is on 

the order of 10 -12 farads. The d -c current gain, is is is is 

= 

> 

, 

Ai, 



A. _ 
i 

1L 
i W = 0 

1 - Rsg 

1 - Rsg - Rg - 

From Equation (5), R can be expressed as 

Ai - RsgA. + Rsg - 1 
. 

R - 

(5) 

A. 

Effects of Temperature and 
Voltage Supply Variations 

25 

Allowable Variation in g 

The two most important factors that govern the 

value of g of a tunnel -diode are the bias voltage and 

temperature (27). It is evident, from Figure 1, that the 

differential conductance, g, varies with the bias volt- 

age. Variation in the voltage supply, or having a large 

input signal voltage, will result in a change of the 

bias voltage and thus the value of g. The effect of 

temperature on a tunnel -diode depends on the semiconduc- 

tor material of which the tunnel -diode is made. Since 

the basic properties of semiconductor materials are 

sensitive to temperature, the device's characteristic is 

expected to be a function of temperature. The manner in 

which g varies with temperature will be discussed below. 

In the previous analysis, in which a constant value 

of g has been assumed, the amplifier's stability and gain 

have been shown to be intimately related to the value 

(6) s y s 
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of g. The amplifier can tolerate only so much variation 

in g, due to the various factors just mentioned, and 

still perform within a specified standard. In view of 

the more stringent requirements for d -c stability, the 

d -c gain Ai will be chosen as the standard for comparing 

the amplifier's performance. 

Assuming that ± 30% variations in Ai are allowable, 

then the corresponding limits for g can be derived from 

Equation (5). Solving g in terms of A., we have 

A. - 1 A 
i 

- 1 

g = A.R + A.R - R A.R 
s 

(7) 

Differentiating Equation (7) with respect to Ai gives, 

g ti 1 N DAi AiR 

With ,n.A. = 0.3 Ai, Equation (8) becomes 

Lr = (0.3) Al-1 

(8) 

(9) 

Equation (9) shows that the higher the gain the the the the 

smaller the tolerance is for g. With the allowable 

variation in A- 30 %, the allowable percentage 

variations in g for different values of Ai is shown 

graphically in Figure 12. 

It should be emphasized here that the primary factor 

determining the range of allowable values of g is the 

stability requirements stated in. Equations (2), (3), and 

i. s .i 

x 

N 

Ai, 

being 
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Allowable Temperature 
variation of g tolerance °C 

30 60 

20 

Allowable 
variation in 
Ai is 30% 

40 

10 20 

8 10 12 14 

A. 

Figure 12. Current gain versus allowable 
variations in g and temperature. 

(4). When a certain range of variations in g is antici- 

pated, the circuit must be designed to allow such varia- 

tions without violating the stability requirements. In 

terms of the allowable variations in g, the tolerances 

on temperature and voltage supply can be defined. 

Tolerance on Voltage Supply Variation 

Examination of the circuit diagram in Figure 6 

shows that both B + and B voltage supplies affect the 

% 

0 
0 

1 

2 4 6 
0 
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bias voltage and consequently, the value of g of the 

tunnel -diode. The effect of variation in B+ will be 

examined first. The input and output transistors, Ti 

and T2, are virtually unaffected by small variations in 

B +. This is because the voltages at the bases of Ti and 

T2 are governed by voltage references Dl and ZD. Small 

changes in collector -base voltage usually do not affect 

a transistor's performance. However, the tunnel -diode's 

operating point is definitely modified by the alteration 

in B 
+e 

Figure 13 shows the relationship between the 

voltage across the tunnel -diode, which is represented by 

a negative resistor (rd), and the B 
+J 

Constant 
current 
source 

-r 

Constant voltage 
reference 

Figure 13. Effect of B+ on the operating 
point of the tunnel -diode, 
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The parallel combination of ( -rd) and R (the load resist- 

ance on the tunnel- diode), together with the resistor R2, 

form a voltage divider for e. The The percentage of the 

change in B+, ZNB+, that will appear across the tunnel - 

diode is, 

x 100X] 

Specifically for the amplifier to be described, R2 is 

designed to be over 5000 ohms. Then, with (_rd( 70 

ohms and R = 50 ohms (corresponding to a d -c gain of 

three), only 3.5% of LN,B1- will appear across the tunnel - 

diode. 

It is reasonable to assume that variation in B+ can 

be held within 0.1 %, in which case only 0.0035% of B+ 

will be added to the bias voltage. The normal value of 

bias voltage for a tunnel -diode is between 70 to 150 

millivolts. With the magnitude of 0.0035% of B+ (19 

volts) being well under one millivolt, it is evident that 

0.1% variation in B+ has negligible effect on the tunnel- 

diode's bias voltage. 

The minus voltage supply, B-, affects only the 

input transistor Ti. With techniques used previously, it 

can be shown that only 1% of L.13 will appear as 

input voltage at Ti. Comparing to an input voltage level 

of five millivolts, 0,1% change in B- will result in a 

R(-rd) 

R - rd 
OB x 

R . 

2 

= 
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4% alteration of the input voltage. Again it can be 

concluded that the probable variation in the minus volt- 

age supply has little effect on the amplifier. 

Tolerance on Temperature Variation 

The parameter which is most affected by temperature 

variation in a tunnel -diode is the excess current (6). 

It always increases with temperature. On the other hand, 

the peak current Ip can have either a positive or nega- 

tive temperature coefficient, depending on the type of 

semiconductor and degree of doping (31). The commer- 

cially available germanium tunnel -diodes doped with 

indium, gallium and arsenic and with a resistivity on the 

order of 6x10 -4 ohm -cm have a negative temperature co- 

efficient for I . The net result is that the differen- 

tial conductance g decreases with temperature. The 

variation in g is quite significant even with a change 

of ± 30 °C in temperature. The temperature coefficient 

for the differential conductance g of the tunnel- diodes 

(GE- TD251A) used in the experimental amplifier is 

estimated (13, p. 12 -14) to be -0.5/ / °C. In terms of 

the temperature coefficient the tolerance on temperature 

variations can be calculated. The result is shown in 

Figure 12. 

Another effect due to the variation in temperature 

is that Vp and Vo (see Figure 1) tend to shift toward 

P 
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the origin as temperature increases. The rate of shift 

for Vo is estimated (13;26, p. 22 -27) to be between 

(0.05) to (0.1) / / °C. If the load line remains constant, 

the quiescent operating point will move down to a lower 

current value. This effect can be important when the 

slopes of the negative resistance and the load line are 

matched closely, or for the high gain amplifiers. For- 

tunately, this effect is compensated by the positive 

temperature coefficient of the ZD, estimated to be 

0.04/ / °C (23, p. 160). Referring to Figure 6, the bias 

voltage across the tunnel -diode will decrease when the 

zener holding voltage increases with temperature. As a 

result, the load line shifts toward the origin. Since 

both the load line and the negative portion of the tun- 

nel-diode characteristic curve shift in the same direc- 

tion with temperature, it tends to stabilize the operat- 

ing point. Another temperature compensation effect is 

that the change in voltage drop (due to temperature) 

across the emitter junction of T2 is offset by that of 

D2. Similarly, D1 offsets the change in the emitter 

junction of Tl and thus reduces the temperature fluctua- 

tions in the quiescent current of Tl. 

For an amplifier as a whole, the gain depends not 

merely on the value of g, but on R, the loading resist- 

ance as well. Since R includes two forward biased p -n 
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junctions, it is temperature sensitive also. The dynamic 

resistance of a forward biased p -n junction, rf, can be 

approximated (14, p. 45 -50) as, 

rf (ohm) = kT 
I l q ( ma ) y (10) 

where k = Boltzmann's constant 

q = the charge on an electron 

T = the absolute temperature, K 

I = forward current in milliampere (ma). 

The percentage change of rf with temperature, evaluated 

at room temperature T° = 300 °K, can be derived from 

Equation (10) as, 

or 

®rfl= OT, 
T qI ® 

LT . 

300 

With Equation (11), rf is shown to have a temperature 

coefficient of 0.33 % / °C. A 30 °C change from room tem- 

perature will result in 10% change in rf. However, the 

temperature coefficient of R can be considerably less. 

If rf is designed to be 20% of R, then R will have a 

temperature coefficient of only 0.07 % / °C. In another 

case where R is operated as a variable load, as described 

in the last paragraph on Operation Principles, then its 

temperature coefficient will approach that of rf. 

Since rf increases with temperature, it tends to 

0 r 
rf 

T 
o 

Grfl 

= 
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offset the drop in the amplifier's gain Ai due to the 

decrease of g with temperature. The calculated tempera- 

ture tolerances shown in Figure 12 have not included this 

compensating factor and thus represent the worst cases 

that can be expected. On the other hand, rf decreases 

with reduction in temperature and tends to hold down the 

increase in gain Ai due to the increase of g (with the 

reduction in temperature). The characteristic of rf 

enhances the thermal stability of the amplifier. 

Examples of Practical Design 

Even with the simplified amplifier equivalent cir- 

cuit model,it is difficult to predict the required para- 

meter values for a tunnel -diode to give a specified 

frequency response. It will be easier to predict the 

frequency response of an amplifier when a known tunnel - 

diode is used in the circuit. A certain amount of trial 

and error is involved in designing an amplifier to a 

specification. The general procedures in designing the 

amplifier are: 

(1) From the gain requirement, determine the value 

of R3 from Equation (6). 

(2) Estimate the values of the circuit's and 

device's parameters experimentally, or from 

the available specifications. 

(3) Check the stability requirements, as stated 

in Equations (2) , (3) , and (4) . 

i 
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(4) From Equation (1), calculate the theoretical 

frequency response of the amplifier. 

(5) Repeat the steps with modified circuit para- 

meter values if the desired frequency response 

has not been obtained. 

Five examples of practical amplifier circuits 

are presented here. They are: 

I. One -stage amplifier, conventional circuit 

II. One -stage amplifier, thin -film hybrid (TD251A) 

III. One -stage amplifier, thin -film hybrid (TD407) 

IV. Two -stage amplifier, thin -film hybrid (TD251A) 

V. Two -stage amplifier, thin -film hybrid (TD407) 

The circuit diagrams of the five amplifiers are given in 

Figures 14, 15, and 16. The amplifiers were designed 

around General Electric Company's (GE) TD251A and TD407. 

It was evident from the transfer function, Equation 

(1), that the lower the values of L 
s 

and Cd, the better 

the frequency response would be for the amplifier. A 

tunnel -diode with a much higher frequency capability than 

necessary should be chosen for the circuit. 

Table I gives the pertinent data on the major com- 

ponents incorporated in the amplifiers. Based on the 

components used in the amplifier and the anticipated con- 

struction methods to be utilized, the values of the para- 

meters for the equivalent circuit (Figure 11) were esti- 

mated4 to be as shown in Table II. 

4 See Evaluation of Circuit Parameters in Chapter III. 
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Table I. Pertinent Data of Transistors and 
Tunnel- Diodes 

Type 
Tunnel- 

Diodes 

Peak 
Current 
Ip (ma) 

Peak Point 
Voltage 
V (mv) 

Rs Ls Cd Resistive 

mho (ohm) (10- 9henry) (10 -12 Cutoff freq. 

farad) (GHz) 

TD251A 2.2+10% 80-90 
(Ge) 

0.016 7 1.5 1.0 6 

TD407 2.0 
(Ge) 

80 -90 0.014 6 0.1 0.5 35 

Tran- 

sistors 

Type 
Maximum Ratings 

Power VCBO 
Dissipa- 
tion (volt) 
(watt) 

Electrical Characteristic 

VEBO le Output Input Gain - 

Capaci- Capaci- Bandwidth 
(volt) (ma) tance tance Product 

(10 -12 (10 -12 
farad) farad) 

2N2857 0.2 30 
(Si) 

2.5 20 1.0 1.5 over 
one GHz 

2N918 0.2 30 
(Si) 

3.0 50 1.5 1.5 over 
one GHz 

c 

m 
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Table II. Estimated Values of the Amplifier's 

Equivalent Circuits. 

Circuit Tunnel -Diode External Load 

Cons truc- 
on 

Type yp 9 Ls Cd Rs L C R 

mho henry farad ohm henry farad ohm 

Conven- 
tional 
Circuit 

TD 
251A.016 1.5x 

10 

Thin - TD 
Film 251A .014 5x 

Hybrid 1010 

Thin- TD 
Film 407 .014 10-10 

Hybrid 

3x 

10-12 

7 7x10 9 7x10 12 45 

7 5x10 3x1012 35 

5x 6 3x15 9 1x1012 0 45 

1C 
1013 

The frequency responses of the one -stage 
amplifiers 

were calculated from Equation (1). The results are shown 

in Figure 17. The calculations of the frequency responses 

of the two -stage amplifiers needed additional 
justifica- 

tion. 

From the study of the effects of temperature 
and 

voltage supply variations it was clear that a high gain 

amplifier should be avoided. To obtain higher gain, the 

approach of coupling two stages of low 
gain amplifiers 

together were tried. The circuit diagram of this two 
- 

stage amplifier is shown in Figure 16. 
Note that the 

output transistor of stage one becomes 
the input tran- 

sistor of stage two. Also, ZD2 has higher holding 

lx 
10 
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(V) Two -stage thin -film amplifier 

(TD407) 

Current 
gain 

(I) One -stage conventional amplifier (TD251A) 
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Figure I.7, Calculated frequency responses of the 
amplifiers, 
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voltage than ZD1 so that T2 will not be operating 
in the 

saturation region. With the assumption that T2 offers 

sufficient isolation between the two stages, the fre- 

quency response of this two -stage amplifier can 
be 

obtained by squaring the gain of the one -stage 
amplifier. 

The calculated frequency responses for amplifiers 
IV and 

V are shown in Figure 170 

The conventional amplifier circuit presented 
here is 

an example of what can be expected from conventional 

components. The upper frequency limit is inherently 

limited to approximately 100 MHz. With thin -film hybrid 

circuitry, an improvement of five times on the upper 

frequency limit can be obtained. To extend the upper 

frequency further into the GHz range requires 
the strin- 

gent optimization of the layout of the 
thin -film circuit 

to have minimum distances between the basic elements 
of 

the amplifier (see Figure 5) and the use of higher 

frequency tunnel -diode (TD407)® 



42 

III. EXPERIMENTAL RESULTS AND CONCLUSION 

The Construction of the Amplifiers 

Three amplifiers, designed around the 
TD251A, were 

constructed. The TD407 tunnel -diode was too expensive 

($300 /diode) to use in the experimental circuits. Since 

the aim of the experiments was mainly to 
prove the 

feasibility of the design concept, the 
TD251A will be 

adequate for that purpose. 

Conventional Circuit 

Amplifier number I, shown in Figure 14, was con- 

structed with conventional components. Standard solder- 

ing techniques were employed. The geometry of the layout 

was such that the basic elements of the 
amplifier (see 

Figure 5) were placed close together. Attempts were made 

to shorten the lengths of all interconnections 
to mini- 

mize inductance. The final configuration of this 
conven- 

tional circuit is shown in Figure 18. 

Thin -Film Hybrid Circuits 

As an improvement over the conventional 
circuit, 

amplifiers II and IV were made of thin 
-film circuitry. 

All the passive elements and their interconnections 
re- 

lated to the a -c load (as marked in Figures 15 and 16) 

were made of thin -film depositions. The active 
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Figure 18. Final configuration of the 

conventional circuit amplifier. 

components, the transistors and tunnel -diodes, 
were in 

chip forms and were attached to the thin 
-film circuit by 

conducting paint. Data on the construction of this thin 
- 

film circuit is in the Appendix. 

The main reason in employing thin -film 
circuitry is 

to reduce the size of the passive components 
and the 

lengths of connections between different 
components. 

With the reduction in size and length, 
the stray capaci- 

tances and inductances are greatly reduced. 
An example 

of the two -stage thin -film amplifier 
is shown in Figure 

19. The thin -film circuit (as marked by a square) is 

g 
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seen in the middle of the photograph. A close -up of the 

thin -film circuit is shown in the Appendix. The conven- 

tional components seen in the background are related to 

the d -c bias circuit. 

Figure 19. Two -stage thin -film hybrid 
amplifier. 

Estimation of Circuit Parameters 

The device specifications furnished valuable infor- 

mation for the estimation of the amplifier's circuit 

parameters. Some data which were not critical to the 

amplifier design, or appeared to be reasonable from past 

experience, were accepted without further experimental 

measurements. For example, the common -base current gain 
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of a transistor can be taken to be approximately one (at 

frequencies below one GHz). Data not available in the 

specifications were measured experimentally. All compo- 

nents used in the circuit were checked on a curve tracer, 

In particular, the peak current and peak voltage of 

the tunnel -diode were accurately measured, The value of 

I 

-gl of the TD251A was modified from the typical value 

of 0.016 mho (corresponding to a peak current of 2.2 ma) 

to some lower value when the tunnel -diode had a peak 

current less than 2.2 ma. The estimated value of the 

series inductance Ls was much less in the thin -film cir- 

cuit because the tunnel -diode was in the form of a disk, 

By comparison with the other packaging specifications for 

tunnel- diodes, the Ls was estimated to be 0.1 nanohenry 

(nh) in the thin -film circuit. 

Another critical parameter in the amplifier design 

was the emitter -base impedance of T2, (Zeb) . Since the 
T2 

specifications did not contain information about Zeb for 

common -base operation, this was determined experimentally. 

It is known that the input impedance of an emitter -base 

junction is inherently inductive (14, p. 81 -90). The 

inherent inductance (other than that due to the leads) is 

caused by the amount of time required for carrier injec- 

tion and the resulting conductance modulation. The cir- 

cuit arrangement shown in Figure 20 was used to measure 
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To Tektronix 
661 scope 

................. 5K 

Figure 20. Experimental circuit for measuring 
the emitter -base impedance. 

Zeb. The wave -form of the voltage drop across the 

emitter -base junction due to a known current -pulse was 

displayed on an oscilloscope. The voltage drop was com- 

posed of ,Qát and ri. Knowing the input current pulse, 

the values of r and / of Zeb can be evaluated. A typical 

case illustrating this method is shown in Figure 21. 

With this method, the upper limit of the inductance of 

Zeb was established as less than ten nanohenries, 

The overall inductance L, which includes that of T2, 

in the equivalent circuit was checked by a resonant -gain 

experiment. Notice that the tunnel -diode and T2 form a 

loop circuit that contains R, L and C. Comparing this 

5K 

1 
Z 
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Figure 21, Emitter -base impedance measurement 
scheme. 

combination with a tuned amplifier employing an anti- 

resonant circuit (8, p. 405 -416), the overall inductance 

L in the equivalent circuit can be recognized as the 

tuning inductor. The maximum gain of a tuned amplifier 

occurs at the anti -resonant frequency, far, which is 

given by 

far 
l 

. 
ar 21r LC 

(12) 

Equation (12) can be used to give an estimate on the 

overall inductance L in the equivalent circuit. The 

gain of the conventional circuit was observed to be peak- 

ing at around 600 MHz while that of the thin -film circuit 

to be at 700 MHz. Assuming that the value of C, the 

v (mv) 

= 

- 
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overall capacitance, was between five to ten picofarads 

(pf), L was estimated to be around ten nanohenries. This 

was consistent with the measurement on the inductance of 

Zeb 

Operation of the Amplifier 

Adjustment on the Input Transistor Ti 

The purpose of the input transistor TI was to 

isolate the tunnel -diode from the input source so that it 

should be operated in the active region at all times. 

The operating point of Tl was controlled by the adjust- 

ment on RA (see Figure 6). Once the operating point of 

T1 had been set, then Tl acted as a constant current 

sink to the rest of the circuit. Obviously Tl should not 

be set at a quiescent current higher than the amount that 

can be furnished through R2 and T2. Otherwise, the 

tunnel -diode will be reverse biased and no gain will be 

available. 

Adjustment on the Output Transistor T2 

The operating point of the output transistor T2 was 

the most important factor in the successful operation of 

the amplifier. It determined the load on the tunnel - 

diode and also controlled the bias voltage on the tunnel- 

diode. A detailed description on the biasing of T2 is 

presented here. 

- 
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The voltage drop across R4 and D2 which was con- 

trolled by the adjustment of RD forward biased the output 

transistor T2. As the forward bias voltage was increased 

(by decreasing RD), a point would be reached when T2 can 

no longer force any more current through Tl (remember 

that Tl acts as a constant current -sink). Further in- 

crease in the forward bias voltage would be counter- 

balanced by the resulting increase in voltage drop across 

the tunnel- diode. In this manner the operating point of 

the tunnel -diode can be varied. 

The load on the tunnel -diode also changed as the 

forward bias voltage was increased. The situation can 

best be illustrated by graphical method. Figure 22 shows 

the operating point of the tunnel -diode versus the for- 

ward bias voltage. The load lines, which represent the 

parallel loads on the tunnel -diode at different forward 

bias voltages, are numbered in order with increasing 

forward bias voltage. Stability and gain can be obtained 

only under the condition similar to case 3. The others 

will result in oscillation or yield a gain less than one. 

With case 3, there exists a point where maximum gain is 

obtained. Further increase or decrease in the bias 

voltage from that point will result in a reduction of 

gain. All these were observed experimentally. 
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,No gain 

,Proper operating 
i point 

i 

Oscillation 
ì 

i 

Figure 22. Graphical analysis of the operating 
point of a tunnel -diode. 

Adjustment on R2 

Though the operating point of the tunnel -diode was 

basically controlled by the bias voltage on T2, minor 

adjustments, in the form of displacing the load line up 

and down from the original position, can be made by vary- 

ing the value of R2. The voltage drop across R2 was 

essentially fixed to be the difference between the B+ and 

VZD' 
the reference voltage of the ZD. However, the cur- 

rent through R2 was not constant and it depended on the 

value of R2. This is illustrated in Figure 23. The 

operating point of the tunnel -diode would be shifted 
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upward or downward in current when R2 was decreased 
or 

increased respectively. 

Current(ma) 
4 

Current flowing 
in R2 

Voltage 

10 15 (volt) 

(B'- 

Figure 23. Voltage- current characteristics 
of R2. 

However, the value of R2 should not be decreased 

much beyond ten thousand ohms. That is, the current 

flowing through R2 should be limited to approximately 

one milliampere. The limitation can be visualized from 

Figure 13. Looking from the collector lead of Tl, R2 is 

in parallel with the parallel resistance of the tunnel 
- 

diode and its load R. Assuming that the negative resist- 

ance of the tunnel -diode is 65 ohms and its load resistor 

R to be 60 ohms, the parallel resistance of this combina- 

tion will be 

( -65) (60) 800 ohms. 
( -65) + 60 

- 

2 

Ñ 

A 

VZD 
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A considerable portion of the signal current will be lost 

to R2 when it is dropped much below ten thousand ohms, 

and current gain will be reduced. It was observed in the 

experiment that, when the current in R2 was increased to 

approach the limit set by Tl, the output transistor T2 

was cut off completely, resulting in oscillation or zero 

output. 

Experimental Results and Conclusion 

Experimental Results 

The tunnel -diode amplifier that has been analyzed, 

in principle, is capable of having an extremely wide 

bandwidth, from d -c to the upper cutoff frequency of GHz. 

It has been the aim of the experiments to show that the 

design principle is workable and the amplifier is 'prac- 

tical'. That is, the amplifier can achieve reasonable 

gain and is stable under normal environmental and elec- 

trical disturbances. 

The three experimental amplifiers, the conventional 

circuit and the one- and two -stage thin -film hybrid cir- 

cuits described in Chapter II, were tested for their 

frequency responses. Figure 24 shows the block diagram 

of the testing arrangement. 



Trigger 
take -off 

Tektronix 
110 pulser 

50 ohm 
output 
impedance 

50 ohm 
cable 

50 ohm Tunnel- 
cable diode 

°amplifier 

_ 

Tektronix 
661 scope 

50 ohm 
cable 

11 
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50 ohm 
input 
impedance 

Figure 24. Block diagram for the testing of 

amplifier frequency response. 

The input to the amplifier was a voltage pulse with the 

following properties (see Figures 25, 26, 28), 

magnitude Ao 10 my 

rise time i 0.5 nanosecond (ns) 

duration ,N 20 or 120 ns . 

The output waveform yielded information on the flatness 

of current gain and the upper cutoff frequency. 
The 

fact that 120 ns pulses were amplified (see Figures 25, 

28, 29) without much distortion (with the exception of 

Figure 25) indicated that the amplifiers had constant 

gains from the upper frequency limits down to frequencies 

less than one MHz. In the case with the conventional 

amplifier (Figure 25), the magnitudes of the input and 

output blocking capacitors were too small to be 

-1 
e 

o 



54 

effective feedthrough capacitors for the 120 ns pulse. 

The time constant for the 10 
-9 

farad capacitor in series 

with a few hundred ohms was on the same order of magni- 

tude with the pulse duration. That explained the ob- 

served exponential decade in Figure 25. Note that the 

input and output blocking capacitors, which were respon- 

sible for the limitation on the low frequency gain, were 

introduced only for the convenience of testing. 

The upper cutoff frequency of the amplifier was cal- 

culated from the rise time of the output pulse. They are 

related by 

upper cutoff frequency ti 0.35 - 

1 

(MHz) rise time 

The results obtained with the three amplifiers are sum- 

marized in Table III. The theoretical predictions cal- 

culated previously are included in the table for compari- 

son. Some discrepancies existed between the predicted 

and measured values, as shown in Table III, In view of 

the simplifying assumptions introduced in the formulation 

of the amplifier's equivalent circuit and the uncertainty 

involved in determining the parameter values for the 

tunnel -diodes used, some discrepancies were to be 

expected and can be tolerated for our purpose, 

(ns) ' 



Table III. Summarized Results on the Frequency Responses 
of the Experimental Amplifiers. 

Current Lower Freq. Upper Freq. Reference Comment 
Gain Cutoff Cutoff 

(MHz) (MHz) 

Conven- 
Predicted 5.5 

tional 
Circuit Measured 5.0 

d-c 

Less than 
one MHz 

100 Fig. 17 Apparently esti- 
mated reactance 

Fig. 25, 
of load impedance 

145 26 and 
was too high,thus 

27 
a lower frequency 
limit was predicted 

One -Stage 
Predicted 2.2 

Thin - 
Film Measured 2.0 
Circuit 

d-c 460 Fig. 17 

Less than 
one MHz 

440 Fig. 28 

Reasonable 
agreement 

Two -Stage Predicted 5.5 
Thin - 
Film 
Circuit Measured 4.0 

d-c 280 Fig. 17 

Less than 
one MHz 

230 
Fig. 29 
and 30 

Fig. 30 seems to 
indicate that 
oscillations took 
place at leading 
edge of output 
pulse. It could be 
due to malfunction 
of scope also. 
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50 ns/div. 
(horizontal) 

20 mv/div. 
(vertical) 

ii 50 ns/div. 
50 mv/div. 

50 ns /div. 
iii 

50 mv/div. 

Figure 25. Output responses with " +" and " -" input 
pulses of 120 ns duration, Amplifier I. 

10 ns/div. 
20 mv/div. 

di 10 ns/div. 
50 mv/div. 

10 ns/div. 
iii 20 mv/div. 

Figure 26. Output responses with " +" and " -" input 
pulses of 20 ns duration, Amplifier I. 

i ii iii 

Fig. Input pulse Output pulse Output pulse with 
25 " -" input 

Fig. Input pulse Output pulse Output pulse with 
26 " -" input 
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1 ns/div. 
(horizontal) 

10 mv/div. 
(vertical) 

1 ns/div. 
50 mv/div. 

1 ns/div. 
iii. 

20 mv/div. 

Figure 27. Risetimes of input and output, 
Amplifier I. 

14 `'k 

50 ns/div. 
20 mv/div. 

1 ns/div. 
20 mv/div. 

1 ns/div. 
20 mv/div. 

50 ns/div. 
20 mv/div. 

50 ns/div. 
20 mv/div. 

Figure 28. Frequency response of Amplifier II. 
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20 ns/div. 
(horizontal) 

20 mv/div. 
(vertical) 

20 ns/div. 
10 mv/div. 

20 ns /div. 
10 mv/div. 

Figure 29. Output responses with " +" and " -" input 
pulses of 120 ns duration, Amplifier IV. 
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The operating point of the tunnel -diode 
was approxi- 

mated by d -c measurements. The approximation was com- 

plemented by a dynamic measurement. By comparing the 

gains obtained with a positive and a negative 
input pulse 

(of the same amplitude), the operating point 
of the 

tunnel -diode was deduced. Figure 31 shows three possible 

operating points of the tunnel -diode. 
When the gains 

were the same for both pulses, as was the case shown in 

Figure 32, the tunnel- diode's operating point 
must be 

close to point B of Figure 31. When unsymmetrical gains 

were obtained, the operating point of the tunnel 
-diode 

would be at either A or C, corresponding to the 
cases 

shown in Figures 33 and 26. 

Figure 31. Possible operating points of 

tunnel- diode. 

Adjustment of the operating point was relatively 

simple for the one -stage amplifier. However, similar 

attempts on the two -stage amplifier failed 
consistently. 

The problem was that the operating points 
of each of the 
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10 ns/div. 
(horizontal) 

50 mv/div. 
(vertical) 

.. 10 ns/div. 
11 

50 mv/div. 

... 10 ns/div. 
50 mv/div. 

Figure 32. Symmetrical gains with " +" and " -" inputs, 
Amplifier I. 
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' 1 ns/div. 
20 mv/div. 

1 ns/div. 
20 mv/div. 

Figure 33. Risetimes with " +" and " -" input pulses, 
Amplifier I. 
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two tunnel -diodes could not be determined by 
d -c measure- 

ment alone; the anodes of the two tunnel- diodes 
were not 

accessible for direct voltage measurement. The a -c 

measurements of the operating points were complicated 
by 

the fact that the output depended on both operating 

points and adjustments on one operating point might 
affect 

the other. A certain amount of coupling between the 

stages was suspected. An improved design which will 

allow more independent adjustment on each stage 
and 

direct access for measuring the operating point of each 

tunnel -diode will be needed for the successful operation 

of the two -stage amplifier. 

The other pertinent results which are related 
to 

practical applications of the amplifier will 
be presented 

to complete the investigation. The effect of temperature 

variation on gain was examined and the result 
was con- 

sistent with the theoretical analysis. Figure 34 shows 

the gain variations under different temperature 
environ- 

ments. At 20 °C above room temperature the steady 
state 

gain was reduced by approximately 20 %, which 
was within 

the limits predicted. 

An investigation on the effect of voltage supply 

variation was carried out also. Noticeable changes in 

gains were observed when variations of ± 150 my from the 

B+ = 19 volts, or + 100 my from B =-10 volts were 
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5 ns/div. 
(horizontal) 

50 mv/div. 
(vertical) 

Figure 34. Variation of gain with temperature, 
Amplifier I. 
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Figure 35. Variation of gain with input magnitude, 
Amplifier I. 
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introduced. The variations were approximately 1% of the 

B+ and B and were ten times that to be expected from a 

regulated voltage supply. 

Throughout the theoretical analysis, the non- linear- 

ity of the tunnel -diode characteristic was stressed. The 

equivalent circuit analysis was carried out on the 

assumption that the a -c signal would be small. A large 

signal would displace the position of the operating point 

and the current gain would be affected. This non- linear- 

ity in gain for large a -c signal was observed in the 

experiment. Figure 35 shows the output waveforms for 

inputs with magnitudes varying from 21/2 to 15 mv. The 

gains changed, approximately, from seven to four as the 

inputs were increased. This will be a limitation on the 

application of the tunnel -diode amplifier. 

Summary and Conclusion 

Wideband tunnel -diode amplifiers using common -base 

transistor stages for isolation were investigated theo- 

retically and experimentally for stability, frequency 

response, and the effects of temperature and voltage 

supply fluctuations. The theoretical analysis determined 

the current transfer function which predicts the fre- 

quency response of the amplifier, and three stability 

requirements. The analysis also showed that the 

tolerance on variations in temperature and voltage are 

:. 
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inversely proportional to the gain of the amplifier. 

Three amplifiers, a one -stage conventional circuit, 

and one- and two -stage thin -film circuits were construc- 

ted and tested for their frequency responses. The 

results are shown in Table III. Effects of temperature 

and voltage supply variations were found to be within 

the theoretical predictions. 

The above results represent a workable model of 

tunnel -diode amplifier capable of having a constant gain 

over a frequency spectrum from d -c to 500 MHz. The 

design of this amplifier, which calls for isolation of 

the tunnel -diode from the input and output loads and so 

provides a relatively constant load on the tunnel -diode 

over the desired frequency spectrum, does not limit 

itself to the present frequency spectrum. The same prin- 

ciple can be applied to extend the upper frequency limit 

to approximately two GHz when higher frequency tunnel - 

diodes and better circuit construction techniques are 

employed. 
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CONSTRUCTION OF THE THIN -FILM CIRCUIT 

The base material of the thin -film circuit was a 

one -inch by three -inch microscope slide. Before the 

deposition, the slide was cleaned ultrasonically in a 

detergent solution. Precautions were taken to minimize 

contamination due to handling and dust in the air. After 

the slide was put into the evacuation chamber and the 

pressure pumped down, glow discharge was introduced to 

further clean the surface of the slide. A controlled 

amount of argon gas was fed into the evacuated chamber. 

At the same time, a high voltage (approximately 600 volt 

a -c) was applied between the metal base of the chamber 

and an insulated post in the chamber. A glow discharge 

was obtained when enough argon gas was present to in- 

crease the pressure (from 0.1 micron) to 50 microns. 

The quality of the film depended greatly on the cleanli- 

ness of the slide's surface. 

The masks for the depositions were made of stainless 

steel sheets of 0.001 inch thick. The etched patterns of 

the four masks used for the circuit are shown in Figure 

36. The vacuum chamber layout for the thin -film evapora- 

tions, as shown in Figure 37, shows the geometric 

relationship between the source of evaporant and the 

symmetrically placed thin -film circuit board and the 

monitoring plate. Some electrical contacts and 
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El 
a c 

Figure 36. Masks used for thin -film 
depositions. 

a. First mask used; Al evaporation, depositing 

the ground plane. 

b. Second mask used; Si0 evaporation, deposit- 

ing the insulation layer. 

c. Third mask used; Nichrome evaporation, 

depositing the resistors. 

d. Last mask used; Al evaporation, depositing 

the interconnections and capacitors. 
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Figure 37. Chamber layout for thin -film 

depositions. 
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mechanical linkages are omitted from 
the drawing for 

clarity. The pertinent data concerning the evaporation 

process are given in Table IV. 

Considerable difficulty was encountered 
in con- 

structing the thin -film circuits. The main problem was 

with the capacitors. Despite the precautions taken 
in 

the Si0 thin -film deposition, a number of the capacitors 

in each circuit board invariably were 
short -circuited to 

the ground plate. The cause of the short -circuits 
can 

be attributed to either the pin -holes 
in the Si0 film or 

dust on the surface during the evaporation. 
Neither 

could be corrected easily in an experimental 
laboratory. 

Also, a gross error was involved in the design 
of the 

capacitors. The upper plate of a thin -film 
capacitor 

should be designed to have a smaller 
area than the ground 

plate to avoid short -circuits over 
the edges (where the 

Si0 film was thinnest) of the capacitor. 
This step was 

overlooked in the design. 

Instead, time was spent to cure the short -circuited 

capacitors. High current pulses were applied 
to the 

short -circuited capacitors in increasing 
magnitude until 

the shorting path (or paths) in the capacitors were 

burned away. The current source for this 
operation had 

an open- circuit voltage less than 
the breakdown voltage 

of the capacitors (slightly over 15 volts). Otherwise, 



Table IV. Data on the Construction of the Thin 
-Film Circuit. 

Deposition Pressures Heat Source d t e 
(micron) Source Temp. (inch) (A) (ohm /sq.) 

( °C) 

Remarks 

Aluminum 
(Al) 

Silicon 
Monoxide 
(Sio) 

0.1 Tung- 1100 12 opaque - Amount of source material 

wire 
determined film thickness 

0.07 

Tanta- 
lum 1150 
baffled 
box 

8 5000 
Sloan7 deposition thick- 

- ness monitor used to 
monitor film thickness 

Nichrome 

Ni/Cr 
0.1 

Tung- 
sten 
coil 

1200 12 

Resistivity was monitored 
by employing an addition- 

_ 20 al slide, with electrical 
contacts. Ohmeter con- 
nected to slide gave 
instantaneous ohm /sq. 
readings. 

d -- distance between depositing surface 
and evaporant 

t -- thickness of film 

e -- resistivity of film 

5 The vacuum evaporator used was manufactured 
by Mikros, Inc., 

Portland, Oregon. 
6 The tantalum baffled box was manufactured 

by R. D. Mathis Company, 

Long Beach, California. 
7 

The deposition thickness monitor, 
DTM -3, was manufactured by 

Sloan Instrument Corporation, 
Santa Barbara, California. 
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the capacitors would be destroyed by the 
power surge 

once the short -circuits were eliminated. 

Most of the short -circuited capacitors 
were cured 

by the method mentioned and the circuit boards 
were 

saved. However, it was observed that the short -circuits 

were recurrent with time and the burn -out treatment had 

to be repeated. This problem persisted throughout 
the 

experiment. 

Figure 38 shows the completed thin -film curcuit 

board for a two -stage amplifier. The labels on the pho- 

tograph correspond to the circuit diagram 
of the two - 

stage amplifier shown in Figure 16. Considerable dis- 

tortion was introduced in the photograph due 
to the 

slanting of the slide. The slide was tilted during 

photographing for proper illumination of the reflective 

metal surfaces. 

The active devices (the transistors and tunnel - 

diodes) and their leads were fastened down, mechanically 

as well as electrically, to the thin -film circuit board 

by conducting glue.8 The completed two -stage thin -film 

hybrid circuit is shown in Figure 39. 

8 
The air dry silver conductive glue, 

trade named 

Silver Print, is produced by GC Electronics, 

Rockford, Illinois. 
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Figure 38. Completed thin -film circuit board for 

two -stage amplifier (actual size: 

6 /l0 x 6 /l0 sq. inch). 

Figure 39. Close -up of the two -stage thin -film 

hybrid amplifier. 


