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THEORY 

Negative Conductance Effects Through Avalanche 

The original work done in obtaining negative conductance through 

the mechanism of an avalanching p-n junction was by W. T. Read ,Jr. [ l) 

His theory laid the foundation for continued investigations by T. Misawa 

( 2] , who designed two Si structures based on a modified versi~n of 

Read's theor:les. Misawa called his diode structures AVX-1 and AVX-2. 

The AVX-1 approximated the structure of Read's .diode (abrupt junction 

where avalanche multiplication occurred evenly across the junction sur-

face). The AVX-2 used a hybrid of an abrupt and linear-graded junction. 

The AVX-1 structure was used in the design of the active RC line of this 

thesis. Therefore discussion will be limited to theory of operation and 

application of the AVX-1 structure. 

The AVX-1 (or IMPATT diode as it will be referred to from now on) 

produces a negative conductance effect in the following manner. 

Consider a simplified model of the diode shown in figure l. The 

junction is reverse biased so that avalanching occurs. The d-c com-

ponents of current and voltage are represented by I and V respectively; 

the a-c components by is and es. The p+ symbol represents heavy 

doping of the p material (this doping will be considered high enough 

relative to the doping of the n material so that the distance dJ, shown 

l 
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. . 

in the figure can be taken to be much, much smaller than the distanced). ' ·• .· 
. ·: .·:.· 

Under steady-state avalanche conditions it is assumed that in the 

space-charge region hole and electron. velocities are constant and v_ery 

nearly equal to each other (under this assumption the. transit time of 

holes through distanced can beneglected), changes in carrier densities 

do not appreciably affect the E-field distribution, and the magnitude of 

es is much, much smaller than V (small-signal conditions) .. :Thus, 

sinusoidal variations of es will produce sinusoidal variations in the E 
, 

field of the space-charge region. The E-field variations will produce 

similar variations in carrier densities and these variations will show up 

in the output current as is. However, variations in carrier density 
\ 

originate at the junction where avalanche is taking place. These changes 

in density must move across the space'.""'charge region (of lengthd) 

before they can be seen in the output current. Therefore, a phase d~lay 

of is relative to es {s present .. If the ·length of time it takes the 

electrons to cross the region is greater than a quarter of a cycle -of es, 

the impedance of the diode begins to look like a negative conductance 

shunted by some reactance. This is best illustrated by the phasor 

diagram in figure 2. For 90°-:(,0'(180°, the diode looks like a negative 

conductance shunted.by: a capacitive reactance. For 180°<..0'(270°, the 
\ 

reactive part becomes inductive. Optimum negative conductance is 

obtained when .0' = 180° or when. fs (the frequency of the signal source) 

~- , . 

........... :··,. 

( ."-·-. 
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equals l/2t where t is the transit time of the electrons across the 

space-charge region. For the particular IMPATT diode used in this 

thesis, d was given as sy and v, the carrier velocity as 107 cm/sec [21 • 

The transit time, found by using the equation t ·= l/v with the above 

values appropriately substituted, is found to be Sxl o-•i sec. This 

value of transit time, when substituted into the equation for fs yields 

a frequency for optimum negative conductance of 10 GHz. However, in 

the actual working device, this frequency will be slightly lower because 

of depletion-layer capacitance which is present in a back-biased diode. 

·Thus, over the frequency range where .>1 falls within the range of 90° 

to 2 70° I the avalanche diode can be represented by an equivalent 

parallel R-L-C network in which R is the negative-real part of the diode's 

impedance and C includes the depletion-layer capacitance that shunts 

the network. Also, it is apparent from the above discussion that this 

"resonant circuit 11 will exist only if the diode is operated in the micro-

wave region and that both the real part as well as the reactive part of 

the diode's impedance are a function of frequency. 

Two final factors that have to be considered are how the d-c bias 

supply and amplitude of signal voltage affect the operation of the diode. 

It was stated earlier that the resonance frequency (or frequency 

at which optimum negat~ve conductance occurs) is a function of cl. 

Sinced is a function of bias volta~e ,, any chang~ in bias voltage will 

: I 
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affect the diode's resonance frequency. Also, it was found by Read and 

Misawa that if the current density through the space-charge region was 

large enough to affect the E-field distribution within that region, the 

delay of the carriers was reduced. The greater the current density, the 

shorter the delay. If the. current density got high enough, the negative 

conductance effect disappeared entirely. This observation puts an upper 

limit on the amount of avalanche current that can go through the diode 

(aside from heat dissipation considerations). But, below this limit it 

is possible to 11 tune 11 the diode by varying the bias on the diode~ The· 

width of the space-charge region as well as the magnitude of the 

_negative conductance can be varied by suitable adjustment of the d-c 

bias. 

Finally, if the amplitude of the signal voltage becomes large 

enough tb cause appreciable modulation of the depletion-layer width, 

transit-time delay will be affected. Not only does the distance through 

which the carriers must travel change continuously but the magnitudes 

of the real and imaginary parts of the diode's impedance become 

modulated as well. Such effects fall under the heading of parametric 

operation (see the paper written by DeLoach and Johnston Ref. 3). 

Summarizing: the avalanching diode's transit-time delay can be 

utilized in producing a negative conductance effect (along with a 

reactive component); the negative-real and reactive components of the 
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diode are functions of frequency and bias current (and for large 

signals, a function of signal amplitude also); and the resonance 

· frequency is proportional to the width of the space-charge region and• 

proportional to the square root ·Of the bias current (a second-:order 

effect). 

,; 11 
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Negative Conductance Networks 

The material .in this section describes a type of network that makes · 

use of negative conductance components as elements. of th~ network. 
. . . ', '· .. 

The general information developed here is coupled with the 'properties · 

of the avalanche diode later on in order to describe the a:ct~ve RC line 

designed by Dr. T. P~ Kabaservice and used in the experimental work 

of this thesis. 

To begin, consider the two-port network of figure 3 .•.. The: chain-
. . 

matrix equations for this network take the .form·· . . 

V, AVi_ + BI.z 

or in matrix notation 

where 

A : . v, N~I == l + z:' /Z2 
. ~l.z:::O 

· B ~ v, /I~I -==. z_ 1 
. · .· .. 1v2 =o 

c :::; . I, Nz.I- = l/Z.2. 
. .. . .· -~:=;0 

. D :: Ii /Iz1·•· =l 
·•. ·. . Vi~O 

·_:: 

.... 

{l.) 

{2) 

{3) . 

(4) 

(5) 

(6) 

(7) .·. 

. : .··. . ,.·· 

. . ... _.: ... 

... .. . · .. 

...... 
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· The actual device uses four sections of this network cascaded~· For 

four such sections, the elements of the ove,rall chain matrix are 

.3 2. 
B = z I (X + 6X + lox + 4) 

G == l/Z.2. (X~ + 6X2 + ·1ax +. 4)' 

D= X 3 + sx++ 6X + 1 

(8) 

(9) 

(10) 

{11) 

.where X = Z1 /Z2 = Z1 Y2 • ·The chain-matrix of the overallnetwork,. 

including a load YL can now be found. Starting with 

{12) ... ···'·. 

the final form becomes 

(13) 

, In order to point out some interesting properties of this type of network, 

the gain expression ·. 

l/(A + BYL) .· (14) ·.· 

will be used.· 

<:_·· ... . · 
.· ., 

. ·' 

-:' ....... 

·.,· .... ' 

... '. 

. . . . . .' 

,.,· 
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CASE I All impedances and admittances are made purely real 

quantities. Thus, Z 1 = R, , Y2 =- -G2 , YL = GL(Note that negative 

conductance has been introduced into the shunt branches. of the network) . 

This negative conductance makes X ~ -R, G2 • Substituting this value 

_for X into (8) and (9) yields 

·. ~ ·. 3 2 
A==: (R, G_2.) - 7(R, G2 ) + lS(R, G2 ) -

. l 0 (R, G2 ) + l 
(15) 

3 2.. . 

B == R 1,(-(R 1G2 ) + 6(RiG2 ) - lO(R.G.z.) (16) 
+ 4) 

which are of the same form as those derived by T. P. Kaba service [ 4]. 

Since Aand Bare functions of the product ..,.R, G2 , the network gain 

expression is also a function of that product. To show how this product 

affects network gain, a plot of A versus ) R1 G.z\ and B/R, versus IR, G2 j 
' ' - - . 

was made (4} and is reproduced ·in figure 4. The present E;ixpression 

for network gain is 

Therefore, gain is realized if the sum (A + BGL) is positive ,and less 

than unity. This occurs if lR, G2 \ is less than 0. 6 as indicated in 

figure 4. If \R, G.i\ is larger than 0.6, the sum (A+BGL) is negative· 

and this according to stability criteria for the active RG line, makes the 

line unstable. Also, figure 4 shows that A· changes very little for . 

values of IR, Gz\ between 0.3 and 0.6. Therefore a tolerance range for 
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\R1 G.'.2\ canbe given as 

In the actual device, the value of. IR, G.2' was taken to be. 0. 3 

because of heat dissipation limits associated with developing the neces-

sary value of I G2 l. In the device, R, =- 600 ohms and I G~l::: 0. 5 mmhos 

were used to get the product value equal to .-0.3. 

Substitution -0.3. into the expressions for A and Byields a gain 

expression of 

Equation (17) reveals that network gain is a function of RL. For this 

particular example, the range of R'- for which stable gain occurs is 

CASE II In order to check the stability of the network when 

· reactive elements are introduced, Y:z is modified so that it now equals 

- \ GJ+SC..2. (where s. is the Laplace frequency variation)~. This is done 

to make the network being developed here more closely resernble the 

final active RC line. For this substitution forY2 , the variable 

becomes 

I ; [, i· i J'l 

X.::: SR 1C4 - \R, G2 \ 
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Use of the expression for the open-circuited voltage gain of the network 

(no load applied to the output port) yields 

4 3 2. v.2/v, = l/A = l/(X + 7X + lSX + 1 ox 4- 1) 

The denominator of this expression is factored to determine the location 

of its poles in the 1 S-plane. The factored expression is 

l/A = l/(X + 0.1206)·(X+l)·(X+2.3473)·(X + 3.5321) (18) 

To determine whether or not stable conditions exist, the values of the 

above poles and the expression X =SR 1 C2 - IR 1 q,_lare used .. 

Stable operation of the network occurs if all the poles of its gain 

expression lie in the left-half of the S-plane. This condition is met in 

this case if \R, G:z.lis smaller than 0 .12 06. However, it_ has already · 

been stated that the value of \R,G..i.l· for the actual device was to be 0.3. 

Therefore, the active RC line will oscillate under open-circuited 

conditions or when th~ value of R L eqy.als or exceec;ls 109~ ohms. 

Two other parameters of this network that are of interest are the 

input impedance as seen by a signal source and the power gain. 

The input impedance can be found by making use of (1) and (2) 

(keeping in mind .that the elements A, B, C and D .are for the total 

unloaded network,) . Thu~ . ; . l ' I j i 

! I· 
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I I = CV2 + DI.2.. 

but V2 = Z L I 2 , therefore 

Taking the ratio v, /I I= z,h 

If all the network components have the real values used in GASE I, 

the expression for ~n becomes 

. -3 
R,\"l = (0.8309RL- 907.8)/(0.7565.XlO RL+ 0.377) (19) 

Since RLwas already defined to have a range of values .between 0 and 

1093 ohms, the value of R,n will remain negative. This is undesirable 

because connection of a signal source across a negative resistance 

can lead to oscillatory conditions. This problem can be eliminated by 

shunting the input of the network with a positive-real resistance Rs , 

such that Rs<I R,nl , or from (19), for 

Rs< (907 .8 
-3 

0.8309RL)/( 0.377 +.0.7565xl0 R1__) 

! i 

(20) 
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·.By adjusting ·R3 according to -(20), it is possible to make Rn; take 

on any positive real value. Thus, the input resistance of the ne.twork -

can be adjusted to match the source resistance in order to obtain an 

optimum transfer of signal power orto minimize loading a signal source 

by the network. · 

. The chain-matrix of the network including load and shunt conduct- . ·-

-· ance (or admittance) is 

B 

-( y B S· 
(21) 

The .chain matrix of (21) reveals that the voltage gain of the network is 

. not affected by the addition of the shunt admittance at the input. 

The power gain of this· network is derived in the following manner. : 
. i -

P~wer gain GP is defined as 

··where 

V,n .·. - . R, 11 Vs/(R,"' + Rs) 

. ·_.Vs · - source 'voltage 

R5 - ,.:::: source resistance 

. ;· .·. 

·, .· .. 
',; 

~ r '. 

- " 

. \. 

.-. -. 

. . .. ~ .. 

· .. ,· . 
. ':1. 

,. .. · 

. :- ... : 

.··::·. 

.•. ,•. 
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By use of these relations, the power gain can be expressed as 

) 

For the condition of maximum power transfer (R11,= R.s), (22) reduces to·· 

Thus, the negative conductance network has gain which is .a 

function of -R, G2 and the load. For the particular device under. study, 

the network will oscillate under open-circuit conditions because lR, G~ \ 

is greater than 0 .12 06. The input .resistance of the network can be 

made positive real by. shunting the input with an appropriate positive 

. resistance. 



A COMPUTER PROGRAM 

A computer program has been designed to predict the performance 

of the active RC line at its resonance frequency. This mode was 

chosen because it is at this frequency that the reactive components in 

the line vanish and the negative conductance is at its optimum value. 

This mode also allows the computer to work with purely real quantities 
' 

which simplifies programming. An attempt was made to incorporate 

reactive elements into the computer circuit model but excessive round-

off errors and exponential over-flow conditions gave erroneous results. 

The program was designed to allow variation of network parameters 

either to match the performance of the actual device or to provi.de 
' 

answers to ways of optimizing the performance of the device. The 

program makes use of matrix multiplication to arrive at a final chain-
) l ·\ 

matrix of the complete network. Once this is obtained, the program 

uses the various elements in the matrix to obtain network voltage gain 

and input impedance. Input data 'for the program are the values of the 

network components, the number of cascaded stages of the network 

proper, the desired network gain and input impedance (for which the 

computer will automatically calculate the values of ~and RL to fit 

these conditions). The operator also has the option of reading in Rg 

and Rl. to obtain results on the response of the network to these values. 

16 



17 

In either case, the output of the computer gives the values of voltage 

gain and input impedance as a function of Rs and Ri.. • 

Appendix A contains a listing of the. program plus some output 

data based on the component values obtained from the. design data of. 

the ac.tual device. 

• J 

' I ~ ~ 

' . 

• .•.... ! 

. · . ._ 
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-.. .. :··· 

DESIGN OF THE EXPERIMENTAL DEVICE 
•,_ .·' 

*General Cons id era tions 

. . . 

In beginning the design of an active RG line, consideration of the·· 

type of active device to be used is of prime impor~nce. The t.YPe of · 
. . 

active device will determine the frequency range of the line,· avc;i.ilable · 

negative conductance, characteristic shunt capacitance per line 

section, resistivity available in direction of transmission and the max-

·:· · .. ·. ··. 
"'., .. 

,' .. ·. ;, 

: ~.' .. 

..... ,.: 

: .. ··'., 

imum allowable active· area of the line (determined from heat dissipation 

considerations). Also, how the active device can be built into the rest 

of the system must be considered. ··',•'. 

From these considerations and the present· state-of-the-art, the · 

impact avalanche transit-time (IMPATT) diode was selected (4]. 

Construction of the active RC line using IMPATT diodes is compatible . . . ' .·. 

. : . . -. -~ .··' ; .. ·.· .· .. .,. ) with standard silicon integrated circuit fabrication techniques• ·Also, . ' .... '.-, .. 

because the IMPATT diode eXhibits self-resonance, its incorporation 
' . 

into r~f bandpass amplifiers arid cavityless oscillators can be sttid'ied. 

. . ' 

* Design of the a.ctive RC line was done by 'l'. P. Kabaservice . 

:· ·::· 
·: 

. . UAC Research Labs of East: Hartford; Connecticut was· the f~bricatcrs 
. and suppliers of the line • ·· ·. " '" 

;,_ .• ·, -.. ... ·: 

18 
·..,-. 

··-.. 
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Design Of The RC Line 

The characteristics of the IMPATT diode used in the experimental 

device are obtained from the small-signal theory of Misawa 's AVX-1 

structure (2) • This structure consists of a 6p thick epitaxial layer of 

5 ohm-cm n-type material on an n+ substrat~. A p+ diffusion is made 

into the epitaxial layer to form the avalanche junction. Under avalanche 

conditions, the juncti_on is about 5 p thick. The sustaining voltage for 

avalanche is approximately 8 0 volts and the current density in the June-
.3 . 

tion is about 1. 3 6xl 0 amps/cm • The total area of the avalanching 
-s . . 

junction was to be 4. 6xl 0 cm and the total available negative conduct-

ance for this area was found to be 2. 07xl 0 mho (see pages 6 and 7 of 

Ref. 4) . Since the RC line consists of four identical sections, the 

negative conductance available for ~ach section becomes approximately 

0.5 mmho. In order to obtain the value of 0.3 for \R, ~I, R, (resistor 

diffusion} must be 600 ohms. Considerations in fabricating the RC line 

into a single monolithic structure are: maintaining high E fields only 

within the active regions, keeping parasitic shunt capacitance to a 

minimum and obtaining uniform avalanche across the a.ctive region. 

Refer to pages 7 through 14 of reference 4 for the details. Also, 

there are problems in connecting the chip to the 11 outside world 11 • 

Connections for biasing were brought out. from. the chip to its housing 

I , I', I I 

(' / l 
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by gold wire. Isolation of r-f from the d-c biasing lines was accom-

plished by diffusing an n electrostatic shield through the epitaxial 
! 

layer. Connections for r-f between the edges of the chip and the RC 

network within the chip are microstrip transmission lines. The upper 

conductor of these lines is evaporated aluminum on the epitaxial layer. 

The lower conductor is the n substrate shorted to the metal header upon 

which the chip is mounted. The dielectric of these lines is the epitaxial 

layer. Connection of these lines to the r-f leads of the header is made 

with gold ribbon. Since attenuation in the dielectric of the coupling 

lines is rather high, (on the order of a few db) the p- resist9r diffusion 

was extended to cover the area of the upper conductor of the input and 

output lines (for the 11 shorted fingers 11 chip only - to be explained later). 

This diffusion extension made the region of the epitaxial layer between 

the line conductors have the sustaining voltage of the active regions 

across it with the result that the line dielectric becomes a space-charge 

region with reduced conductivity and reouced r-f attenuation. On 

succeeding pages are sketches of the physical layout of the chip (figure 

5) and the chip mounted to its holder (figure 6) as well as photomicro-

graphs of the two types of mounted chips used for experimentation 

(plates 1 and 2) • 

The difference between the two types. of chip is the vtay the d-c 

biasing is applied, :to the qiope sections. In one chip the aluminum bias 

!\ ' j I' 

: I 

i \ 
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Ci1ta.1'my,, seetaollL. ot. chip showing Jl) 

a.:valanehe jtn'Lctiow: 2) r"esistor dif.:· 

fusiorr a.s .. n guaro..::1,.ing!; st1.-.ueture 3) 

n.:t elect.110~,ta,tie shield~ lj.) a.Ltuninum 

contact fingers_ f.Ol">· bia.sing 5J alu:m-

ini:zred resistor diffusiol'lL extension. 

insulation 
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Fig~ 6 

Sketch of' chi;p m<:>unted to h.eader sno·wing 

lL) heade:tY 2) eh:ip 3) gold strip line 4) 

g9ld thread for a_.:.e bias1l11g 5) input a.11d 

output r.:.f' "cabs· 6) d,;..e b.ia.s tab 
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fingers are connected together and the aluminum plating on one of the 

resistor diffusion extensions is connected to the biasing fingers on the 

output r-f side (the 11 shorted fingers 11 chip mentioned earlier). On the 

other chip the biasing fingers are separate and there is no connection 

to these fingers of the aluminum plating of either extension. Both 

arrangements were used to study the various characteristics of the chip. 

Figure 7 is a schematic representation of the active RC line. The r~f 

chokes shown in the figure represent the inductive reactance of the 

biasing fingers. The shunt capacitor C is the capacity between the 

biasing strip and the n+ electrostatic shield. The effect these elements 

have on the line is to prevent the r-f signal being shunted to ground 

through the bias supply. 

·,I \ I • 



INPUT OUTPUT 

Fi.g~,. ti 

Schema.tic diagram of' the active RC line. 



EXPERIMENTAL WORK 

Hardware Details Associated With The Device 

In order to tes.t the active RC line as part of a microwave system, 

·a method had to be devised to couple r-.f into and out of the RC line 

as well as providing a means of biasing the device. The r-f connections 

were made by a holder designed by H. W. Glick of UAC Research Labs. 

Its construction is shown in figure 8. The holder was made of Teflon 

(top piece) and copper (bottom piece). An OSM-type connector (CD and 

@) provided the r-f coupling. The center pins of the connectors were 

flattened so that they could rest on top of the r-f tabs of the header 

(see figure 6) . The r-f tabs and center pins were clamped together by 

pressure screws ((])and@). The r-f connections were prevented from 

shorting to the copper block by small Teflon inserts (@and ®). The 

OSM connectors were held in place by four screws and the entire 

assembly bolted together holding the header (Cl)) in place as shown. 

It was noted that the pressure screws affected line performance so 

small pieces of Bakelite were inserted between the pressure screws 

and the r-f tabs to minimize this effect. 

The transition from waveguide to OSM connector was accomplished 

as shown in figure 9. This particular arrangement had to be used 

27 
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_ because it was the only one available and was used only in going from 

the signal source end to the device. In going from the device to the 

rest of the set-up, an OSM/N and N/WAVEGUIDE transition was all that 

was necessary. 

Connections for biasing the device were made by soldering a length 

of wire directly to the bias tab of the header for v- and connecting the 

ground return lead to the copper block of the holder. A photograph of 

__ this portion of the assembly is shown on the next page. The rest of the 

bench assembly will be described as various tests on the device are 

·described. Below :is a _listing of the equipment used in this experiment. 

EQUIPMENT 

1. Tektronix Oscilloscope 

2~ GR Pulse Genera tor 

3. Heathkit DC Supply 

4 •. · Wavetek VCG 

. 5. HP Power Meter 

6 •. HP SWR Meter 

7. HP Klystron Supply', 

8. 723 A/B Klystron 

9. Western Elec. Isolator 

' 10 ~. HP Wavemeter 

11. HP Precision Atten. 

12. Slide-Screw Tuner 

13 • Slotted Line 

14 • Miciroa'mmeter 

' i 5 ~' Waveguide, Connectors, 

• I i I i ~ ', . ' ' Cable· 

, t" • ! I, .I! I, I ~ \ 

I i : ,'i: 

( 
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Determination Of DC Characteristics 

The d-c characteristics of the active RC line were determined by/ 

using the Tektronix Curve Tracer and a VOM. Seven chips were avail-

able for testing and out of the seven, one was found to have the 11 best 11 

characteristics. That is, it had a· breakdown voltage of -45 volts. 

All the rest had breakdown voltages ranging between -3 volts and -20 

volts. Since the one 11 good 11 chip used the) separate bias fingers 

arrangement, it was also possible to find the values of the series 

· resistance elements of the line. This was done both with the curve 

tracer and the VOM. The equivalent d-c circuit as seen by the VOM is 

shown in figure 10. 

The ground return for the chip was the, base of the header. The 

tab numbers started at the upper right-hand corner of the header as 

viewed from the top. It should be noted that the 75 0 ohm resistors in 

series with the diodes are not physical resistors. They are the 

resistance of the diodes in the forward conduction mode and decrease 

in value as forward current increases. These values were· obtained 
' ' ' ·. ! 

from a low setting on the VOM (Rxl 0 scale). Since breakdown voltage 

was -45 volts instead of -75 volts as expected and the series resistors 

were 1.1-K\linstead of 600 ohms (because of difficulties holding tight 

tolerances in fabrication) I the \R, GJproduct was not expected to be 0.3 

but more like 0. 1 • . The breakdown voltages of each ~f the diodes did 
. i 
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not differ more than a volt from the nominal value of -45 volts. With 

the d-c characteristics determined, a microwave bench set-up was 

devised to test the r-f characteristics of the line. 

Testing For Open-Circuit Oscillations 

The first r-f test on the device was to determine if open-circuit 

·oscillations occurred. No signal was applied to the input and the 

device was biased into avalanche. The test set-up for this is shown in 

figure 11. 

A pulsed bias source had to be used because the heat sinking of 

the chip was not efficient enough to allow continuous operation at the 

high current levels required (approximately 9 mA being considered a 

"normal 11 value for GW operation}. Because this device had half the 

expected breakdown voltage, peak current through the device was 

limited to less than 5 mA to minimize overheating and burnup. 

The pulsed d-c source consisted of a square-wave pulse generator 

' (variable duty cycle and pulse width} and d-c power supply connected 

in series. The d-c supply had to be used because the pulse generator's 

voltage output could only go as high as 40 volts. The d-c supply 

provided a means of shifting the zero volt reference of the pulse 

generator in a negative direction in order to have the total voltage 

output of the combined supplies exceed the -45 volt breakdown of the 

' diodes. A microammeter was connected in series with the voltage 

('j, 
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supplies and the device to monitor the average value of the pulsed 

current. 

To •icalibrate 11 the microammeter (see if the indicated average 

value of current was the same as the calculated value) a 2-KO resistor 

was put in series with the meter and the voltage drop across the 

resistor was observed on an oscilloscope. The average value of the 

observed voltage d,ivided by the 2-Kn resistance was compared with the 

average value of current flowing through the meter and was found to 

agree fairly well. Thus, the meter could be used as an indicator of 

"safe 11 current levels. When it was necessary, the average .current 

was found using the 2-Kn resistor and oscilloscope for greater accuracy. 

Since the input to the X-Band receiver used an N-type coaxial 

fitting, it was possible to connect the device directly to the receiver. 

This type of connection allowed a minimum loss of signal between 

device and receiver. The device was pulsed with peak currents ranging 

from 1 to 5 mA and the presence of oscillations was checked by slowly 

sweeping the receiver through its range. Even with the gain of the 

receiver set to maximum {which meant it was capable of detecting 

signal levels at around 0. 05 mW), no indication of incoming r-f was 

observed on the db meter of the receiver. The lack of oscillations 

indicated that either the \R, s;Jproduct of the line was such that oscilla-

tions could not occur or that the shunting admittances of header and 
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holder were such that they prevented oscillations {"detuned" the line). 

Testing Transmission Quality 

A check was next made on power transmission quality of the device 

both as a function of bias voltage and of frequency. The test set-up 

for this is shown in figure 12. 

The power out versus bias voltage test was conducted on both types 

of chip. TABLE I is for data taken on the chip with the shorted biasing 

fingers. The plot of these data (figure 13) indicates that power trans-

mission improves almost linearly with increasing reverse bias. A 

leveling off of output power change does occur near the point where 

avalanche is about to occur. This test was performed under matched-

line conditions. Thus, for this type of chip, a 0 .1 db improvement in 

power transmission was realized. Thus, the resistive diffusion exten-

sions of the micro-strip lines did their job in improving transmission 

quality. No such effect was noted for the chip using the separate bias 

fingers arrangement. This result was to be expected since extension 

of the resistive diffusion was not used. 

Data for transmitted power versus frequency was taken with the 
I 

device in the passive mode. Again, everything was matched during this 
''I; 

test. In order to find out how the chip performed by itself, a frequency 
i 

response was taken on a "dummy" header first. The "dummy•• was 
1 . ! , I 

(. 

•I J i ' 'I 
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constructed with the same type of header as used in the regular device 

with the exception that a straight piece of gold ribbon conductor was 

connected between input and output r-f tabs instead of a chip. Refer-

ence power into the dummy was 1 mW. TABLE II lists the data for this 

part of the test. A frequency response on the "good" chip was done 

next. TABLE III lists these results. 

A graph was constructed from the data of these two tests. GRAPH I 

shows db loss for the "dummy" device, actual device·, and the chip by 

itself (found by subtracting db losses of TABLE II from db losses of 

TABLE III). The graph shows that the combination of header and holder 

exhibit a resonance effect near 9 .1 GHz and that the effect is like a 

series R-L-C circuit shunting the transmission line. Since this effect 

was observed with both the dummy header and the regular device, it 

appears to be the result of the physical design of header and holder and 

not of the chip itself. The "bandwidth" for the dummy unit (taken at its 

7. 5 db points) was 1. 22 GHz; for the actual device (taken at its 9 .1 

db points) was approximately 0. 88 GHz and for the chip alone (taken 
I 

at its 4. 3 db points) was approximately 1 .18 GHz. These "bandwidths" 
I 

are not to be confused with the actual operating bandwidth of the 
' 

device. They merely show the. range over which minimum power absorp-
l I I J I. 

tion was observed. If the chip has to operate outside of these ranges, 
' '' . ' . ' I 

then it has to have more gain to overcome the increased losses and 
{ 1' \ l 

still provide an amplified signal at the output. 
' .I I 

. ; I )• 
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The abrupt changes seen on the plot pertaining to the chip alone 

(near 9 .1 GHz) are the result of the calculations in obtaining the plot 

and are not observed results. The dotted line through this region is 

more of what the author believes to be the true response of the chip. 

From this plot it is also apparent that the power loss in the chip is 

rather small compared to the losses of its header and holder. 

Testing For Voltage Gain 

In order to test the device for gain, the bench set-up was modified 

as shown in figure 15. This set-up could only be used to check the 

open-circuit voltage gain of the device. In order to check the device's 

gain under various load conditions a "line stretcher" or phase shifter 

terminated in some real resistance is required. However, this equipment. 

was not available at the time of this. experiment. On page 44 is a 

photograph of the bench set-up used. 

Below is an outline of what was done to set up and test the device 

for gain. 

I. Test Procedure 

A. Allowed a half-hour for equipment warm-up. 

B. Initial conditions 

1. Power thermistor replaced short, 

2. No bias on the device 

I l 
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3. · Klystron frequency set between 8. 96 GHz to 

9. 03 GHz 

4. · Slide-screw tuner out of the line 

5. Input power to device: 1 mW 

6. X..;.Band receiver gains set to maximum: AVG in 

ON position ·•. 

C. Inserted slide-screw tuner and adjusted it for a 

minimum SWR on the line. Since obtaining SWR 

measurements requires the klystron be modulated with 

a 1000 Hz signal I its power supply modulator had to 

be turned on. It was found that more noise was intro-

duced when the modulator was on so after the tuner 

was adjusted, the modulator was shut off. · 

D. The microwave attenuator was adj listed for a 0. 4 mW 

reading on the power bridge. . ., .. · 
., '. - .. '._ 

E. The pulse generator of the bie3:S supply was set for a 

PRF of 1 Hz (obtained by externally driving it with 

the Wavetek VCG)', a pulse width of 1 msec and a 

pulse amplitude of -40 volts. The d-c supply was 

adjusted for an output voltage of ~45 volts. 

1 • At this point the microammeter was showing 

current pulses and theipo~er ~eter was showing 
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periodic absorptions of power. (A drop of 0. 01 

mW of output power every time the device was 

pulsed 11 on 11) 

P. The slide-screw tuner was adjusted so that the device 

began to put out more power than was put :into it ( 11 on-

time11 power was greater than "off-time" power). This 

adjustment was made on a trial-and error basis. It 

was found that at the end of adjustment, the capacitive 

post has been advanced into the guide about three turns 

from its initial position and has moved about a centi-

meter towards the device from its initial position. The 

power meter was showing upward deflections of between 

0. 01 to 0. 02 milliwatts and the r-f input meter of the 

receiver showed about 0.1 db gain. 

G. The thermistor was replaced with a sliding short 

which was adjusted to reflect an open at the output 

port of the device . 

H. The slide-screw tuner was readjusted for a 111aximum 

indication of gain on the receiver's db meter (approx-

imately 0. 25 db of voltage gain) 

Since the input meter of the receiver c~uld not respond instantan-

eously to the square-wave type of chahges in the input signal, it 

·' I 

l i \' ! l: 
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coult not be used as an accurate measure of the actual open-circuit 

voltage gain of the device. A better indication of the actual gain was 

the detected video signal at the output of the receiver. To do this it 

was again necessary to modulate the klystron with the 1000 Hz signal. 

This, of course, introduced more noise into the system and made it more 

difficult to determine actual voltage gain but this was the best method 
. 

that was available at the time. The detected video from the receiver 

was fed to one channel of a dual-trace oscilloscope and the output 

from the pulse generator was connected to the other channel. The 

oscilloscope was synchronized to the pulse generator also. Adjustments 

were made on the oscilloscope so that the observed traces looked like 

those depicted in figure 16. The PRF of the pulse generator was set to 

about 3 Hz and adjusted so that the pulses on the bottom trace slowly 

11walked 11 across the screen. In the figure, the "on" time of the device 

was during the first 1 msec of the top trace. As the pulses on the bottom 

trace moved out from underneath the "on" pulse of the top trace, a drop 

in signal level was detected (as shown). Due to receiver and klystron 

noise, it was difficult to determine the exaqt amount of s~gnal change. 

The best approach seemed to .be to take a number of readings and average . ' 

them to obtain a final value of signal a:qiplification. This method was 

used in determining gain ctS a function ,of frequency.· These results. are 

listed in Table N. 
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A plot of gain versus frequency is shown in figure 17. From this 

plot it was determined that the 11 useful 11 bandwidth of this device is about 

110 MHz. A rather sharp decrease in gain after 9. 03 GHz is attributed· 

to the resonance effect of header and holder. If this effect was elimin-

ated, it seems possible that the bandwidth might be around 25 0 MHz 

(obtained by eliminating the resonance peak from the top curve on 

GRAPH I and reading the new 6. 3 db intercepts) . 

Determination Of Open- and Short-Circuit Admittances 

For this part of the testing, the equipment from the source end to 

the device stayed the same as shown in figure 15. No hardware was 

connected to the output end of the device. The open- and shorot-

circuit admittances of the device were found by standard null":"shift 

methods using a slotted line and SWR meter. Care was taken that the 

reference short was always as close to the chip as possible. For this 

purpose, a small piece of good conductor was shaped so that it could 

rest on a input or output r-f tab of the header and short them to ground 

when the pressure screws were screwed into place. The disadvantage 

of this method was that the holder as semb1y had to be taken apart and 

put back together for each test. This proved to be time consuming and 

prone to errors . Consequently, this test had to be run several times 

to see how much deviation occurred between like measurements. 

'i 
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Great care had to be taken each time the holder was reassembled in 

order to try and keep the r-f characteristics the same from test to test. 

The frequency used was 9 GHz. The device was biased as before. 

The Smith Chart was used to get the normalized admittances of the 

device. These were then multiplied by 0. 02 mho (the OSM connectors 

have a Z0 of 5 0 ohms) to get the actual admittances. TABLE V lists 

these results. To get an idea of the input and output admittances of 

the chip by itself, the open- and short-circuit admittances of the dummy 

unit were found. Subtracting these values from those in TABLE V gave 

the admittances of the chip listed in TABLE VI. 

The values of TABLE VI indicate that the chip "looked 11 like a 

negative conductance shunted by an inductance at the test frequency 

used. However, .not too much significance can be placed on the numbers 

obtained· because of difficulties encountered in conducting this part of 

· the experiment. 

One such difficulty was in reading the SWR on the line. Since all 

the readings were 5:1 or greater, all the readings fell outside the 

calibrated range of the SWR meter. Thus, they had to be estimateci. The 

presence of system noise and the fact that the device was 11 on 11 for ~nly 

short periods of time add~d to the difficulty. Each time the deyice was 

pulsed, the SWR metE;lr would ~ 1jump 11 to a slightly lower re~ding. The 

no~se bursts on th.e line were.of.equal pr .greater magnitude than the 

i' 
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"jumps" so that the cumulative effect was a very erratic reading on the 

meter. An attempt was made to minimize these effects by visually 

averaging out the influence of noise on the meter readings and estimat-

ing what the SWR would be if the device was on all of the time. This 

estimation was based on the PRF and pulse duration during "on time 11 

and the amount the SWR meter moved during this time. 

Also, another source of error in these readings came from the fact 

that the device had to be taken apart and put back together for each 

reading. This introduced slight changes in the r-f characteristics of 

the holder each time this was done. Since a finite length of time would 

elapse during mechanical changes on the device, the klystron had a 

chance to drift in frequency. However, this source of error is not as 

significant as that due to noise. 

Because of these 4ifficulties, the only conclusions that can be 

drawn from these results is that a) the device does exhibit negative 

conductance effects in this frequency range b) the fact that the admit-

tances had an inductive component implies that the test frequency was 

below the resonance frequency of the RC line. 

A better scheme for obtaining admittance values would be to use an 

impedance plotter which uses a visual display of the Smith Chart on the 

face of its CRT. Each time the device was pulsed, the effect would 

register as a 11 bump" on the CRT trace and would give a more accurate 

display of the actual "on-time 11 admittance of the device. 
I'. 

,, 
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Noise Characteristics 

Due to time and equipment limitations, it was not possible to obtain 

a noise figure for the active RC line. All that was done was to observe 

the detected video output from the X-Band receiver and note if any 

increase in noise amplitude occurred during the "on time 11 of the device. 

At an operating frequency of 9 GHz and the device functioning as an 

amplifier, it was found that the magnitude of the "on-time 11 noise voltage 

was approximately 1. 2 times the 11 off-time 11 noise voltage. Noise 

voltage distribution during 11 on time 11 was like that shown in figure 18. 

The noise distribution can be correlated with bias current levels 

during "on 'time 11 • It was found that current through the device as a 

function of time looked like that shown in figure 19. The "sag" in 

current was attributed to loading down of the bias supplies (they were 

not constant-current supplies). Comparing figure 18 with figure 19 re-

veals that the greatest amount of noise (and also the largest signal-

voltage amplification) occurred during the highest current levels. 

This is what was expected. In general, the overall noise level did not 
) 

increase very much for the current levels used. 

Proximity Effects 

Another problem which occurred in the testing of this device was the 

effect objects near the device had on it. Apparently the physical 
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construction of the device allowed a great deal of "r-f leakage 11 

because any object moving within a six-inch radius of the device 

caused meter readings to fluctuate. To minimize this effect, the area 

around the device was kept as clear as possible and any adjustments 

or readings that had to be made near or on the device were made 

taking proximity effects into account. 

' I ' 



CONCLUSIONS 

The test program carried out on the active RC line and the results 

obtained have lead to the following conclusions. Because open-circuit 

oscillations were not detected, either the IR, GJproduct was less than 

0 .1 or the reactive effects of header and holder were such as to prevent 

oscillations ("detuning 11 the RC line). Making the resistive diffusion 

.extensions part of the micro-strip transmission lines lowered dielectric 

' losses under reverse""'.' bias conditions. Transmission losses due to 

header and holder are much greater than for the chip alone. This in 

turn, greatly reduces the operating range of the device. The open-

circuit voltage gain of the device was comparable with that predicted by 

theory (i.e. theoretical gain = 1. 204; experimental gain,..._, 1.1). The 

device exhibits band-pass characteristics. Its effective bandwidth is 

approximately 110 MHz. It seems reasonable to assume that this band-

width can be doubled by eliminating a resonance effect in the header 

and holder. Open- and short-circuit admittances of the device indicate 

the presence of negative conductance in the active RC line. Also, their 

reactive components indicate that the resonance frequency of the line 

is above 9 GHz (The original design called for a 10 GHz resonance 

frequency). Noise voltage produced by the IMPATT diodes is propor-

tional to the bias current. At the current levels used in this experiment, 
. I . 
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approximately 20% increase in 11 on-time 11 noise was detected. 

It appears that this ·particular design of an active RG line has 

great potential as a microwave amplifier. What seems to be the 

biggest problem right now is to get a better design of the chip's 

header and holder (cut down losses and eliminate that resonance 

·. effect) • The improved design plus refining the testing procedure should 

show that this device comes quite close to fulfilling theoretical pre-

dictions. 
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APPENDIX A 

LISTING 

l FORMAT(2El 1. 5, I4) 

2 FORMAT(lHl,lOX.lOHFOR RIN = , Ell.5,2X,15HAND FOR GAIN 

= IE 11 • 5 I 2X I 

1 7H, RG = ,Ell.5,2X,9HANDRL-== I Ell.5) 

DIMENSION. A(l 0, l 0) 

(Read in network parameters and number of sections) 

READ 1, Rl, R2, MM 

(Rl is series resistance,· R2 is negative shunt resistance, MM is 

the number of network sections) 

(Read in desired input resistance and overall gain) 

READ 1 I RINI AV 

{Define matrix elements for one section of the network) 

A(l ,l)=l .+Rl/R2 

A(l ,2)=Rl 

A(2, l)=l ./R2 

A{2 ,2)=1. 

{Calculate matrix for MM sections of the network) 

CALL MTRX (A, A, 0) 

J=MM-2 
59 



DO 10 I = 1, r 
CALL MTRX ( 0, A, 0) 

10 CONTINUE 

DO 19 N = 1, 2 

DO 18 L = 1, 2 

Y( L, N) = O(L,N) 

18 CONTINUE 

19 CONTINUE 

60 

(Calculate the values of RL and RG) 

RL-( AV*Y(l ,2))/(1.-Y(l ,l)*AV) 

XX=(Y(2, l) *RL+Y(2, 2))/(Y(l, l) *RL+Y(l, 2)) 

RG+RIN/(l. -RIN*XX) 

PRINT 2 I RINI AV I RGI RL . 

(Insert option cards for RL and RG here) 

(Calculate gain and RIN for a given RL and RG) 

AV = RL/(Y(l, 1) *RL + Y(l, 2)) 

RIN = RG/(l. + RG*XX} 

PRINT 2 I RINI AV I RGI RL 

STOP 

END 

(Subroutine for multiplying two 2x2 matrices together. Output of this 

subroutine is another 2x2 matrix and uses the variable name 'O' .) 

; l 
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SUBROUTINE MTRX(P I QI 0) 

DIMENSION P(l0,10)', Q(l0,10) I S(l0,10) I 0(10,10) 

DO 15 K = 1, 2 

DO 14 I = l, 2 

SUM = 0.0 

DO 13 J = 1, 2 

SUM = SUM + P(I,J)*Q(J ,K) 

13 CONTINUE 

S(I,K) = SUM 

14 CONTINUE 

15 CONTINUE 

DO 17 I = 1, 2 

DO 16 J = 1, 2 

O(I ,J) = S (I ,J) 

16 CONTINUE 

17 CONTINUE 

RETURN 

END 

SAMPLE DATA 

From design data on the active RG line 

Rl = 600 ohms, R2 = -2000 ohms 

Given: RIN = 50 Qhms, GAIN (AV),= 100, 
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Find: RG and RL 

Computor answers: RG = 7.6588 ohms, RL = 1079.6 ohms 

Given: RG = 100 Megohms, RL = 100 Megohms 

Find: RIN and AV 

Computor answers: RIN = -9. 0442 ohms, AV= -1. 2035 

NOTE: The above data was compared to the exact solutions of the 

netwcrk equations and found to be the same. 
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ABSTRACT. 

This thesis is a report on an experimental study done on a new type 

of microwave device. This device is a monolithic, integrated circuit 

' which uses 11 lumped 11 elements to approximate a distributed-parameter 

active RC line. The active region~ of this device are IMPATT diodes 

which are capable of generating negative conductance effects (through 

transit-time delays of majority carriers) at microwave frequencies. The· 

combined effect of negative conductance and positive real resistance 
__.. 

within the device makes it capable of being a microwave amplifier or 

oscillator. The advantage of this type of device is that it does not have · 

to present a negative impedance to an external signal source (as is the 

case with parametric amplifiers) to accomplish gain. Due to the nature · 

of its design, it is inherently more 11broadbanded 11 than the parametric 

amplifier. Also, no external 11 pump II is needed since the device obtains .•... 

gain by an ent~rely different principle. 

In the following pages a brief descripti6n of the basic operating 

theory of the device will be given. This. description will show how the 

negative conductance effect is generated and how this is incorporated 

into the design of the final active network. Following this is a detailed. 
. . 

discussion of. experimental procedure,· device characteristics sought, 

and the results obtained. The results. of testing show that this device 

is capable of functioning as a microwave amplifier. They also show.· 
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that more work will have to be done in improving the "packaging 11 of 

the device. Aside from these "packaging 11 problems, it appears that 

this device is the key to a new area of microwave semiconductor 

devices. 
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