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(CODE)

R OR TMX  OR AD NUMBER) ( 	 A-•	 --I C i c G C1![ I

repared for

GODDARD SPACE FLIGHT CENTER

Greenbelt, Maryland 20771



1.	 •port No.	 2, Government Accession No. 3. Recipient's Catalog No.

4.	
...

Title and Suhtiflit 5. Reporf	 ot•

SOLID STATE K -BAND POWER January, 1972

AMPJ^IFI"RS	
u 6. Performing Orgonitoton Code

7, Author(s) 8, Performing Organization Report No.
M. Cohn, D.C. Buck, B.,D. Geller

9. Performing Organization Nam• and Address 10, Work Unit No,
Systems Development Division

11. Contract or Grant No.	 _7NAS5-20291Westinghouse Defense and Electronic
S stems Center

13, Type of Report and Period Cevereif

Phase I Final Report
Ba t'•imore	 Md. 21203

12, Sponsoring Agency Name and Address

Goddard Space Flight Center for Period August •
Greenbelt, Maryland 20771 December 1972

I.  Sponsoring Agency Code
Mr. Wayne E. Hughes, TechnicalRe resentative

IS, Supplementary Notes

-16, Abstract
A proposed solid-state 1{u-band power amplifier utilizing a circularly

symmetric array_ of IMPATT diodes mounted in a single radial line
power combiner is discussed and its performance predicted.	 The pro-
posed amplifier configuration consists of a TM030 mode radial line
cavity containing 20 IMPATT diodes, with separate input and output
ports provided by a ferrite circulator. Some of the pertinent specifica-
tions are:

a.	 Center frequency:	 15.0 GHz'
b.	 1 dB bandwidth: 100 MHz
c.	 Power output at full gain: 	 10 watts
d.	 Gain at maximum output power level: 10 dB
e.	 DC power input maximum: 250 watts
f.	 Third order intermodulation product suppression: 30 dB

Conventional IMPATT amplifier techniques preclude the achievement
.of the above gain, power output, efficiency, and IMP suppression
specifications simultaneously; therefore, several novel techniques with
the potential of reducing the intermodulation product level are discussedl.

17. Key Words (Selected by Author(s)) 18`, Distribution Statement

IMPATT
Amplifier
Intermodulation Products
Power Combining

19. Security Clossif. (of this report) ; 20. Security Clossif. (of this page) 21. No,of Pages 22. Price•

Unclassified Unclassified 79



MING 'AGE BLANK NOX	 ^

PREFACE

The proposed amplifier configuration consists of a TM 030mode radial
line cavity containing 20 IMPATT diodes with separate input and output ports
provided via a 5-port ferrite circulator having two of its ports internally
loaded by matched terminations. The proposed design results in a compact
unit in which all of the IMPATT diodes are (1) of the same type, (2) identically
mounted, and (3) subjected to the same incident RF power.

Because of its radial symmetry with all diodes equidistant from the
central coupling port, this design should be capable of simple modification
to substantially increase its bandwidth. It is expected that it will manifest a
graceful death feature if a small number of the diodes should fail. This basic
amplifier configuration has growth potential to a much high power output
capability since with smaller diode packages or bare chip IMPATT diodes,
many more diodes and higher efficiency diodes can be incorporated.

In any power amplifier a basic tradeoff exists between power output and
..t	 y

-efficiency on the one hand and linearity and intermodulation product levels'
on the other hand. With a standard approach to IMPATT amplifies design

i..	 and power combining technique s, the power output, efficiency, and inter-
modulation produce level specifications listed in Section 1 would be inc on
patible. As a result, considerable attention is given to the problem of
intermodulation products in paragraph 3.4 of this report. Techniques for
potentially reducing the intermodulation product level by (1) linearizing the
power input versus power output characteristics, and (2) controlling the

r

t



phase of the second harmonic output which is reflected back to the individual

diodes are discussed and will be investigat?d during Phase II.

With the exception of the intermodulation product level, which will be in

doubt until experimental verification is achieved, the proposed design is

expected to satisfy all specifications. 0
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1. PROGRAM UBJ]ECTIVES

The program to develop a Solid State KU-Band Power . mplifier consists

of an analytical design and diode characterization phase (Phase I) and an

amplifier development phase (Phase II).	 This report documents Phase I of

this program which resulted in the delivery of a Design Data Package on

26 November 1971.	 Included in the Design Data Package were complete

electrical, thermal, and mechanical characteristics of the amplifier and
i

complete engineering drawings of the first experimental model proposed for

development during Phase II.

This amplifier has been designed to satisfy the following specifications:	 ri

`	 Center frequency 15.0 GHz
.a

1-dB bandwidth 100 MHz

a	Ripple within pa. s sbandr f0. 2 dB

Power output at full gain 10 W
Maximum do power input 250 W

Gain at maximum' output power level 10 dB

Maximum noise figure at full gain 15- dB design goal;
30 dB maximum

Maximum volume ."0.7 5 ft3

Maximum weight 3 lb

Maximum input and output VSWR 1.2

Input and output connector UG-419/U

Operating temperature range
f

-300C to +500C

4
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Intermodulation products generated by two CW signals, separated
by 10 MHz in frequency at any frequency in the amplifier passband,
each sie nal amplitude at the input being 0. 5 W, shall not exceed
10 mW at the amplifier output terminal when the amplifier is
operating at full. 10 dB gain.

DC power input - To ensure compatibility, the required do power
source will be supplied by the Contractor as an accessory. Input
to the do power source will be 110 to 120 y, 60 Hz.
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2. TECHNICAL APPR JACH

2. 1 DESCRIPTION OF THE AMPLIFIER

The amplifier design chosen consists of a 5-port waveguide circulator,

radial line power combiner with a TEM ,coaxial output line at its center,

and an array of 20 diodes bound in individual elemental amplifier circuits
1

called "plugs' arranged in circular .form near the outer diameter.	 The
individual plug, in turn, includes the diode, its matching section designed

to set the prescribed gain at the 1/2-watt nominal output level, a second

harmonic phase reflection filter (iRF), and a stabilization-bias circuit.

The overall amplifier circuit can be characterized simply by reference
M

to figure 1.	 This figure gives the circuit for one d iode only; due to the
symmetry of the system, the sa_rne circuit will apply ItD all other diodes
individually."

For a given center frequency and load impedance level, one can find, a	

Nat which looking inward toward the load, theradial coordinate RDiode
^'. impedance will be real. 	 By picking an appropriate cavity height D, this real

impedance can be adjusted, 	 'Then, the radial distance out to the outer wall
" of the radial line can be made to a quarter wave at the outer frequency.

We can then calculate the amplifier gain defined at the radius of the diode
circle.	 The plug will be thought of as an extended diode whose l 'parasitic s"
are adjusted to give an impedance which, when referred to a 50-ohm load,
will give rise to the desired voltage reflection gain

I P
Z	 - 50plug
Z	 + 50plug

3-
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The appropriate equation governing the field variation in the radial line
i

combiner, assuming no azimuthal or axial field variation, are, setting
2r

k

E z	A H0 (1) (kr) + B H{,(2) (kr) (1)

F
OE1

	

,	 =	 j	 ^1)	 kr	 (2)	 rH^ _	 A H 1	(	 ) + B H 1	(k ) 2(	 )caµ	 8r

n where	 = 3770 .

These can be further expressed in terms of radial angle functions which for

large argument approach the ordinary trigonometric functions; viz,

ti
0	 No (X)

9 (X) = tan	
J	 (X)

(3)
o

J1 IX)
^(X) w tan	 ;.N

(4)

The .field variation then becomes

E	 _	 G (kr)	 ej 6 (kr) + B e Je (kr)
(5)a	 <^r z	 o

G (kr)
F H 	 o	 A eJ ^(kr ) _ ^ e -J ^(kr)

(6)
/} 	 Z	 (kr)Y/ O

where	 (kr) _	 J 2 (kr) + N 2 (kr)	 (7)
0	 0	 0

Fj kr) + No2(kr)
and Z o (kr) _ 7 	 2	 (8)

kr) + N 1 (kr)

Z 0 (kr) can be thought of as a ! radially ' varying characteristic wave impedance

of the line. It is independent of the cavity height. These functions are	 {

• z.a
plotted for the Tanga of kr values of interest in figure 2. Another function

r	 L5
a
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of interest can be called the total characteristic impedance and is given
by

Z	 (kr) = Z (kr)	 D
o TOT	 °	 ZWr

This total characteristic impedance (figure 3) is in terms of total potential
across the cavity and current rather than a point function wave impedance.

z 	 has a pole at the origin.
TOT
Looking inward toward an assumed 50-ohm load in the coaxial output

line, one can compute the real and imaginary part of the impedance, as
seen by a given diode plug. This will be given in general by

Z	 D	 H(kr)	 (10)

	

•k :'	 27tr

.b

r	 a	 f

to

f ^a

Jr
h
N 40

20

L'  f

n1cM1	 ,

MMU V A

?	 Figure 3. Total Characteristic Impedance vs Radius
(F=15.0 CHz )
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where
Z  cos lflr)-^(r 

load d + jZ o sin 
1
0(r) -

O(r loadjH(kr)	 Z	 cos ^(r)-8 (r 	 +jZ sinI^ (r)-t^(,rOL	 t 	 load ) ] 	 L 	 load
where ZOL Z  (kr load ) ' 

rload is the equivalent radial coordinate of the

50-ohm. load, and Z L = 50 x 2 ^r^, the wave impedance equivalent of
D

the 50-ohm load at r = rload*

For a cavity height D of 0.254 cm, load impedance of 50 ohms, 
rdiode -

2.25 cm and center frequency of 15 GHz, the impedance looking toward the
load is plotted versus rload in figure 4 with frequency as a parameter. 	 It can
be seen that we have a region of relatively constant real impedance of about

•	 „^ 50 ohms with a zero of reactance. 	 It is important to recognize that this is
• d the impedance looking toward the load per diode and is given by multiplying

(1) by Nd = 20, the number of diodes. 	 This arises from the fact that the 20
diodes are arranged in parallel, such that the overall impedance seen by them
all is 120 of that seen by any given one.

j+
Thus, we can set a point in the radial line at which the individual plugs r

see a real impedance in the neighborhood of 50 ohms. 	 The radial line length
from the diode ring out to the short should in this case be a quarter wave

Y,`
i

long.	 The plug_ gain should then be referred to a real impedance of 50 ohms.
At the radii of output, diode and short, kr is large enough such that

Z o (kr), 9(kr), and 0(kr) approach their corresponding values in free space or .

in a parallel plane guide.

As a matter of interest, the impedance looking toward the load has been

evaluated also assuming a 50 -ohm load with a VSWR mismatch of 1.2 c 1,

indicating a real impedance range of about 45 to 70 ohms at the desired diode 
radius.	 This is shown in figure 5. 	 Figures 6, 7, and 8 show this same;y
impedance for the 50 -ohm load in Smith chart form for r	 = 0. 65	 0. 70vto ad:

x̂

and 0.75 cm.

'J 8,
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The large signal plug gain, was chosen as 13 dB at center frequency with

the stipulation that;

• The large signal gain would be within *0.2 dB over the band of interest

• It would fall off out of band sufficiently fast to avoid stability problems

• That the gain variation requirement could be met with the harmonic
reflection filter incorporated in the plug.

Plug designs were. achieved using the diode package parameters associat-

ed with the Raytheon type 16 and an Alpha Industries type 191 as models.

The former has a large series inductive component due to the large lead

inductance. The latter's lead inductance is much less and,, therefore, calls

for a different internal design of the plug.

Plug gain in the 12 to 13 dB range evaluated in terms of the measured

large signal values of a sample GaAs diode were obtained. Typical curves

are shown in figure 9. Here gain curves are shown with and without the

presence of the harmonic reflection filter.

The input impedance of such a plug was computed versus frequency and

is shown in figure 10. This indicates that in conjunction with figure 4, we

can choose a radius of a ring of plugs at which the plug and load impedances

can be specified, and therefore, at which the plug gain can be set. The

combination of these two impedance functions then will determine the overall

gain performance of the amplifier with the radial power combiner included.

The bandwidth of the entire device is then seen to be limited, by both the

plug gain and the impedance variation shown in figure 4. This latter varia-

tion is a function of the radial electrical length to the output. This is in turn

dependent on the number of and size of the plugs. If the plug diameter could

be materially reduced, for example, we could picka point one-half wave-

length radially closer to the output at which again one could find a 50-ohm

real impedance point, with less frequency variation.

14
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Plug gain is largely a function of the diode impedance. If the diode 	 >;

package can be operated at resonance, then the plug gain will be simply

R - 50d
GPLUG ' 

20 log
10	 R 'd + 50	 (12)

since Xa p4ss'es through zero at resonance.

A sketch of the plug with its diode mount, impedance transformer,

harmonic reflection filter, stabilization load resistor, and bias lead is

shown in figure 11.

2.2 DESIGN OF AMPLIFIER "PLUG"

The "plug" is the fundamental component of the radial line amplifier.

In fact, the entire composite amplifier may be considered primarily as a

multiplicity of elementary reflection amplifiers whose input and output

signals are distributed and combined by a single radial line manifold

structure.

16
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Figure 11. Schematic of Amplifier Plug

The radial ??ne itself is discussed elsewhere in this report so the dis- x
f

cuss ion here will be limited to the design of the individual plugs

Several criteria were employed in the design of the plug.

• Unity coupling to the radial line power combiner is assumed,
r

Calculations have shown that such a characteristic is realizable
by a judicious choice of radial line height, plug radius,_ and wall
reactance.

• An individual plug gain of 13 dB was chosen to allow for power
combining losses, circulator losses, and mismatches.

• A basic 50-ohm coaxial line structure was chosen to simplify
individual plug testing and fabrication.

0 Each plug was to be individually stabilized to prevent spurious
out-of-band oscillation (due to the inherently broadband negative
resistance of the IMPATT diode).	 }

}
u	 I

_17



The analysis of the plug was done using a ladder analysis computer
program. The circuit is broken up into a set of 2-ports in a ladder arrange-

3

ment with branching and parallel paths allowed. Each 2-port is modeled
by an "A" matrix.

I I =^* 4M '2

v	
+v 

2

v 
	

A 

V2

Il	 .I"L

For a pair of cascaded 2-ports



The A matrices for some simple elements are shown.

1	 Z

 I
Z	

0	 1

1	 0

0
Z	 l

Z	 1

N:1	 N	 0

D 1:	 1 1N
Z OHMS

a-----p	 cos 0	 jZo sin 0	 Lossless Trans-
0-0-^-O	 J mission Line

z  sin 0	 cos 0
0

The input impedance of Z in of a network terminated in Z L can be computed

from its A matrix as follows,

	

I	 I	 4n 1

	

1	 3	 2=0	 V1	 1	 0 V2
A

	V	 A	 V 2	 I	 1	 I	 0	
;At

1	 v3 
z 	

1	 z 



R,
J

The reflection coefficient referred to a real source impedance Z o is
Z. - Z

	

r c in	 o
Z. + Z

	

in	 o

and the reflection gain G is given by

	

G = 20 log 10	rl )

The plug was designed to provide a gain o' 13 dB over a small frequency
a .	 range from a 50-ohm, source. The diode parameters used were those of a

chip operating under high-power conditions as in Alpha type No. 191 package.
This diode package model is given in figure 12.

., Zs	 R s

Given a particular set of diode and plug parameters ( X1 , a gain versus
I	 ..

p	 frequency curve can be calculated. If we define

error	 E W	 (Gain	 - Gain	 j
^X^	 freq

f	 Desired	 Calculated

where Wf is a weighting function we have a measure of the performance of

the plug over a set of frequencies. Each element that is considered
variable these can be line impedances and lengths - is changed by a small
amount and a new error is calculated. An incremental error

d Error
d v.. j 1, # of variables

can then be computed. A minimization routine then varies the elements to
reduce the error term.

_

_

20:
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The Fletcher-Powell2 minimization routine is essentially a steepest

descent type program in which the direction or line of travel (in a space

whose base vectors are the variables in the Error function) is modified by

a "best guess" of the Hessian matrix.	 The new information obtained at the

minimum along the line is then used to update the Hessian and the process

continues until convergence is obtained.

This type routine works well if the initial plug design is reasonably close

to one corresponding to a solution.	 A flow diagram of the complete program

is shown in figure 13:

The harmonic tuning filter and band-stop filter were also designed using a

computerized procedure. 	 The harmonic tuning filter was based on a quasi-

lumped element design in order to conserve line length. 	 Its characteristic

is given in figure 22.

The band-stop filter is a two -section 7r network which presents a very
low impedance to the fundamental and is effectively transparent to harmonics

` and subharmonics.	 Its characteristic is given in figure 14.
2.3 STABILIZATION CONSIDERATIONS

To ensure unconditional stability, we must provide that the real part of
the cavity impedance presented to the plug reference radius exceeds in =-
magnitude the negative resistance of the plug. 	 In most cases it is sufficient
to impose the side condition that the corresponding reactive components of

II	 ^' these impedances be nonconjugate anywhere in the band where I-RI > RLOAD*
1^, i

In fulfilling these requirements note must be taken of the other possible
resonant mode s in the radial line cavity.

In the amplifier design we have provided means for fulfilling these condi-
tions.	 The first is a frequency-dependent stabilizing load resistor housed in
the bias circuit.	 The second is an array of radial mode absorbing strips
and slots in the top plate of the radial line cavity, _.

I'
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3	 Figure 13. Optimization Routine Flow Diagram
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The stabilizing load resistor is comprised of the series combination of

a band-stop filter centered in the band of interest and a non-dc conducting

microwave load material - an iron-loaded dielectric such as MM;F - 14.

A typical band-stop filter characteristic is plotted in figure 14 for the three-

element configuration shown in figure 11. This provides rejection of close

to 30 dB in the band of interest and very high return loss on the low-frequency

side. Examination of figures 4 and 10 indicates that the resistive components

of plug and load impedance are nearly equal on the low side, the reactive

components are of the same sign and, therefore, nonconjugate-. Gain of the

entire amplifier has been computed over the frequency range from 8 to 16

GHz with no indication of gain peaks other than the desired one. The stabili-

zation resistor will tend to add up to 50 ohms in series to the impedance as

seen by the plug in the passband of the filter, thus providing stabilization on

the low-frequency side. On the high side, the plug negative resistance falls

off steadily as seen in figure 10.

The higher modes of interest are shown in table 1. The TE` mn 
modes

will all fall in a frequency range far above the range of interest because

they have a half wave of axial field variation. The cavity height D 0.254

cm requires that these modes be at a frequency greater than 59 GHz. A

similar argument eliminates the TMt mn modes for which n > 0. The•	 ._ 
TMI m modes for which l > 0 will be damped by radial conductive strips

because these modes have azimuthally directed current components. The

TM01 mode resonance is below the -R band of the diode, while the TMO2

can be damped by the stabilization resistor filter described above. The

TM0 30 
case is not so clearly defined. The calculation obviously does not

take into account the presence of the plugs and load, and the TM0 3 is the

radial line mode used to couple the plugs to the output.
e

,.	 25 :t



b

a

TABLE 1
k

TMt	 CAVITY MODESmo

t	 m	 X t m	 F(GHz) 

0	 1	 2.405	 4.55<>;

1	 1 3.832	 7.24_
2	 1	 5.136	 9.20 ^;<

0	 2	 5.520	 10.44

3	 1	 6.380	 12.07 =;_
1

1	 2	 7.016	 13.25

4	 1	 7. 588	 14.32

2	 2	 8.417	 15.90 ^k

0	 3	 8.654	 16.35„t

Damped by radial strips
Below stop band of bias line filter

All TE and all TM1	 (n > 0) will be above band of - Rdiode Outer
K

mn
radius assumed to be 1.00 inch.

The radial conductive mode absorbers are des,gned after some experi-
ments which were run in double ridged guide in the same ,frequency range

for another project.	 In these experiments it was df„sired to damp out the
TE20 waveguide mode while propagating with minimum insertion loss the
TE 10 mode.	 The TE20 cuts off in the guide used at about 12 5 GHz. 	 The s
absorbers consisted of longitudinal slots in the center of the broad wall
filled with an iron-filled dielectric material Eccosorb MF - 124. * Results
are shown in figure 15.	 Insertion loss of the TE20 was typically 4. 6 dB

far from TE20 cutoff whereas the loss of the TE 10 was about 0.3 dB.	 The
TE 1 0 loss was not measured above 12.5 GHz `due to mode conversion-	 - 4

>.= Emerson and Cumming, Inc., Canton, Mass.
j'
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:.

elsewhere in the circuit. Independent measurements indicated that the TE 10

mode could propagate mode-free irt such a guide when proper care was taken

in launching. The electric field patterns associated with the TM 	 modesono
are shown in figure 16.

2.4 IN TER MOD UL.ATION PRODUCTS

Typically in amplifier design, setting a specification: on efficiency and
linearity requires a compromise due to the fact that high efficiency in electron
devices always implies operation in a saturated or nonlinear state. A
comparison to traveling wave tubes is instructive. In high-efficiency TW T's,
fairly linear or,--ration is achieved about 3 to 6 dB below the saturated output i

drive depending on the tube type. Linearity can be meaningfully tested by
using the two-tone intermodnlation product test wherein two sine wave signals
separated by a small frequency difference are injected into the device- under
test, and the relative power levels of the signal outputs and those of the

27
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I'	 ♦ `-	 Figure 16.	 TM	 Mode Field Patternsono

third and fifth order intermodulation)roducts `IMPS are noted.	 ClassicalP	 l 

theory indicated that the nth order IMP's have a log P ut /Pin slope of a
P	 .

times that of the injected signals. 	 Thus in practical cases of interest, one
:.	 backs off on the maximum efficiency output a few dB obtaining satisfactorily

s	 low IMP'S.
°t	 Figure 17 shows 3 the expected P	 /P.	 slopes in dB/dB for the funda-o ut	 in

mental,, second harmonic, and third order IMP for the case of the two
equal input signals.

The situation for TWT's has been thoroughly covered by M.K. Scherba
and J. E. Rowe3 and in a simple power series model by Foster and Kunz3

a transferwhere the power 'series in question is the output/input volta^.^,^•	 P	 qg

:	 function of the amplifier; viz, 	
f.

n
out	 n-1	 n	 in	 ;._ 

♦Fat a

a.
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M	 Figure 17. Relative Magnitudes of Various Order IMP's
I

	

	 4'`

y In most TWT problems taking the series out to=n = 3 gives reasonable.. 

results and out to 5 very good experimental fits.

Having a Vout/V curve and the equivalent power series coefficients

enables one to compute the expected IMP levels as a function of drive signal 	 { .

levels. Expressions for the 3rd and 5th order IMP's, as well as the funds-

mental tone and the 2nd harmonics are given below, whert the V. / zn V out
curve is assumed to be truncated at n 5. i

f

Vin _ V 1 'cos wl t + V2 cos W2 t	 (14)

Fundamental

 3	 2	 55 15	 4 15 3V =A V +A V + — V V +A'V + — V V +—V V10	 1 1	
3(3-3

4 1	 2 1 2	 5(.8	 1	 8	 1 2	 4 1	 2
N

k

Y' 29	
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^

2nd Harmonic V	 = V 2 + A 3 V 2 V 2+ 1 V 420	 2	 1	 4 2 1	 2	 2 1

3rd Order IMP V	 = A ( .1 
V12 V.	 + A (15 V 2 

V 
3 + 5 V 4 V

21	 3	 4	 1	 Z	 15	 8	 2	 4	 1	 2

5th Order IMP V	 A^	 5 V 3 V 232 8	 1	 2

Vmn is defined as the voltage corresponding to the frequency (mto - MW2).

Thus, V20 is the second harmonic of the fundamental V 10 , and V21 has the
frequency 2w1

The magnitude of the 3rd order IMP's relative to the fundamental will.' 	 ey

then be given by:

3	 2	 25	 2V
V 21	 T K 3 V	 + g K5-	 1
V 10	 1 + 9 K V	 + 25	 K V4

3f	 .„ 4	 4	 5

where,

4 K3 _ A3/A i , K5 = A5/A 1 .	 ( 1 b)
s

If we consider the problem only to third order terms, the third order IMPt .

level is given by

544'f

a

3

3	 2
V 21	 4	 K3 V 17---	 _	 (	 )

V 10	 1 + 4 K3 V2

It has been recently proposed to reduce third order IMP's by adapting ,a
linearization scheme used with TW T chains. 	 In this scheme, the second
harmonic of the driver tube is fed into the output tube at a. phase so prescrib-
ed as to minimize or cancel . out the second harmonic from the output tube.

"
tfj

An example of this effect is shown in figure 183. 	 In this case the second

harmonic was about 5 dB down from the fundamental in the power tube input.

.'. For a phase of about 160 degrees, the output second harmonic was depressed
by about 20 dB; whereas, the fundamental output was increased several dB. 	 *.

h
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Figure 18 Reduction of 3rd Order IMP's by Proper Phasing of
2nd Harmonic in TW T Chain

The diode amplifier equivalent of this effect differs from the TWT case
in two ways.	 First, the type of nonlinearity is different in that the TW T is

t	 3
' an active coupled wave mechanism unlike the avalanche mechanism in an

a

C	 ¢t;, f IM:PAT`I' diode.	 This difference is not well documented, but data taken here
it	-r

.ti indicates that at least five terms in the power series must be taken to get a

r	 tY:	 x.. reasonable curve fit.	 This difference will be discussed below.

More important, in a multistage IMPATT amplifier, the stages are

separated by circulators which have useful bandwidths well under an octave,

preventing efficient transfer of the driver stage second harmonic to the

input of the power stage.	 Thus, as outlined in the -abovementioned contract,
the phasing of the second harmonic must be controlled within each stage.

'	 Y
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The proposed approach in reducing 3rd order IMP's below those expected

N
from gain compression alone is to use the second harmonic generated within

the stage to suppress the third order IMP ' s. This will be done by reflecting

the second harmonic power back to the diode at an appropriate phase by

means of, adjustable harmonic reflection filter (HRF) built into the diode
mount itself.

This situation can be modeled by assuming an input signal consisting of

two equal fundamental signals and their respective second harmonics; viz,

vin B 1 cos wlt + B 2 cos wt + B3 cos (2w1 t + 0 1 ) + B4 cos (2w2t + 02)
f.	

(18)

:r
This signal is then impressed on the power series expression of the I - V

char actert-- tic s. The result for third order IMP's is an additional term

arising from the mixing of the second harmonic of one signal and the funda-
4i

mental of the other. These will have the form:

.,dry

	 B1 B4 cos ( cal t-2w2t-02) 

and
	

(19)
B 2 B3 cos (w2 t - 2w1 t - 01)

F + `

	

	 In order to set the total IMP pourer to zero, we set the rms IMP current to

zero. This results in the following expression, assuming

B 1 =B2 , B3 B4 , and 01- 42 when wl x w2;

1, 9 x X2

=cos	 cos0 1	 02 _.	
4 where X = A2 2 ^A	 (20)

i
Thus, there is ' a range of X for which ^2 is real.	 This can be seen in

f<it
r

figure 19, wherein	 2 is plotted vs X. The figure shows a rather broad
k: A

;
2/Arange of X = A	 for

3
which IMP''s can be cancelled.

^: 2
r

^k

Y
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An order of magnitude of the A's that one could expect for K -band
u

IMPATTS can be found from data taken on GaAs and Si diodes tested'

	

;x .	 here at 15 GHz. The measurement problem has been complicated to date

	

,	 by the reactances associated with available diode packages. Diodes tested

here were housed in packages which were developed for X-band application

and had resonances in that region. At K u-band these packaged diodes had

a strong series inductive component. Typical series equivalent values are

given for silicon and GaAs diodes in table 2. Bias -current was steady at

150 mA, and operating frequency was 15 GHz.

.1

is

u
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TABLE 2

TYPICAL SERIES EQUIVALENT VALUES

ZDiode

-4.048 + j 53.03

-4.24 + j 53.06

-4.24 + j 53.06

-3.958 + j 53.09

-3.57 + j 53. 12

Silicon

V Total

0.589 -- j 0.688

1.378 j 1.528

1.864 - j2. 162

2. 637-j3.041

3. 73 -'j 4. 209

Inj. Power (mW )

8

40

80

160

320

GaAs
:tt

^y

ZDiode vTotal Inj. Power (mW )

-5.911 + j 56.37 0.5445	 j 0.6961 8

-5.582 + j 56.4 1.219	 - j 1.548 40

-5.456 + j 56.42 1.724	 - j 2.184 80

-5.481 + j 60. 14 2. 249	 - j 3.038 160

-4.723 + j 60.22 3. 191	 - j 4.243 320

Vtotal
is the total voltage across the diode and is the sum of the

incident and reflected voltages.

Figure 20 shows computed third order IMP levels based on the GaAs diode

uncompensated by second harmonic cancellation. The diode was assumed to
L	

!	 .

be in an amplifier configuration with large signal gain = 13 dB. The A
i-

coefficients for this case were respectively:

A	 0.00036	 t
0

Al	 0.05694

A	 0.003022
A = 0.000373

t	

Y
r

:I
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	 These indicate that the diode was not driven deep into the nonlinear region In

the experimental procedure; and the cubic term, A3 is so small that 3rd order
7'
	w,

IMP s could not be cancelled out by 2nd harmonic reflection because that

component, proportional to A, would be too large. It is possible, however,2
to absorb part of the 2nd harmonic power and still achieve cancellation.

Our experimental evidence to date indicates that even in the large signal

regime the diodes do not possess as large square and cubic terms in their

nonlinear conductance as expected. Typical values of the A's in the nonlinear
n

I V curve I	 1; AN are as given above. If this is generally true of a
=0

large sample of diodes, then there is some question as to the 3rd order IMP

n	 level one could design to maintain the 4-percent overall efficiency, 	 I

_	 r

3

35



• Indications of the magnitude of the square and cubic terms in the I - V

expansion could be obtained by observing the 2nd and 3rd harmonic ampli-

tudes of diodes run as efficient oscillators. 	 To date evidence is scarce,

but several authors 	 state that the harmonic content of IMPATTS operated

at the avalanche resonant frequency (f a = 2/7 where 
r  

is the avalanchea ,

transit time) is generally low.	 On the other hand, studies by Gupta and

Lomax5 indicates terminal, voltage and current waveforms on a Read model

to possess rather high harmonic content, and indeed include some non-

integrally related frequencies, and the harmonic content appears to be

highly circuit-dependent.

In general, the IMP level will be affected by two mechanisms.	 The first
r

is the rms voltage -dependent negative conductance, which can be derived

from a simple IMPATT diode model in which the predominant nonlinearity
arises from a phase slip of the particle current wave with respect to the

z total voltage across the diode. 4 The 3rd order IMP's are derived from this a

model by consideration of the instantaneous saturation of the signal voltage

in a two-tone test. 	 Computed results b are shown in figure 21 which shows ,. _.

3rd order IMP.aevel, versus gain.co,mpression in .dB. ;For the simple. cubic
I - V expans,ion,;ass4m.ed,: ;it was found. that the, maximum efficiency. occur ed.'

the	 in was about equal to,twice the gain compression..when	 small, signal gah	 .	 x	 .

Thus, we can. to ?ulated .i{z table,.3,_ 	 or .,aur; io=d]3 amplifiers appropriate

combinations. . of gain co .mpres $ion C,:^small signal gain (SSG), relative
efficiency y7/nmax' IMP level, and. required diode, efficiency fora 	 overall

4-percent amplifier efficiency.

It can be 'seen that with this simple model of diode nonlinearity, the IMP
s

specification combined with the efficiency specification can only be met with

laboratory-reported -diodes', , With , -commerciaally' available' units in either Si

or GaAs, the 'IMP levels will 'be in the rieighboncood of 20 dB, generally.

consistent with the power series model computed above based on our own

. measurements of GaAs diodes.
,F
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.ft

F'	 21 IMP'	 Cigur ;	 ,	 s vs Gain	 ompression R

F TABLE 3

10-dB AMPLIFIER CHARACTERISTICS

C (dB) SSG (dB)	 Effic/EfficMax	 IMP Level (dB) Effic of Diode

100 .11	 0.27	 -31.0 14.8

2.0 12	 0.47	 -24.5 8.5

3.0 13	 0..58	 -21.0 6.9
4.0 14	 0.65	 -18.9 6.

The second mechanism to affect IMP levels arises from the level of square
term in the I - V curve, and is the term which would give rise to second
harmonic generation in an oscillator experiment, and is the basis of the

' herein proposed IMP reduction process by which the fundamental signal at

{
-	 , S

r
t



frequency w 1 is modulated by the second harmonic of w2 . Although the

physical mechanism for this is not well documented, Brackett 4 has shown

strong dependence of diode output on the phase and magnitude of 2nd harmonic

injected input for IMPATTS not operating at the avalanche transit time

frequency.

Implementation of this harmonic phase injection principle will be done by

,R
using a harmonic reflection filter in the plug design. The requirements of

such a filter are that it be mechanically adjustable, it have a high VSWR at
the 2nd harmonic, and be transparent at the fundamental.

Design of the (HRF) can be done in the diode mount vicinity. Such a

filter can consist of two lumped capacitors separated by X/4 at the second

harmonic frequency. The filter is virtually transparent at the fundamental.

Figure 22 shows a computed response of such a filter designed for a coaxial

mount. To illustrate the effect of this filter on the bandwidth of a single

diode amplifier, the gain over the desired band was computed for a coaxial 	 A

mount in which this filter was included. Gain variation within *0.35 dB in

12 dB over the 100-MHz band was computed.

Another type of linearization of he input-output characteristic of the

amplifier will be considered next. A typical avalanche diode amplifier

usually consists of a linear region and a saturation region which become

distinct at typically 3 to 10 dB below the maximum saturated output 'power.

Figure 23 illustrates 7 the input-output characteristic of a single-tuned

avalanche amplifier as a function of operating frequency. The amplifier

was tuned for a 10 dB small signal gain at 10 Gl-z. A significant point to

notice is that substantial linearization can be accomplished by operating

slightly below the frequency of optimum smal? signal gain. This effect is

explained by the fact that the resonant frequency of the amplifier shifts

downward with increasing s i gnal power. Byintentionally tuning, the small

38
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h

signal resonant point of the amplifier to a frequency slightly above the

described operating frequency, the negative conductance reduction will be

compensated over the range of signal levels by the opposing effects of the

lowering of the resonant frequency and the reduction of I -GD 
I 

with increas-

ing signal level. In a. narrow-band amplifier, this effect can be used to

reduce distortion. The transfer phase of the same amplifier is shown in

figure 24.7

A good test for the linearity of an amplifier is a measure of the third

order intermodulation product using two closely spaced input frequencies.

In figure 25, the third order intermodulation product D 1 relative to the

carrier signal amplitude, is plotted as a function of total carrier power
relative to the -1-dB single-carrier compression point. Curves 1 and 2

represent data obtained from an avalanche amplifier at a center frequency
w

of 10 GHz and at 9. 5 GHz, respectively. As expected, the curve at' 9. 5
r	

GHz shows lower distortion due to operation in a more linear range. Curves

for two typical TWT amplifiers are also plotted for comparison purposes.

It should be noted that the intermodulation products for TW T''s and avalanche

amplifiers are comparable for equal M Pn/pIs*

2.5 DIODE EVAL.,UATION AND TEST PROCEDURE

The purpose of this part of the program was to evaluate various commer-

cially available IMPATT diodes for use as reflection type amplifiers in a

narrow band centered at 15 GHz. Diodes of two manufacturers were tested - 	 jNZ

Hughes Aircraft Company, Electron Dynamics Division and Raytheon's

Special Microwave Devices Operation. The choice of these two vendors was

made on the basis of quality,availability, and price. The Hughes diodes

were Si diffused junctions; whereas, the Raytheon diodes were GaAs Schottky

barrier junctions. Initial tests were performed with both types of diodes

J.
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4

mounted in type 16 packages (see figure 12). Figure 26 illustrates the test

circuit used. A slotted line technique was chosen because of its relative

simplicity and adaptability to 'high RF power situations. Although a Hewlett-

Packard Network Analyzer was available, its use, at present, is limited to
low RF power and frequencies of X-band or below. Tests on the analyzer

showed substantial inaccuracies above 12 GHz.

2. 5. 1 Test Procedures

All diodes were tested at 15 GHz, over a range of incident RF powers

and bias conditions. Incident RF powers (corrected for line losses) ranged

from 8 mW to 320 mW, and bias conditions ranged from unbiased to the

point of maximum recommended reverse current.

The diodes under test were mounted in a modified commercially available

7-mm precision short circuit termination as shown in figure 27. The

connector was modified by precision boring a 7-mm M to mate with a

similar precision connector at the end of the slotted line. There are several

advantages to this form of test mount,

• It allows precise knowledge of the reference plane used for
characterization.

• The top contact of the diode package matches very closely the
diameter of the inner conductor of the 7-mm connector (3.04 mm),
thus reducing the problem cAf pa v sitic reactances due to discon-
tinuities at the measurementrp.

0 The spring-loaded collet at 	 mating plane of the precision 7-mm
cnnnPCftnr a:llnwia fnr nn.aitive nnrnta_nt nr p cc»rn nr f1 kA rlinAp fe%,r

i
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i

A,n Alfred 625E signal generator has used to drive a 10-watt minimum

Hughes Ku -band TWT amplifier in order to obtain the power levels required

for testing.	 The power levels required were intentionally substantially
r

lower than the maximum rated power of the amplifier since minimum signal
i

distortion was desired for diode characterization. 	 To ensure that in the

testing for 3rd order IMP's, the signal source and drive amplifier must not

generate IMP's above a very low level. 	 Figure 28 shows IMP levels in the

proposed Hughes TW T driver.

2. 5.2 Data Processing and Analysis_

The raw data obtained was in the form of null positions and standing wave

ratios (in dB) versus incident RF power level and bias. 	 An obvious problem

was the determination of the positive to negative crossover point of the diode

resistance since the slotted line technique does not discriminate between

magnitudes of reflection coefficient greater than unity (return gain) or less

than unity (re>iurs. loss ). 	 The solution was to track_ the change in. standing

wave ratio with increasing reverse bias current, or d(SWR)/AI.	 The cross-

over was then determined by the point at which the ratio changed sign. -	
fi

Figure 29 graphically illustrates this technique. 	 Through this technique, it

was established that the crossover point occurred in the range 60 to 90 mA

for the diodes tested.

Two computer programs were developed to process the raw data. 	 The

first program, which was used extensively in the first phase, calculated the

actual diode impedance and total complex RF voltage at the diode. 	 A sample
a

printout is shown in figure 30.	 The second program, which was tested but f

not used, was developed with the goal of correcting for any parasitics, such
as transformers,laced between the slotted line and the diode test mount. r

I'

r
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2s000E+02 -1.444E+00 6.56FE+01 29059F;+00 -2.785I:+00

***a*^**^-tip ** Fi Ta(:► =	 1.514E+10 POWEI(=	 ;^.200E-U1 ►IAZ"I` j;st*ct ss^r*t^^.s:{^

9.000E+01 -4.699E-01 7 .021E +01 296SU 00 -3 * 804F+110
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Figure 30. Computed Diode Data
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Its use is somewhat more complicated than the former program in that it
requires measurement of three reference impedances in addition to the actual
diode impedance. Using these three references, the program computes a
Z -matrix for an arbitrary 2-port which includes the effects of the transform-
er, for instance. It then inverts the matrix and applies it to the measured
data. T'i c- output is in the form of measured diode impedance and corrected
diode impedance. More detailed diode testing, which is foreseen for any
further diode evaluation, will require the use of a transformer to lower the
magnitude of the measured SWR's and, consequently, will make use of this
computer program.
2.6 THERMAL CHARACTERISTICS

There are three areas of concern in the thermal design of such an
amplifier. These are;

a. Thermal resistance from chip junction to the package boundary
b. Thermal resistance from the package to the heat exch4n.ger

r C. The heat exchanger itself,
a. Quoted figures for Ku -band high power chips have been in the

vicinity of 10°C/watt. A sample calculation is included. It assumes a
silicon chip whose diameter 2r  is 10 mils definng a contact area A P + to
the copper stud, whose thermal conductivity K is 3.88 watts/cm 2 °C with a
10-µrn-thick P+ layer hp through which the heat passes in a laminar flow
path, and a spreading resistance into an essentially infinite copper heat

4	

^

sin;. For this case, the spreading resistance R,r is
S

RT 
= 4Kr	

5.37 °C/watt
S	 o

The P+ region thermal resistance RZ, is
P+

hi

R,I,	 = K	 A	 1.47 °C f watt
P+	 P+ _ p+

f
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x^

where K1,+ is the la+ region thermal conductivity. The thermal resistance

through the silicon-gold -copper interface is 3.3°C/watt. The total thermal

resistance is then 10 . 2 °C/watt, or for our case, a total temperature rise

from package stud to junction of 100 to 120 °C. If in later diode models

copper or gold plated type II diamond heat spreaders are used, this will
r,

come down about 500C.
b. Thermal resistance from package to heat exchanger is a fairly

complex heat path, limited by the interface drop across the threaded
junction between the stud and the top plate. This has been calculated to be
about 10 °C assuming an average pressure of 10 psi.

c. Heat Exchanger With a maximum ambient temperature of 50°C

it is clear that air cooling is out of the question without extreme volumetric

rates of airflow and large bulky heat exchangers. It was therefore decided

to go to liquid cooling with the proviso that at a later time cold plate cooling

could be incorporated.

The cooling geometry chosen was one turn of 1/4-inch copper tube brazed

onto the heat sink side of the cavity assembly. Room temperature water is

assumed to flow through at the required flow rate which is estimated as

follows, assuming the maximum allowable dissipation of 250 watts.

The heat transfer coefficient necessary to dissipate 250 watts while. main-

taining a mean temperature difference of 50 °F or 27. 8°C between the wall
temperature and the bulk fluid temperature is about 650 BTU/(hr -ft2'-°F).
Using this value for the heat transfer coefficient, the Nusselt number can be
calculated. With the appropriate expression for the Nusselt number (which
includes the Frandtl number and the Reynolds number), the Reynolds number
can be calculated. Since the Reynolds number is the product of the density,
velocity, and tube diameter divided by the viscc2sity, the mean velocity of
the fluid can be determined. From the fluid velocity, the mass flow rate
can be calculated using the expression Am = pAV
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where m	 _ mass flow rate in lb/sec
4

p	 = fluid density

V	 = mean fluid velocity

A	 = cross sectional area

The mass flow rate necessary for cooling with water is approximately

I lb/min; whereas, for coolanol 20, the flow rate is approximately 5 ]b/min.
•	 ,	 r Thus the flow rate for wats. .r will be between 0. 25 and 1. 0 meters /sec for J

tubing ID's for 1/4 and 1 /8 inch, respectively, with 5 times these figures
+A for coolanol 20.

r
2.7 OUTPUT CONNECTION

The output circulator will be a modified commercially available 5-port
xa

waveguide circli :lator with two of the ports terminated. 	 The modification is
to peak up the responce for the narrow band of this application such that the
insertion loss per circulation ir, less than 0. 1 dB, and the isolation per

i
circulation is greater than 25 dB.	 Placing the cavity at the central port of

this circulator ensures better than 1.2 VSWR both on input and output, and
`A

output nsertl	 loss of a.2 dB.	 This corresponds to an efficiency degrada-

tion of about 5 percent of the overall efficiency.
t , 2.8 CONSTRUCTION PRINCIPLES

w

The amplifier is designed in three basic subassemblies; the circulator, F
x

the cavity, and the plug.
The circulator, a purchased part, ,will be a five port E and M Labs

model modified to have minimum insertion loss from the cavity to the output.
The cavity includes a gold plated 304 stainless steel cylindrical body part

x

i

housing holes for adjustment screws, alignment pins and bolts, the output
coaxial outer conductor, and bias lead band stop filters. 	 The body part is
c Aped with an OFHC disc,-sY-aped piece which completes the radial line

a^.,;. cavity and ),-,-1 which the diode mounts or studs are located. 	 This part also
{ includes the fluid cooling duct in the form of a brazed -on OFHC tube, a 

technique familiar to high -power microwave tube technology.	 The 304

-
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}

I..	 1

 0.1

i stainless steel body and the OFHC cap have virtually identical thermal

expansion coefficients which will provide thermal stability to the cavity

parameters.	 High microwave electrical conductivity will be obtailed by

gold plating the. stainless steel.

The high-tolerance items include the plug hole diameter, their angular

and radial spacing, and the output coaxial line M.

i.;. The plug design concept chosen consists of a series of metal and

dielectric slugs and spacers which combined comprise the bias lead wand

stop filter and the diode matching circuit. 	 Threaded joints will guarantee

good mechanical integrity while allows xp flexibility to match a tolerance

spread of diode package reactances.

The weight of the first experimental model is estimated at about 6. 5
` pounds, most of which is the body and heat sink.	 The circulator is a modi-

fied waveguide 5-port model chosen for its low insertion loss and relatively r

low price.	 The cavity material is 304 stainless steel for the body and OFHC

for the top, chosen for ease of manufacturing and stability. 	 For the

delive r ed models, weight reduction will be achieved in the body and top by

going to gold-plated aluminum and in the circulator by going to stripline in

the input circulator stage.	 The aluminum cavity top will have a thermal
Yq

conductivity about half thatof copper, sufficient to provide proper heat

transfer to the heat exchanger. 	 Estimated weight is about 1. 75 pounds for

the body and 0.350 pound for the circulator.

Assembly of the cavity on the E&M circulator will use an aluminum j

bracket, the details of which will be set upon receipt of the detailed dimen-

sion of the circulator.	 The circulator dimensions have been rough quoted

I ' as 4-1/8 x 2-916 x 1-516 inches, with the waveguide input and output ports t

.	 N ^the. OSM coax. connector leading to theon the 2-9 16- x 1-5/ 16 -inch ends and 4

cavity centered approximately on the broadface. A set of engineering

drawings is included as figures 31 through 41.

.I
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7Z- 0089-VA- 4f"

Elias Distribution Printed Circuit Board
Layout Schematic

Figure 3.8.30

Figure 40. Bias Distribution Printed Circuit Board
Layout Schematic

2. 9 POWER, SUPPLY'
The power supply chosen will be developed. in-house. It has built-in

diode open/short turn-off means to identify failed diodes, and individual

trim capability for each diode plug. The maximum voltage and current

values allow for a variety of diode do characteristics, with the side condition

that the total do power delivered to the diodes be within the 250-watt limit.

The power supply for this application will be a 60-Vdc, 5-A, current

regulated unit to operate from 110 to 120 volts, single phase, 60 Hz and

with the following added features.

a. The load will consist of 20 diodes operated in the avalanche mode.

The breakdown voltage is about 35 volts.

b. The supply will automatically regulate the total current and can

be adjusted to any value between about 0. 2 to 5. 0 amperes.
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Figure. 41. As sembly of Solid -State K -Band Power Amplifier
U
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c. Fine current adjustment can be made on each individual diode

load. The normal operating current per diode is up to 200 mA.

d. Current regulation against changes in supply line voltage, temper-

ature and, load impedance will be no greater than 1 percent.

e. The ripple component will not exceed 1 percent rms of the do

current.

f. The power supply will be turned off rapidly in the event that any
r

one or more of the loads become either opened or shorted. The power will

remain off until the reset button is pushed or the input supply turned off.

g. The unit cannot be turned on unless the current adjustment has

{	 first been turned to the minimum current position.

h. The current in each IMPATT diode can be individually measured.

i. In the :vent of a failed IMPATT diode, the monitoring system pro-

.. e	 vides a simple means of identifying the damaged component and determining

-	 whether the failure was an open or a short.

Figure 42 shows a schematic diagram of the power supply with the above

•	 control features.

z

	

	 The following is a description of the functions of the circuit shown in the

figure."R	
a. Raw do Supply

Transformer:	 TI

Rectifier:	 CR-1

Filter:	 LI, C1, and R59

b. Current Regu-,,tion and Adjustment

Sensing Resistors:	 R7 and R8

Comparator-Amplifier: 	 Q4, Q5, and CR-65

c. Series Control Section

Q1, Q2, CR-5, R3 and auxiliary power supply No. 1
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d. Fault Shutdown

A short or open in any one of the 20 amplifier diodes will shut down the

power. When a shutdown signal is received the following components are

involved. SCR, CR4 fires, grounding the base of Q 1.

Fault Reset:	 S4

Fault Indication: R 1, R2, CR2, CR3, Q3, I-1.

e. Open Load Sensing

A (+) "OR' s gate consisting of 20 signal diodes CR13 to CR33 will transmit

the high voltage (approximately 50 V) appearing across the open diode to the

base of transistor Q7. This will apply a shutdown signal to CR4 using-, Q7,

Q6, CR6, CR7, R 10, R 12, and R 13.

k
f.	 Shorted Load Sensing

A shorted IMPATT diode will transmit low voltage (near zero) to the base

of Q8.	 This is done through the (-) 11OR11 gate made up of switching diodes

CR44 to CR64, R14, R15, and R16. 	 The low voltage is applied to the base
.j	 w

r	 _
.:-k. of Q8 which then delivers a trigger signal to SCR CR4 through CR8, shutting

down the power supply.

g.	 Short circuit protection is provided by fuses F1 and F2.

h.	 Fine Current Adjustment

Fine adjustments can be made in each IMPATT diode by means of

potentiometerL. R38 to R58.

i.	 Current Meters

Individual diode current can be measured by voltmeter M1 which is
connected across voltage dropping resistors R17 to R37. 	 Selection of the

particular diode is made by the 20 point tap switch S4.

j.	 Fault Isolation

To determine which particular diode has failed, switch S3 is closed.

This passes a small current into the IMPATT diodes, bypassing transistor

Q2 which is blocked because of the fault.	 The current is limited to a safe

value by R9.

<.x
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With S3 closed, the selector switch is rotated, noting the reading of M1

at each position.. When the contact of S4 is connected to the dafective load

diode a change in reading will be noted. If the voltage reading is zero the

diode has failed open, and if the current is higher than that for the other

positions, the diode has failed short.

k. Reduced Current Starting

Normal on-off control is obtained by switch Sl. Master relay Kl is
electrically interlocked with the position of the control knob of R.8. Interlock

contact S2 is closed only when R8 is set for minimum current regulation

(maximum resistance).

Thus, if power is turned off it can only be reapplied when the current

control knob of R8 is set for minimum current.

1. Graceful Failure

Tests can be run with one or more failed IMPATT diodes by bypassing

the fault sensing logic by switches S6. 	 z

The power supply will be mounted in a cabinet of dimensions: 19 inches

wide by 5-1/2 inches high by 17 inches deep. Weight is approximately 60

pounds. A forced-air self-contained blower will be mounted inside the

power supply.
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3. PHASE II PROGRAM PLAN

Phase II of this program, which consists of the development, fabrication,

testing, and delivery of two solid state K u-band power amplifiers, will

commence upon receipt of approval from the NASA. Contract Officer.

The first steps during Phase II will be to further test and characterize

commercially available IMPATT diodes, make a decision on the diode package

desired and order the required diodes. Replaceable diode plugs containing

harmonic reflection filters will be fabricated and tested in order to resolve

the principal uncertainty, i.e. the amount of intermodulation product

suppression which can be achieved.

Concurrent with the above the brassboard resonator will be developed and
the power supply will be fabricated and tested.

Following the above steps a brassboard amplifier will be assembled and

tested and modified as deemed necessary. Final resonator development will

then proceed followed by assembly and testing of the final amplifiers. The

equipment development will culminate in the amplifier acceptance tests to be

performed at the Advanced Technology Laboratories of Westinghouse and the

delivery of two amplifiers and a power supply.

A milestone schedule of development events is shown in figure 43. Also

shown on this schedule are the delivery of final drawings, parts lists, and

test procedures ((trait and final).
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