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1. INTRODUCTION

. The work to be descflbed here covers the seconn and flnal nhase of
.NASA contract No. NAS5-20291. Durlng the flrst phase, a 51ngle-dlode 4
reflection ampllfler was qevelopea usxng 5111con dlodes.‘ The dlode was
"capable of dellverlng approxlmately 0.5 watt at 15 GHz w1th 10-dB gain o

over a 1—GHz band. Durlng thls phase an attempt was. made to combine.
20 such elemental ampllfiers in a 81ngle radlal transm1351on llne comblnere
The attempc waa unsuccessful in the 'sense that efflclent power comblnlng
w1th all 20 dlodes was never achleved. However, At was successful in
A p01nt1ng out mary of the poorly understood areas which must be brought :
under control 1f such an’ effort were to Succeed. These areas are:
a;_ Spurious modes in a mult1 mode comblnlng structure. -
b . Coupllng between 1nalv1dual elemental ampllflers and the
comblner as well as between each other.
’ R Prope* de51gn for uncOndltlonal stablllty ‘under all drive
conditions. - ,
The present aeSigﬁ either. avoids or incorporates a greater‘unnersianding
of. these problem areas. A 4
The éoal of the work to be described in thls report is the aevelop—
'f -.- . ment of a stable Ku-bana solld-state power ampllfier w1th the follow1ng

Speclficatlons-

1-1
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' PARAMETER SPECIFICATION
FIMAL ORIGINAL
1. .Cerrter Frequency 15.0 GHz . .
2. 1-aB Banawidth 100 MHz .
3. Ripple within Pass Bard + 0.2 aB .
4. Power Output at Full Gain 5 watts 10 watts
5. dc Power Input Maximum 150 watts ’
6. Gain at Maximum Output Power Level L dB 7 aB
7. Maximum Noise Figure at Full Gain 30 aB '
8. Maximum Volume 0.25 13
9. Maximum Weight 2.81b 2.5 1b
10. Maximum Input/Output VSWR 1.2:1
11. Input and Output Connectors ' UG - 419/U
12, Intermodulation Products 2 tone test, Af = 10 MHz:
- ' 10 dBdown from each of
2 tones at output, design
.goal. -
13. dc Power Input ‘Supply as accessary.
"1%4. Operating Temperature Range - 25° c/+ 50° ¢ - 30°-C/+ 50° ¢
In order to achieve the required output power a total of 12 IMPATT diodes d

.are used with 6 diodes coupled through each of two resonant cavities. The

outpi.xts of each of the two cavities are subsequently combined through the

use of a waveguide "magic - tee" hybrid.

"Waltham, Massachusetts.

profile.

The diodes used were manufactured by the Microstate Division, Rgytheon,

They are GaAs devices with a Read - type doping

As oscillators, they are capable of delivering about 1 watt with

an efficiency (dc to RF) of 10 to 17 percent.

A good backgrourd on the problem of power combining of IMPATT diodes

may be obtained from the papers by Rucker, Kurokawa, Kenyon, and Harp et. al.

listed in the bibliography

1-5

1-2

. The pépers by Harp are especially noteworthy in



reference to the work to be reported since his appreach is very similer to
the one taken here.

Section 2 presents a survey of IMPATT diodes znd negative resistance
amplifiers.

Section 3 describes the 20~diode radial combiner effort and presents
some of the problems encountered,

Section 4 describes the design and characterization of the resonant
combiner.

‘Section 5 discusses the characterization of the packaged IMPATT diddes
that were used in the program, including the synthesis of a lumped equivalert
circuit for the diode package.

Section 6 describes the design of the elemantal amplifier ana contains
results of tests on the nulti-diode amplifier.

Section 7 contains conclusions and recommendations for further work.

1.3/1-4
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2 cmemmsrns OF TMPATT DIODES

2. 1 DEVICE PHYSICS

In 1951. w S. Shockley6 proposed a mechamsm ‘for the negat:we

" resistance efi‘ect in an avalanch:mg P-N junctlon._ It was not unt11 1958
however, that W. J. Read7 showed that a certaln type of P—N Junctlon
dev:Lce (P+NIN+ ) should exhlblt a negat;we res:.stance at microwave fre—
.‘quenc1es. Read's dev:Lce a]lowed for a narrowN reglon in whlch carner

4nm...t1p11catlon would occur, and a- vn.der I reglon 1n which the 1njected

carriers would dnft until collected at the N* layer. Negatlve resistance

-arlses in this structure due to the vomb:med effects of the— avalahche
process, whlrh :mtroduces phase shlft between the voltage: and current,
and the drift (trans:.t) process, which 1ntroduces another phase shli‘t.
. The comblnatlon of these pmcesses results in an overall phase sh11‘t

which appears as a negatlve resistance -at _the output temnals.

In 1966, T. Misawag published an analysis of 'the ‘case_‘in_whic_h the

avalanche multiplication process occurred throughout the region be‘cwkeen
cathode and anode. He assmed that electrons and holes travel at the

same saturated veloclty through the whole deplet1on reglon and that they
have‘the sSame 1on1zat10n rates. Misawa's- equatlons show that 1n a unl-

fomly avalanch;mg reg1on ‘small custuroanﬂes tend to grow as they travel

-in either dlrectlon, S0 that a.confined plasma of avalanching noles and |

'.ele::trons. would exhibit amplii‘ication"pmperties ‘in the absence of a

- separate drift region.
' i
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' One major difference between the Read and Misawa models is that the

“Read model predicts the existence of a specific frequency, known as the

avalanche frequency, below which the diode does not exhibit negative
resistance, The Misawa model does not predict the existence of a lower
frequency bound on the negative resistance.

" The Read and Misawa models are, of course, idealized in the sense that

‘there are no physicarly realizable st.ructures which would be purely one or

the other. On the contrary, all actual IMPATT devices have some of the
characteristics of each model.: For instance, avalanche regions =an be made
small compared to drift regions, but not negligibly so. |

The structures used most commonly in the fabrication of IMPATT devices
are P'NN*, CGaAs Schottky barrier, P*PNN' (double drift) and a modified Read

structure. Figure 2-1 illustrates the doping profile and corresponding electric

.field variation across the P'M* diode under reverse avalanche corditions.

As the field intensity in the region of the Pt N Jjunction increases, a
free electron or hole entering the region has a correspondingly increased
pmbability of jonizing a hole-electron pair and contributing to tﬁe avalanche
process. . As the number of jonized carriers in the region increases, tﬁe
crest of the electric field distribution will move towards the N* region
carrying in its wake an electron plasma (the holes generated in the avalanche-
region have, during this time, drifted into the pt region and for all intents
ha‘{e dropped out of the transit process). If the field intensity in the drift
zone is kept above a certain critical valué (approximately 2 x 10‘+ ‘_I/cm for
silicon), the carriers will drift at a constant saturated velocity umtil

they are collected at the Nt Jjunction, when the process is repeated. The

2«2

©

A



2-3

.----,:~ et ey gt e «-r et g - -ﬂ-.-.:::-_ ...-, I T e i e s R -‘:.,__,__ ‘-ww—'. ,_._! ——
<
g 1020 —_—
3
= 19
: 10
[=
=
g 108 pt .
=
[=]
(& ]
« 17
w10 +
P~ N
<
© 1015 L o e
N
—t H 1
'AVALANCHE REGION - »! 1= :
: ; ] '
- k< -~ DRIFT REGION
1 ‘
E . 50
s
[Ty]
2 40
‘ *
o
o
T 3.0
- o
=
—
S 20
o |
w
10
I l
10 20 30 40
DISTANCE (MICRONS) .
74-1068-V-1
‘Figure 2-1. Typical P'NN' Avalanche Diode Doping Profile
and Correspondaing Electric Fiela Distribution



e e e oLt

negative resis;ance arises out of the corﬁbination 2f the avalanche and
d;‘ift processes, as discussed earlier.

From an equivalent circuit point of view, the diode admittance
can be represented as a parallel combination of a conductance, GD’ and
a susceptance, By.- Figurs 2-2 illustrates the variation of the small-

signal admittance of a typical X~band diode with frequency at high bias

current? Assumring that the diode reactance can be effectively tuned out

oVer a narrow operating band, we must now consider the effect of signal

level on the negative conductance of the diode. Figure 2-3 illustrates

"this effect at various cperating frequencies relative to the small
S : 10

.8ignal avalanche frequency.. In the mode of operation where the operating

frequency is above W,y |—GD| is a monotcnically decreasing function of

' signai level. In this mode, unconcitionally stable amplification can be

achieved as long as the load conductance, G greater in magnitude

1ar 18

than the small signal negative conductance G For operation at or

m‘
below W,y the dioce exhibits very low -negative conductance at low signal

levels and, furthermore, has a susceptance which varies rapidly with

freqliency. These combined effects tend to result in a very nonlinear
gain characteristic as a function of signal level.

Figure 2-/ shows the impedance variation of a packaged diode as a
: 10

function of frequency, signal level, and bias current. The small signal

avalanche frequency of the diode was approximately 6.9 GHz at 120 mA of.

- tdas éurrgnt. Several significamt effects can bte noted. First, as the

frequency of operation is lowered towards Wy the diode reactance increases

'substantialJy with varying signal level. Second, the effect of increasing

' sighal level is, to a large extent, the same as tae effect of decreasing

2-4
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bias curremt. The decrease ih bias current lowers the avalanche
frequency and thus lowers the magnitude of the negative conductance.
The reduction of |-GD| causes the saturation phenomenon at high signal

levels. Figure 2-5 illustrates the output characteristic of a 1 watt

" oscillator including the observed leveling in efficiency as the

oscillator approaches saturation.

2.2 CIRCUIT CONSIDERATIONS

The discussion this far has been somewhat simplified since several
significamt points ha{rg been omitted for the sake of clarity. Probably
the most important of 1::.hese is the effect of the termination of harmonic
and subharmomic frequencies. This effect can be readily demonstrated
in the behavior of high power osci_llét.ors, where tuning of the secoridA
harmonic impedance has been observed to change the oﬁtput power by as
much as 10 dB. Although this effect is also.present in amplifiers, .it
is not qu_ite as pronounced. '

Of far mofe importance in amplifier applications is the termination
in the vicinity of the subharmonic.n‘ The equivalent circuit of an
évalanche diode consists of a n’egative conductance, a Jjunction capacitance
and an inductance due to carrier multiplication and drift. The junction
cap#cit.ance may be considered to be essentially linear, that is, inde-
pendent of signal amplitude. The inductance, however, is nonlinear since
ionization rates and drift velocities will vary strong]y with field

intensity under large signal conditions. The presence of the nonlinear

‘inductive susceptance, therefore, can give rise to a parametric negative

resistance since the presence of a large RF signal across the diode will
‘act as a pump. If the diode is not properly stabilized in the vicinity

of half the signal frequency, oscillation will occur and this oscillation

- will detract from the power delivering capability at the signal frequency.

2.7
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"Until recently this 'problem has not been widely reportea in the
llterature, perhaps because of the lack of commercial avallablhty of E
o _hlgh efficiency (10- 20 percent) diodes. Wlth recent avallablhty of such high
] efﬁ.clency de’uces, however, the problem has become qulte serious s:.nce ‘
the primary mechamsm for 1ncreased efﬁc1ency has been the reuuctlon of
: the diode (pos.:.tive) series re51stance.' Thislreductllon of senes resis-
t_ence ‘makes greater demands on the circuit oeeigner since diode stabil-
* ization must now occur primarily due to proper external _(to tiie aiode
' . package) circuit loan:mg. . |
'I'he problem faclng the c1rcu1t des:Lgner is therefore one of.
. presenting a low 1mpedance to the dlode in the v1c1n1ty of half the’
A szgnal frequency in order that the bulld~up of a large "1dler" voltege

is preverrted 12, 15

- Th:.s crlterlon must, of course, »be satlsrie\. s:.multan—
eously w1th the criteria requ::.red at the s:1gnal ("pump") frequency for
pmper Operat:.on as an amphfler.

" 0scillations of a d:l.fferent type are also often encountereo in. |

' mPATI' dences. These oscll_latlons are generally connned in frequencv
to the dc to 20-MHz range and are caused by the rect:.flcatlon effect

.ceused by the nonl:.near avalanche process13 . A s:.mple explanatlon of

the p_ro'cess is as follows. An increase of dc current :mcreases the RF

neéative conductance; which causes an 1ncrease in RF voltage in order to

_s-atisﬁr the conjngéte'; match circuit constraint. The increase Ain RF

. voltage; however, causes’ a decrease in dc voltage due to the rectlﬁcation

effect of the avalanche process.- The 1ncremental mcrease in dc current

: _m.th an incremental decrease in dc voltage therefore gives rise to a

negatlve res:stance. In certaln circumstances (prlmanly when the blas

c1rcu1t presents a transmlss:\.on zero at these frequenues) these osclllatlons
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can build up to a level sufficient for destruction of the diode. The bias
circuit, therefore, must present a resistive termination to the diode of
sufficient magnitude to prevent the build-up of oscillation. This can
_often be accomplished by a suitably chosen parellel L-R circuit which has
a transmission pole at d¢ in order to allow essentially lossless biasing
‘of the diode.
Other major considerations in the design of circuits employing

IMPATT devices are biasing and heat sinking. The use of a constart current
bias source is required since small fluctuetions in the bias current can
héve significant effects on the diode impedan.ce. With regard to heat

» sinking, it has been demonstrated that thermal resistance is a major cause
of the drop - off efficiency of IMPATT devices operating at high RF power
levels. The thermal resisfance can be minimized by techniques such as the
plating_ pf an integral heat sink on the junction side of the Pt-N-N* dioae
‘or by the use of a Schottky barrier diode, in which the source of heat,

. that is, the avalanche region, is not seﬁarated from the heat sink by a

high‘thermal resistance region such as in the p* - N-NF structure.



3. RADIAL COMBINER AMPLIFIER

At the conclusion of Phase I (December 1971) of the present contract,
a final report was submitted which described a proposeci amplifier config ~
uration in which a radial combiner, opzrating in the THOBO mode, combined
the powers of 20 IMPATT diodes., The design goal at that t_,ime was a reflec ~
tion amplifier capable of delivering 10 watts with lO—dé gain over a
100-MHz , 1-dB band centered at 15.0 GHz.

The design effort was divided’into three consecutive areas, 'I;hese
were:

a, Diode Characterization

b. Construction of a Single~Diode Amplifier |

¢. Construction of the 20-Diode Amplifier
3.1 DIODE CHARACTERIZATION

Both silicon diodcs and GaAs diodes were tested. The package

parasitics and typical dc operating parameters are tabulated below:

Diode Cp (p£) Lp (nH) v I (mA) (typical)
Si 0,25 0.12 62 1,8
GaAs 0.25 0.12 55 180

Microwave measurements were made of the negative resistance and reactance
of these aiodes over the 13 -~ to 17 - GHz band for various signai voltages
across the diode. The measurements were carried out usirg a precision
50-ohm céax:lal slotted line terminated with a diode mount constructed oy
modii}ring a 7-mm APC7 short circﬁit to accept a threaded diode package.

The mourt was air cooled. A wide band, 3 -daB coaxial pad was placed in the

3e1
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:slott;ed' ‘line input to prevent oscillations, which otherwise were found to
'occur in cerbaln condit.lons. A coinputer program was written to comput.e

~ the d.mde 1mpedance RD + jXD using the relatlons"

Ry R

L N =)
R_o "Sz.cos g + sin 9 -
Lo N os # : '
xD _.(l-s)sme-zc S
- - s° cosZB +sin 6 - (3-2)
o -

deseﬁbing the dependence of the normalized diode series equivalent

'impedance RD jxD in terms of the standing wave ratlos and the pos:Ltion
" of minimum glven by the electncal 1ength referred to the short plane,

,eA .R is the character:.stlc 1mpedance of the transmlss:Lon line,

Knowledge of 1nc1dent, power, Pinc' and standing wave«rat,io or
reflectlon coefﬁclent was also used to compute the total RF volta.ge

across the diode VTOT’ using the relatlons
Vior © _vinc *Veen = vjne’ -(_l ¥ I‘)-_ : o (G
VV. .= . R B o ’ . .
e T ime To G-4)

Impedance asta versus frequency and 'VTO'I" for both t,ypes of

diodes are shown in Fxgures 3-1 and 3~2, where for convemence we use the -
: rectangula.r complex plane. Note that there i. considerable :anrease in
reactance and the expected reduction in negative reeistance as the signal

_ level increases. ‘Later we w111 see that this phenomenon was used to

stab:.hze a single-~diode negat:.ve res:.stance amphﬁer.
i
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Summarizing -these tests, the GaAs diodes cleiarly .e:_chibited larger ':

" negative resistance oomponent;s by about a factor of two with about the

Same reacf,once-;frequency slope. On the other hard, experience with these

diodes indicated that the silicon diodes were considerably inore r'u.gged.

One Si diode has had in the order of 100 hours of operat.ion at or near
;rat.ed ‘current operation into a wide variety of load impedances.‘ Of three
o GaAs diodes, ‘two had faileddt, a below rated bias current. and the other.

" had the biss lead open up. It was decided, therefore, _to use the Si diodes

in lat,er development.

_3 2 SINGLE—DIOD“ AMPLIFIER

_The purpose of the SDA was to establish the proper impedance matching

conditions i‘or the indindual elemental amplifiers which were to be com-

‘bined later in the radial combiner. In order t.o accomphsh this,. the mount.

was des:.gned to s:urrulate a pie - shaped segment of the rad.ial combiner by

a 1ength of reduced height waveguide whose characteristic impedance equaled.

the desired per diode Jmpedance (50 ohms) On one -end of the reduced

guide section is a t.unable short and at the other end is a L section

Astepped waveguide 1mpedance transformer des:.gned to have a mnimum ripple

reSponse from 10 to 20 GHz. Centered in t.hereduced height section is a

0.23) inch- diameter ‘hole penetrating both broad walls of the guide to

accommodate the bias i‘ilter on one side, and the diode stud and- mat.chlng S
transformer. Figu.re 3-3 shows a photograph of the unit.

Results of amplifier tests in the SDA using five and seven section

A stabihzation/bias filters indicated that the circui'c was very sensn,ive t.o

" the pos:Ltion of t‘xe sliding short and could eas:.]y break :mto osc1llation. .

(3.5
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This resulted in a re-evaluation of several aspects of the SDA and primarily
of the bias filter. The original philosophy behind the design of a multi~
section filter was that the circuit had to be loaded below the band cf
desired amplification in order to suppress possible oscillation aue to the
high negative resistance of the diode in that region. After reconsideration,
however, it was concluded that the problem of susbilization at lower fre-
quencies was not as severe as was originally thought. Furthermore, the
introduction of a circuit element with a multipole impedance characteristic
was considered undesirable since it would tend to complicate the analysis

of the circuit and could possibly tend to enhance the chances of oscillation
at the frequencies at which the poles exist., Figure 3-~4 shows a comparison
of the impe&ance characteristics of a seven secﬁion low pass filter ana

that of a single quarter-wave low impedance filter section.

At this'point it was decided to modify the proposed design to incor -
porate some degree of mechanical tuning on an active diode. Figure3~5 shous
the idea conceived. The circuit consists of a transformer of short electrical
length shunted with a mechanically varisble capacitance and a sliaable trim
capacitor approximately one -~ half wavelength away from the transformer. For
the purpose of the following discussion, the transformer is reprasented as
a lumped shunt capacitance CSH’ This is mechanically represented in
Figure 3-6; » Smith chart representation of the impedance is shown in
Figure 3-7. ‘

The impedance transformation is accomplished as follows. The-chart is
normélized to 50-chms ard a circle representing a 10-dB reflection gain locus

is drawn. It should be noteda here that all computations on the chart are

P
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" carried out with impedances and aamittances having positive real parts. It
can be shown that a given return loss under these circumstances implies
reflection gain of the same magnitude under negative resistance circumstances.
The chart is entered gt the point marked -Z*, representing the dibdg
impedahce with the sign of the real part changed. Since we will be adding
shunt positive susceptances we transform-z*to-Y*. Adding the susceptance
- represented by CSH' we move along a constant conductance circle to a point
C. We now move along a constant VSWR circle towards the generstor. This
represents the effect of the length &2 of 50~ohm transmission line, Arriving
at point B (representing, here, an éiectrical length of just over A/2), we
add the second susceptance, represented by Cl' and move alohg another con -
stant conductance circle until we intersect the previously determined 10-dB
.gain circle at point A. |
. Testing such a circuit in the SDA with fouf randomly selected diodes
:innicgted that a wideband 10-dB gain curve with O.5-watt output centered
near 15 GHz was possible with liitle or no ad justment of the length 22
between CSH and Cl' but did require individual tuning of the magnitude of
CSH by rotation of the asymmetrical stud, and by adjusting the position of
the sliding waveguide short. This short position turned out to be somewhat
less than /2 from the center line of the plug. Figure 3~8 shows typical ;
gain vs frequency curves as displayed on an Alfred Model 8000/7051 analyzer .
The experimental setup used in most of these tests comprised a reflec;
" tometer circﬁit as shown in Figure 3-9, For fixed frequency measurements, |
power meters were used, For swept displays, the Alfred network analyzer

was used. Calibration was made by replacing the SDA with a short circuit.
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The circuit configuration used is shown in Figure 3-10.

that could be made were 4, and £2. The axial positions of the bias filter

1

Adjustments

and slidable capacitor and rotsation angle 6 of CSH' as shown in Figure 3-10,

Table 3-1 shows the typical GAIN vs P

IN

were experimentally determined to give the gain curves shown in Table 3-1.-

data for the three frequencies 14.9,

15.0, 15.1 GHz which bracket the specified band. The data is plotted in

Figure 3-11. These results were achieved with 21 and £, values as on

Figure 3-10. Notice that gain expansion occurs due to the effect of inten ~

tional fe active detuning.

The effect of moving the bias filter spacing 21, all other parameters

held constant as in Figure 3-10, is shown in Figure 3-12.

An increase of this

spacing causes a smaller shunt cspacitance to appear across the narrow height

wavgguide-to’coaudal—line t.~ansition within the SDA. This in turn tends to

raise the center frequency of the amplifier.

TABLE 3-1 - TYPICAL GAIN vs INPUT POWER DATA FOR THREE FREQUENCIES

P () GAIN (dB)

. 14.9 GHz 15.0 GHz 15.1 GHz

100 8.2 8.5 8.2
50 9.9 10.4 10.9
25 11.8 - 12.5 12.5
12.5 12.3 14.9 14.6
6.25 9.9 12.3 16.8
3.12 9.4 10.5 18.8
1.56 9.6 10.3 17.1
0.78 9.8 10.0 15.1

DIODE No. 29, I

HIAS

= 145 mA
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3.3 RADIAL COMBINER

The choice of a radial transmission line as the power combining
element in a rmltiple diode amplifier was based on the following:

a. All diodes are subjected to the same incident power.

b, A1l diodes are of the same type.

c. All elemental amplifier circuits are identical.

d. Virtually unlimited expansion potentiel in terms of the number

of diodes used.
The equations governing the field variation in the radial line

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

k = T 3
E, = AHO(I)'(kr)i»BHo(Z) (kr) - (3-5)
3E . f : * S
N i TR (1) ) )
Hqs' Jer 3t - [A.Hl (kr) + BHl (kr)] (3~6)

where T = 377 ohm,
These can be further expressed in terms of radial angle functions which

for large argument approach the ordinary trigonometric functions; viz,

A [N 00
8(X) = tan |-————e : (3-7)
) Jo (X)
I, (X) .
. A -1 1 -



" The field variation then becomes

E_ = G, tkr) [A eje(kr) +-1B é-je(k_r)] - T (3-9):

e o (kr) : L _. - _ - .
. k -jlkr ) Low .

“¢.- z_oﬁc'rT [A itir) - m e r)] L G

Co - — . SR

: where G_(kr) = {Jo (kr) + N_“(kr) T ¢ 1S5 )

Joz(kr) + Noz(kr) '

L A - :
S andZ (k)= (-12) .

Jl?(k'r) * .Niz(lgr‘)'.}‘ .

o zZ, (kr) can be 'thoilght of s a x-'adiellv Vazylng charecterisf,ic. e:aire '
.impedance of the line; It is 1ndependerm of the canty height. 'I'hese
ﬁmctlons are plotted for the range of kr values of 1nterest in F:l.gure 3-13.

» Another funct:.on ‘of imerest can be called the total charactenstic
'impedance and is given by
: Z'OTOT(%r) =:Z°(kr) (-zl") . ‘ . - o (3;.1-3)
- where D is the helght of 'ohe comblner. ) .
This total charactens‘c,lc 1mpedance (Flgure 3-1[;,) is in terms of total -
poterrtlal across the cavity and current rather than a pomt. mnction wave

impedance. Zo has a pole at the ongln.
' TOT

Looklng inward toward an assumed 50-ohm 1oa.d in the comal out.put
line, one can compute the real and magmary pa.rt. of the 1mpedance, as
seen by a given elemental amplitier. - Thls will be glven in general by

2 =7 [H(kr)e]’. | o

e et ————
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where

Z, cos [e(r)-\f;(rload)] + jZo' sin [9('r)-9(rload)]
'ZOL cos[\p(r)-e(rload)] + jZL sin [\P (‘r)-‘“rloa'd)]

H(kr) = (3-15)

vwhere Zy; = Zg (k is the equivalent raaiel coordinate of the

Tloaa)? Tloaa
50 ohm load, &and 2, =50x -2-17-11;—1‘1%‘-, the wave impedance'equivalent of the
50 ohm load at T = T00q°

For a cav:.ty height D of 0.25), cm, load impedance of 50 ohms, Tyiode
2.25 cm and center frequency of 15 GHz, the impedance looking toward the
loaa is plotte_d Versus ry .4 in Figure 3-15 with frequency &s a perameter. It
can be s=en that we have a region of relatively constant real impedance of
about 50 onms with a zero of reactaﬁce. It is important to recognize that
this is the impedance looking toward the load per diode ana is given by
:multlplylng (k) by Ny = 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 1/20 of that seen by any given one.

Thus, we can set a point in the radial line at which the individual
elemental amplifiers 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 long. -

At the vadii of output, diode and short, kr is large enough such that

‘2 (kr), o(kr), ana g(kr) spproach their corresponding values in free space

or in a parallel plane guide.

As was stated earlier, the preceding equatiors are valid only for the

radially propegating modes, that is ™__ . (It is assumed here that the

3-22
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-comb:mer height is small enough so fhat there is no rleld vanatlon in
that curectlon.) The other p0551b1e modes have c.zn.muthal components of
‘current.whlch can be darr.ped by racugl 1ossy slots in the top and/or bottem - ' .
plates.~ These slots will ni)t ai‘fect the TM- class of modes. - Stabili-‘zae o
tion of the ampllner with reSpect to the ™. 010 and TMO 0 -modes is- |
accomphshed w1th1n the 1nc11v1dual elemental amphflers due to the combined .
: effects of the load re51stance and the roll-off o’i‘ negatlve res:Lstance at . |
.vlower ﬁ-equencles. Flgure 3-16 is a photograph of the entire comblner
showmg the ra(ual slots and the’ elemental amphﬁ.er structure.
Testlng of the complete ampllﬁer revealec! multlple frequency
osclllatlom. 1t was also observea that some 'of the apparent frequencieé ’
were 1ntermodulat10n products. _ The threshold current for osclll'tlons was '
appronmately 55" mA, indlcatlng that a large 1mpedance mismatch ensted.
'A Attempts at stabilization through the varlatlon of elemental ampllfler
clrc\nt parameters as well as comblner parameters were both unsuccessi‘ul
. Some of the techniques whlch were attempted w1th the aim of stablhzmg
Athe ampllﬁ.erwere- . o L e i L
‘a. Modlflcatlon of the mput coax/rad:xal trans:Ltlon to form a So-ohm‘ L .
h com.cal transmlssmn l:me sectlon. ' _
b. Introductlon of tuning screws into the top plate of the racual
line and into the side wall. ' _
c ~Intx'educt'ion of lossy material into both‘t-he radial iine and the -

_ elemental en_tplii‘iers._
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3.4 ANALYSIS AND RECOMMENDATIONS

In retrospect, the failure of the radial combiner approach was due to
the lack of understanding of several areas, the most significant of which
was the radial combiner itself.

In theory, at least, it is possible to find a load radius and a diode
radius at which, for example, a 50-ohm load is transformed to a 50-ohm input
impedance. This characteristic however, will be band - limited in nature,
meaning that extreme care must be taken in controlling the out - of - band
characteristic. Furthermore, from a practical point of view, it is very
difficult to define the effective load radius and simultaneously impose a
given load impedance at that radius, .

The radial combiner, by definition, is a low QL circuit, as opposed
to a resonant combiner which is a relatively high QL circuit. This implies
that if the elemental amplifiers are not sufficiently isolated from each
other in all possible modes other than the desired radially propagating,
symmetric mode, spurious oscillations at different frequencies can occur.
This possibility requires the use of some form of selective mode suppression
such as radial lossy slots. It appears now that one of the problems in the
present design was that the slots which were used did not load sufficiently
the undesired modes.

A basic question now arises, Which of the two components, combiner or
elemental amplifier, should be the primary frequency and bandwidth determining
element? It appears that by the nature of the components tne most effective
approach would be to construct a broadband elemental amplifier and couple it

to a narrow band power combiner, This arrangement lessens the requirement on

3-26




having identical elemental amplifiers since their exact bandwidth is not a
critical parameter as long as it is sufficiently broad. Furthermore, it
allows frequency tuning by the variations of one parameter (combiner
resonance) rather than 20. Some degrée of tuning would still be desirsble
on the elemental amplifier level, but its effect on the overall amplifier
would not be as great as in the high QL case,

In summary, it is recommended that in future designs of higher order
mode combiners the resonant combiner approach be given the most serious
consideration. Using effective mode suppression, this configuration appears
to be far superior to the low Q radial combiner in ease of characterization

and in the design of the elemental amplifiers.
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4. RESONANT COMBINER

The fesonant combiner is the primary frequency and bandwidth
4deter;mining element in the amplifier. It also, as the name iinplies,
acts as a power combining network. Figu.ré l+-.1 illustrates the combiner
geometry. The combiner operates in the TM010 mode, the dominant mode for
8 cylindrical cavity. Tﬁe field configuration in this mode has no
variation in the axal or azimuthal direction. Coupling .into and out
~ ‘of the cavity is acéomplished by a coaxial line whose center conductor -
protrudes into the cavity at the center. The cavitf is tuned by a
cemtrally located dielectric rod which enters the cavity from the wall
bpposite the coupling probe. -

The elemental amplifiers are made up of coaxial lines in which
the IMPATT diodes and their impedance transforming networks are embedded.
As the center conductor passes through the region in which tﬁe cavity
intersects the elemental amplifier some energy is coupled, primarily
through the circular megnetic fields, into the cavity.
L.l COMBINER ANALYS.:

The field compenents in the uperturbed cavity are given by

E, = Bdy(kr) - | | (b-1)

H = J, (xr) | (&-2)

4-1
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where Jo and J1 are the zero and first - order Bessel functions and
N=/i/e. The first zero of the zero-order Bessel function repre-
sents the fundamental resonance of the cavity. That is, if the

cavity radius is given by

P
2.40 3
r e gl . 20 (4-3)

o

where Pol is the first zero of Jo’ the resonant wavelength is given by

A=28u26 1, (4=1)

At 15 GHz, )«o- 2 cm, and therefore r, + 0.766 cm or 0.302 inches., From a
practical point of view, ‘however, it would be desirable to set the cavity
resonance to a frequency somewﬁat over the desired .operating frequency in
order to allow some flexibility in tuning around the nominal operating point.
The cavity geometry being used, however, has va non-cylindrical form
due to the intersections with elemental amplifier coaxial sections. These
perturbations on the purely cylindrical model affect both the resonant
frequency and the unloaded Q, tending tu reduce both. The introduction of
perturbations also introduces the possibility of spurious resonances at
frequencies other than the desired frequency. Tb check for this possibility,
the return loss at the input - output cavity port was measured versus
frequency with the fundamental resonance adjusted to 15 GHz. The elemental
amplifier holes were empty i.e. the central conductors of the coaxial sec-
tion, the loads and cLiodesr were remo?ed. This is illustrated in Figure 4-2.

The large spike is the return loss at 15GHz. The other is switching transient

in the sweep circuit.
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Figure 4-2. Cavity Return Loss With Elemental Amplifier Holes Empty
(10 aB/div., 6 to 18 GHz)
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The unloaded Q, Qo’ will determine the efficiency of the resonator
as a power combiner, For an unperturbed cylindrical cavity, Qo for the

fundamental resonant mode is given byu‘

. P, ,
W=R TTGAT) (4-5)

where h is the cavity height and R5 is the surface resistivity. For the
present cavity, r, = 0.283 inches, h = 0.311 inches, and R = 0.038 ohm.
Therefore, Qo = 62,1, Measurements, however, indicate a Qo of 1000,
reflecting losses in the empty coaxial sections, the dielectric tuning
rod, and the probe coupling structure.

Since the cavity is the primary frequency and bandwidth determining
element in the amplifier, it must be adjusted (through edjustment of the
coupling probe) to the required loaded Q. Figure 4-3 illustrates the VSWR
variation with probe insertion at the cenmtral port. The region to the left
of the minimum corresponds to the undercoupled condition, in which more
power is dissipated in the internal cavity losses than in the load. For
efficient operation, then, the cavity must be adjustea to the proper gier-.

coupled condition. The required QL for a given gein and bandwidth is given by

- 2 : | (4-6)
% (1 +/G) v .

where G is the power gain ratio and b is the fractional 3 dB-bandwidth.
Assuming 7-dB gain and a 200-MHz, 3-dB bandwidth at 15 GHz, the required QL

becomes 46.3.
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Referring to Figure A=l which represents thé equivalent circuit of the

cavity loaded by the generator impedance, we can write

o - R R 1 1)

Rc + nlz;i; w L
- ¢ (4-8)
Q.o - %i i

therefore,

no R (4-9)
——— -

Rearranging we get

R Q, (4-10)

where P is the VSWR at resonance. Equation L~10 gives us, therefore,
a cﬁteﬁon for the adjustment of Q‘L
Figure L-5 illustrates the equivalent circuit of tne emtire six-diode
amplifier., In the figure, -R'D represents the transformed diode negative
resistance, Ry is the stabilization resistance (to be discussea later), and‘
Ny is the equivalent turns ratio of the coupling network between ea;:h elemental
amplifier ard the resonant cavity. Figure 4~6 shows a crossv section of the

actual amplifier.
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Figure L-4. Equivalent Circuit of Cavity (Valid Only in the
Neighborhood of the Resonamt Frequency) Loaded By the
Generator Impedance
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Figure 4~6. Six Diode Combiner Internal Configuration
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- 4.2 INTER-ELEMENT COUPLING ' . 4
e A.major.problem in all milti- elenent active circuite 'is the effect of

'Spurlous coupling between the actlve elements. The coupllng problem can be

‘>d1v1ded into two p0551ble cases. One case is the 51tuat10n in whlch the

. cavity is resonant in tne desired mode and et the de51red frequency. In

- thls case, all the diodes are tlghtly coupled to the p051t1ve load 1mpeuance

_through the cav1ty, 1mp1y1ng that they are also tlghtly coupled ‘to each other.

_Thls ‘condition 18,;1n fact,_requlred in order that the comp031te structure -

f act as a eingle unit. The seconu~case corresponds to the situation where a

‘51gnal is present at a frequency other than the cav1ty resonant frequency.

In this case, there are ‘two mechanisms which will tend to stabillze the system.

:One mechanlsm is the presence of the stabllizatlon load in each elemental

. ampllfier and the band llmlted nature of the coaxial translormer, Whlch can

fvbe considered as maklng the elemental ampllfier stable in the operatlng banu

and more stable outsmde the operating band. In other uords, the_negatlve

conductance of the elemental:amplifier is:at"a'makimum at the‘operating'

frequency. The other mechanism is due 46 the nature of the fields-in:the

" cavity when the cavitv is detuned. ' Since the cavity wlll not-eupporta' ’

resonance under these condltlons, “coupling will occur only through evanescent

flelds present in the reglon where the elemental ampllfler center conductor |

.passes through the cavity. The solution of the bounnary value problem in

"-thls structure would be very compllcated ann tlme-consumnng and therefore

| a qualltatlve approach w1ll be taken here. One direct’ observatlon 15 that the

(_vmagnltude of the phy31cal q;scontlnulty will detennxne the magnitude and rate

of decay of the ‘evanescent fields present in the v1c1n1ty of the dlscontlnulty. A-

The evanescent fields can be represented as voltages on a short length of

4«11 .-



lossy transmission line. A rapid decay rat-,e would therefore correspond to a
highly lossy line connecting the elemental amplifiers., The structure will be
st-,able, therefore, if the equivalent lcss resistance is greater than the
negative resistance presented by the elemental amplifiers.
If we now consider only adjacent - element coupling, we can analyze the
‘ similar'problerh of TEM directional coupler. Jones and Boll;)za\h_n16 derive an

- equation for the coupled voltage of the form

v, » v —desin 8
JT=K? cos 8 + jsin 8 (4-11)
‘where © is the elecix’lcal length of the coupling regions at a given

‘freqaency; where k is the mid-band coupling parameter (6 = 17/2) Qm’d is
defined by )

“oe 00 ' . (4-12)

ﬁe bérmnetgzs Zoe and Z0 o &réy respectively, the even—- and odd - mode
characteristic impedances of the coupled structure. Z,e is the impedance
‘between the conductors when both conductors aré at the same potential
while Zo o is- the impedance when the two conductors are at opposite
potentials. The same result can be arrived at by considering the electro-

static case, that is ‘
—
zoe 1/Coe

(4-13)

——-——»
zoo 1/ Coo

where Coe and Coo are capacitances defined as above. The expression for k

in this case becomes

4-12



K o —20 oe .,

4-14
Coo + Coe ( )

(See the paper by Getsinger17 for a discussion of the electrostatic
analog.)

Using the impedance formulation we can therefore construct a two
dimensional resistive analog (with the‘same boundary conditions) where'
the measured resistances will be the analogs of impedances per unit
length ( or 1/C per unit length).

To implement this, a scaled .version of two adjacent elemental
amplifier coaxial lines was deposited on resistive paper using silver
paimt. The coupling parameter was tlren calculatéq from measured values
of even- and odd - mode resistances, as schematically illustrated in
Figure L-7. The results indicated that the coupling would be greater
than 30 dB down, which should be sufficient to prevent spurious
oscillations even under small-signal, high-gain conditions.

Once we have defined the required loaded Q, QL' of the cavity,
we have also uniquely defined the impedance presented by the cavity to
the elemental amplifier (for a given transformation ratio nz) at
resonance, In the original design of the overall amplifier it was
assumed that a large ratio could be achieved between RC/ng and Zo' the
characteristic impedance of the coaxial-line passing through thé cavity,
trus allowing termination of thie line in Rs = Zo' and maintaining a high
circuit efficiency. Testing of the final version of the cavity indi-

cated, however, that Rc/ng was a relatively constant function of Z

-

4-13
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Figure L=T." Illustratlon of Technlque Used to Determlne Even—and—Odd

. Modz Impedances :

4:14 -



Ralegath AN

and, in fact, was approximately 3.Z0 . These tests were carried out with
three transmission lines of Zo =150, 500, and 90 Q, each terminated

with Rs = Zo‘ At this point three possible choices were considered.

a. Redesign the cavity in order to decrease n, by approximately

a factor of 2.
‘b, Meintain the cavity design but terminate the line in RS = 20/3_.

¢+ Terminate the line in RS = Zo and thereby concede a loss in -

efficiency.

It Qés decided that redesign of the cavity would be both expensive and
_time-consunﬁ.ng. Furthermore, tﬁere was uncertainty that the redesign
would yileld the required increase in coupling (decrease_, in nz) and simui-
taneously maintain the 30-dB isolation between adjacent elemental ampli-
"fiers. The latter two possibi]itieé appeared worthy of exploration, -

Section 6 will discuss the investigation of these alternatives,

- 4-15/4-16
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5. DIODE CHARACTERIZATION

In most IMPATT circuit designs the diode is the basic limiting

component in the circuit. This is especially true if, as in this case,

the diodes are purchased commercially. The circuit designer is often

at the mercy of the manufacturerwhen it comes to the fundamental design

of thg semicor.ductor element as well as in the selection of a suitable

diode package from a limited range of types. Assuming that the circuit

designer has chosen the diode and package wisely the first step is to

measure the impedance of the packaged diode over the range of frequencies

and RF power levels at which the diode exhibits negative resistance. These

measurements are of fundamental importance since the elemehtal amplifier

circuit design will be based on them. The procedure which was used in this

program is outlined below:

8.

b'

Ce

Derm&ation of a lumped-element equivalent circuit for ﬁhe diode
package in the circuit in which it will be tested and, possibly
a modified version of the equivalent circuit for the circuit
in which it will finslly be used.

Measurements to determine the actual values of the elements
in the package equivalent circuit(s).
Measurements of impcéance versus freguency and RF power level

for the packaged diode.

5.1 PACKAGE CHARACTERIZATION

Figure 5-1 illustrates the package used and gives its physical dimensions,

The package is made up of four basic components,
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ﬁéue 5-1. .Schematic of Diode Paqk'age"
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8. A copper post, which serves as a platform on which the diode is
mounted and through which the heat generated at the junction is
transferred to a heat sink,

b. A ceramic cylindrical envelope which provides insulation between
cathode and anode and also provides a hermetic seal.

" ¢o A pair of crossed gold wires (approximately0.001 inch in
diameter) used to contact the semiconductor chip andAconnected
to the top of the package.

d. A soldered metal lid to maintain the hermetic seal and serve
as an electrical contact. |

:It may be helpful at this point to define what the significance

~of a lumped—elemert gquivalent is when applied to a microwave circuit such

as a diode péckage%8 First, any 1umped-élement circuit is an idealizatioﬁ

" of the actual circuit it represenﬁs. It is an idealization in the sense

that in all real circuits the electric and magnetic fields vary in

" magnitude both spatially and temporally. This.means, for example, that

uniqﬁe node-voltages and loop currents do not exist in a circuit which

has physical extent. The lumped-element approximation, therefore, will

never be complet.ely accurate. Its accuracy, however, will improve as

the physical size of the circuit becomes a small fraction of a wavelength

since under those conditions unique node voltages and loop currents may be

defined. This also points cut the fact that lumped-element equivalents

are band limited., A valid equivalent circuit at 1 MHz méy not be valid

gt 1 GHz.

- With these ideas in mind, the lumped-equivalent Eircuit illustrated

in Figure 5-2 was cerived from the physical structure of the dicde package

and the coaxial structure into which it was embedded. Note that it was

5-3
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Figure 5-2. Diode Package Lumped - Equivalent Circuit
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" assumed that the package was lossless. The elements of the circuit are

. defined as follows:

'.LSV=-stud'or,post inductance
Cp = capacitance between the post>andethe package 1ld -
Ly = wdre lead‘inductance |
Cf = fringing‘capacitance be +ween the lld and- ‘the coax1al outer
: cdnductor; - A

A test flxture was constructed in order to measure the 1mpeda*'f

__of the peckage at several frequenc1es around 15 GHz. Flgure 5—3 1llustrates '

the test fixture mren connected to a coaxial slotted llne

These meacurements were- made on a 7-mm (0 276") dlameter Slotted

_line and in order to proper;y simulate the c1rcu1t 1nto whlch the dlode
A would be- placed in the actual elemental ampllfler, whlch would be in'a .'

-0. 167" diameter coax1al 11ne, a cyllndrlcal hole of that dlametev was

machined into the test_f;xture. The'depth of the hole was suchvthat the

reference plane for7the measurements to follow would be4at the;junction

‘of the package lid and the coaxial. center corductor Making the measure-

ments in this way ‘has the advantages of preserv1ng the requlred phy51ca1

structure eround the diode package and alco of referrlng the 1mpedance

measurements to a referenceplanecommor to both the test fixture and the

’ elemental amplifier. One major dlfference, h0wever, 1s,the discontinuity 2
in outer diameters.at the reference plane and this'was accounted for in

the lumped equivalent - CerUIu of Flgure S~2 by addlng a shunt capac1tance,

disc

The measurements on the dlode package were done in two steps. ~ln
both stepg empty dioce packages (0utalned from the manufacturer) were

used. One,package merely had a 11d mounted ‘on tne ceramic cyllnder and

5.5
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Figure 5-3. Cross Section of Diode Test Fixture Connected to
Slotted Line
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the other also had the two crossed bonding wires attached between the lid
and the Acopper. post on which.the chip would have been mounted. The
resulting equivalent circuits are illustrated in Figure 5-4. The measure-
ment system used is shown in Figure 5-5.

Impedance measurements were made first on the open circuited package
and then on the chort-circuited package. Measurements were made at five

frequencies; i.e., 13.0, 14.0, 14.5, 15.0, and 35.5 GHz. A computer prog

ram
was then used to fit, in a least squares sense, element values to the
equivalent circuit which would minimize the error between the czliculated
package input impedance and the measured input impedanc-r:.\. Figdure 5-6
gives the fitted element values and a comparison of the cal.culated and
measﬁred input impedance.

It would be of some int.erest. to compare these measured values with

those cf others for a similar package. Table 5-1 precents pjublished values

for Cp and Ls by Getsinger18 and Moru'oe19 along v}it,h tne values measured
here.
. TABLE 5-1 - Compsarison of Measured Equivalent
Circuit Element Values
This Measurement, Getsiggerle Mom'oe19
¢ 0.16 pf ' 0.14 0.25
LS 0.37 nH 0.33 0.48

5,2 CHARACTERIZATION OF PACKAGED DIODE
Measurements were made of the actual diode (packaged) impedance versus
frequency ard input RF power levelzo. A computer program was used to process

the raw slotted line data and calculate the corresponding diode impedance, aamit -
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tance, and RMS RF voltage across the diode. The negative of the measured aiode
impedance locus is shown plotted on a Smith Chart in Figure 5-7. During
these measurements, subharmonic oscillations appeared at several points
at which a relatively high input power was incident on the diode. Sub-

- sequent measurements of the circuit input impedance seen by the diode in
the 6- to 9-GHz range indicated that the real part was as highas 100 Q
at several frequencies indicating that a lower input impedance would be

~ required at those frequenéies if the oscillations were to be eliminated,

L&ber in the program it became abparenblthat-ppe criterion of a low load
.resisténce in the viecinity of the subharmonic required modificatipn. It was
observed that parametric oscillations occurred for load resistances of 50 ohm
and 12 ohm, but were asbsent for 27.ohm. It was decided, therefore, that an inves-
tigation should be undertaken to aetermine the effect of various circuit resis-

'1Vtances on the resistance at the terminals of the.eqnivalent chip negative
conductance. The analysis was carried ogt using the package equivalent circuit
‘aiscussed earlier. Figure 5-8 is a plot of 1/GIN ana l/BIN versus R, at7.5 GHz.

~ Note that a minimum occurs for l/ciN at Ry =27 ohm. Similar plots were sub~
sequeﬁtly generated for lower values of LS' wi-h the result that I/CIN monotoni-
cally decreased.

The primary implication of this result is that the elimination of

parametric oscillations is dependent on the minimization of package inductance.A

"A minimum inductance would give the circuit desigher a greater- free -

dom in choice of load resistances as well as decrease the packagé Q, thus
increasing bandwidth, Using the 15-CGliz data Shown in Figure 57, separate
curves forvthe diode conductance and susceptance were plotted as a function

- of computed total RF voltage across the diode, These curves were then extra-

polaﬁed to the point of maximum added power &anc were fittéd with a power

'5-11
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series function. The resulting curves are plotted in Figure 5-9. Using
these curves, plots of gain and power added versus input power were generated
for various circuit admittances. Figure 5-10 illustrates the computed gain
and power added for the case where G =0.010 and B

CIRC CIRC
a stable operating point since a conjugate match condition never exists.

- 0.027. This is

[
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Figure 5-9: Diode Conauctance and Susceptance vs. RF Voltage
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6. ELEMENTAL AND MULTI-DIODE»AMPLIFIER

The approach to the design of the elemental amplifier was guided by
three basic aims. These were:
a. To achieve the required gain and output power at 15 GHz.

b. To achieve a sufficiently low Q structure so that the resonant

combiner would be the primary banuwidth and frequency determining

component in the network.
¢. To achieve unconditional stability at all frequencies cutside
the frequency band of interest.
These criteria may be restated as féllows: The locus of the admittance
presented to the diode must be such as to create a high gain situation in
the immediate vicinity of 15 GHz and a low (or no) gain situation every-
where else. Furthermore, if the resonant cavity were to be replaced by a’
purely real resiscanée of the same magnitude as in the actual circuitry,
the resulting elemental amplifier gain should be significuantly more broad
band (at least by a factor of 2). Although :hese criteria are somewhat
simplified and gualitative, they do summarize the design problem.
Measurements of the coupling characteristics between the elemental
amplifier and the cavity (Section 4 ) indicated that, with the cavity
adjusted to the proper QL’ the impedance presented to the elemental ampli-
fier in series with the inmternal load resistance was approximately three

times the characteristic impedance of the coaxial section. This condition

made it undesireable to terminate the coaxial section in its characteristic

impedance since approximately 25 percent of the power generated by the
diode would be dissipated in the stabilization resistance. . An alternative

solution was termination of the coaxial line in a load impedance lower

6-1 =
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than the characteristic impedencenof the line. Thie>technique has the

. advantage of increasing the circuit efficiency (less power dissipated in

thefinternel load) but neS-the dramback that the'circuit impedance seen
from-the aiode nosition now becomes more frequeney sensitive. ItJQes
therefore acknowledged that the 1mpedance may vary - con51uerably w1th
_frequency out51de the relatlvely narrow ampllrler bana, but that this varia -
'tlon would not be~a'ser10ns problem.
Several poseible;circuit eonfigurations were evaluated byieomnuter

simulation. The circuit which'appeered to be'most promising-is illustrated

- schematically in Figureéhl. Flpureé~2 1llugtrates the computed 1mpedance

locus for the came circuit. "4 prototype 1mpedance transformer was con-

. 'structed bagcd on the computer 31mulat10n and tests were carrled out tO‘:.

Adetermine its characterlstlc _

Stable small 51gnal galn of approxlmdtely 15 dB at 15 GH; was
obtalned u51ng this. structure, however, - as the input 51gnal power was -
1ncreased to approach the level at whlch the diode wlll operate in the flnal
unit, a severe degradation in galn was observed at the center of the operating
band; The'degradation wae of. such a mqgnltude as to reoLce the expected A
gain of epproximately‘S dB to 2 or 3 dB under full RF. drlve (see Flgure 6—3)
Investlgatlon into the cause of thls ‘effect 1ndJcated that a gtrong 51gnal
was present at the subharmonlc of the requeney at which maximum galn and’
output power were expected The preqence of *hls osclllatlon caused a

reduction of- the effective IMPATT mode negatlve resistance of the lede and

thus reduced its. ampllfylng capablllty. Further investlgatlon into this

: phenomenon 1nd1cated that this was a comnon problem in IMPATT ampllfiers,

espec1ally in those where hlgb efflclency diodes are used.11

1.
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Figure 6-1. Elemental Amplifier Equivalent Circuit -
Using Mismatched Termination
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Gain Reduction Due to Parametric Oscillaticn.
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Several techniques were attempteu to achieve the desired low impedance

at the subharmonic frequency and leave unchanged the impedance at the signal

frequency. All these suffered from the same drawback, namely of teing
narrowband solutions to a broadtand problem. One approach is worthy cf
some discussion.

A coaxial open circuited stub was placed directly across the diode
terminals in parallel with the transformer network already there. The length
of tie stub was adjusted to be A/2 wavelengths long at 15 GHz and A/L4 wave-
lengths long at 7.5 GHz. The stub impedance would, therefore, be high at
the signal frequency and low at the subharmonic frequency. The resulting
structure increased the gain at the signal frequency to 4 dB but instead
of having a single "degenerate' parametric oscillation there now appeared
two oscillation frequencies, at approximately 6 and 9 GHz. It was dis-
covered, in fact, that by mistuning the amplifier ever a greater number of
frequencies could be made to appear. Tn order to increase the range of
frequencies over which the stub was to present a low impedance, the packaged
diode was remc.nted into a studAwhich had a machined recess. The purpose
of this was to reduce the effective package inductance, which appears in
series with the impedance presented across the external package
terminals., A recess of C.0LO" was tested and resulted in a50 percent reduction in
package incductance. A diode mounted in this stud was placed 1n a 50 Q
coaxial test fixture having a 1.2:1 VSWRin a 1-GHz band around 15 GHz and
2:1 in the subharmonic Iirequency ronce (~ 6 to 9 GHz). A stub which was

1/2 wavelengths long at 14 GHz was placed acrocss the diode and resulted in,

6-6




again, two oscillation frequencies but this time at approximately 4 and 10
GHz, a separation of 6 GHz compared to the 3-GHz separation before the
reduction of package inductance.

The fact that the two parametric oscillations were spreéd apart in

frequency indicated that the reduction in package inductance had the

beneficial effect of increas;ng the band over which the stub had effect.
The major drawback of using the stub, however, was that the requirements

of small reactance slope at both the subharmonic and signal frequencies

were inccmpatible. This may be seen immediately from the expression for the
input impedance of an open-circuited transmission line and its derivative

with respect to electrical length

_ Zin = jzo cot o. v - (6-1)
d Z, -j 2
in _ J o . (6_2)
ase sin® &

For ® = m/2 (subharmonic), the reactance slope i§ finite and proportion to

Zo. For © = m (signal frequency), the reactance slope goes to infinity.

This can have the effect of severely narrowing the bandwidth of the amplifier.
At this point, the matched transmission line was reconsidered as a

technique by which the impeqance at the subharmonic could be easily con-

trolled. The disadvantage of this technique, howevecs, was the loss in

circuit efficiency which would result from the three ~to-one impedance ratio.

It was calculated, however, that the circuit efficiency could be increased

considerably by increasing the QL.of the cavity and thereby increasing the

coupled cavity impedance. This would have the effect of reducing the band-

width of the amplifier but for the case which was considered the reduction

would be small.




The structure which was considered is illustrated schematically in
Figure 6-4. The packaged diode is parallel - resonated by a shunt capacitance
of approximately 0.3 pf. A A/2 length of 27-ohm transmission line is used
to transform the cavity impedance (in series with the stabilization load)
to the resonated diode terminals. This structure has the advantage over
others that were considered in presenting a very well behaved (and reproduci -
ble) admittance locus at the resonated diode terminals. At 15 GHz, the load
admittance is purely real ard is given by 1/(Rc + Rg). The value of R, is
adjusted during operation, through adjustment of the probe penetration,
to maintain stability under small signal conditions. At all frequencies
sufficiently removed from 15 GHz, the load impedance is uniquely 27 ohm, a
value which was considered sufficiently low to suppress parametric oscillations.

The choice of characteristic impedance in this structure is based on
three major criteria.

a. Circuit efficiency
b. Suppression of parametric oscillations
c. Low QL

For the 27-ohm system, the circuit efficiency is given by

Rq (6-3)

and the Q of the circuit is given by

v A Z
%'%(zf'i':) (6-4)

where Z =R, + Rgy 2, = Rg. Figure 6-5 is a plot of Q vs. ZL/ZO. For

the present case, Z; = 1./.012 = 83 ohm, Z, = 27 ohm, and therefore

Q = 43.




2,=210

]

A=X/2 at 15 GHz
3 pf

Rg =272 (RF)

74-1068-V-29

Figure 6-4. Elemental Amplii er Circuit Using Matched Termination
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Several cemter conductors were constructed along with several
versions of an insert which would act both as the diode contact and a
shunt capacitor. Figureé-6illustrates the complete center conducto:
assembly. In order to determine exactly whs. insert diameter would be
required to resonate the diode under large signal conditions, five
inserts were constructed, having diameters ranging from0.150" to 0.130t
in steps of 0.005". Each of these inserts was tested by adjusting the
input cavity coupling probe to maximize the output power of the diode
acting as an oscillator., Table é~1presents the results.

TABLE 6-1

Single Diode Oscillator Output Power
at 15 GHz for Various Insert Diameters (Diode # H5)

Insert Diameter Output Power
(Inches) (mW)
0.150 0
0.145 80
0.140 260
0.135 450
0.130 200

Subsequently, four other diodes were similarly tested in the cavity

with only the .135 inch diameter insert. Table 6-2 summarizes the results

of these tests.
TABLE 6-2

Measured Single Diode Oscillator Cutput Power

Diode Number Output Power (mW)
H 450
Hg 4,80
E3 290
EL 370
G2L 310
6-11
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Figure 6-6.

Final Cetter Conductor Assembly
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It shculd be noted that these measured powers are below half the
output power claimed by the manufacturer. The low output'_power as an
oscillator is due to the high QL to which the cavity must be adjusted in
the oscillator case. Usirg Figure 5-9, the conductance at whi“ch the

_diode would add 0.9 watt is approximately -0.002, Using G = 0.012,

CIRC
therefore, the gain in this case would be 2.9 dB, Using equation b=l we
find that Q would be 64.2 for a 200-MHz, 3-dB bandwidth at 15.00 GHz.

For this case R, would be 56 ohu (1/(56 + 27) = 0.012). In the oscillator

C
case, however, Rc would have to be re- adjusted to present 500 -27 = 473 ohm,
implying an increase of QL by a factor of 8.45 to 542.

The transmission efficiency of the cavity is now given by

%
LA (6-5)

and for G = 542 and Qj = 1000, M = 0.46. This low transmission efficiency
accounts for the low oscillator cutput powers of Table 6-2, Diode H5,
according to this analysis, was actual]y‘generating 450/0.46 = 978 mi, which
is very close to its rated output power.

Tests were then carried out on a single diode (#G24), with the
input coupling adjusted for operation as a étable amplifier. Figure 6=7
illustrates the response of the amplifier over the frequency
range 14.5 GHz to 15.5 GHz for a range of input RF power leveis. Note
that the sharp gain reduction, characteristic of the presence of a para-
metric oscillation, is absent.

The first power combining experiment was carried out with two
diodes, #H5 and #16, and the cavity adjusted for operation as an oscillator.
Total output power was 910 mW, corresponding to individual powers of L50 il
and 480 mW which were measured earlier. The efficiency of the combiner was,

therefore, about 98 percent.




Pin=4mw

10 mw

74-1068-BA-32

Figure 6-7. Single-Diode Amplifier inCavity. Gain vs Frequency as
Function of Input Power. Diode # G24. (5 aB/div., 1L.5
to 15.5 GHz) (Sheet 1 of 2)
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The second power combining experiment was carried out with three

diodes, #E3, #E,, and #G24, the sum of whose individual ouiput powers was

970 mW. The total measured output power in this case was only 700 ml,

.corresponding to a combining efficiency of 72 percent. These diodes were some-

what lower in rated output power than the previous two, indicating that
their impedancés may be sufficiently different to call for a different
shunt capacitance than was used in the test. These same three diodes were -
also tested in the combiner as an amplifier. Figure 6~-8illustrates the
response of the amplifier over the 14.5-GHz to 15,5-GHz frequency range

and for various input drive levels. Small signal gain was 20 aB and at
0.6-W input was approximately 3 dB. Agéin, note the absence of the gain
reduction encountered earlier.

Each of the é-diode éombiners was tested Iimividuam in a
reflectometer system (without circulator and "magic tee"). Figure 6-9
illustrates the pass - band characteristics of the amplifiers over the 14.5-to
15.5 GHz range for a range of input powers from 0.) mi! to 2 watts (under
normal operation P?;x- 1.0 watt). The small signal gain was adjusted in
both cases to 20 dB. Note the similarity between the two characteristics.

The pass - band characteristic of the complete 12-diode amplifier
is illustrated in Figure 6-10. It is worth n&ing at this point that no
individual diode tuning was used and also that neither of the 6-diode
combiners required phase adjustmeits on the hybrid level. Figure 6-11

illustrates the complete amplifier breadbcard, including cooling fans.

Figure 6-12 is a plot of power in intermodulation sidebands as a
function of input power. Also included is the fundamental POUT/Pm character -

istic at 15.0 GHz. Tor the intemmodulation test, Af was 12 MHz and the

6-16
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Figure 6-8.

74-1068 -BA-34

Three-Diode Amplifier in Cavity. Gain vs Frequency as
Function of Input Power. Dicces # G2i, E3, Ei.
(5 aB/div., 14.5 to 15.5 GHz) (Sheet 1 of. 2)



Three-Diode Amplifier in
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Figure 6-10.

Pjn=0.4mwW
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400mw
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74-1068-BA-37

Pass-Band Characteristic of 12-Diode Amplifier

(5 aB/div., 14.5 to 15.5 GHz)
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Figure 6-12, Twelve-Diode Amplifier Intermciuleiion Distortion
(Af = 12 MHz, f = 15.0 GHz, Driver Third Order IMP'S= 2L dB)
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measured third order IMP level for the TWTA used as a driver was -24dB.
The third order IMP's were symmetrical to within approximately 1 dB over
the input power range 20 mi{ to 2 W. At lower input levels the relatively
narrow band of the amplifier caused the sidebands to be subjected to
possibly differemt gains, thus producing an asymmetry of approximately 3 dB.
One of the major concerns of any systems designer is the reliability
of the various components in the system and their possible failure modes.
In the case of the present amplifier, tests were conducted on the effects
of individual diode failures on the overall performance of the amplifier
under small and large signal conditions. Table 6-3 presents tre various
failure configurations which were tested. The simulated "failures" were

unbiased diodes.

Table 6-3
CONFIGURATION COMEINER # 1 . COMEINER #2
NUMEER NUMEER OF WFATLED® DIODES  NUMEER OF "FATIED" DIODES
1 1 0
2 1 1
3 1 2
L ' 2 2’
5 0 2

Figures 6-13a through 6-13f illustrate the variation of gain with
frequency under small and large signal (2-W input) conditions for various

failure configurations.

6-23




NO“FAILED" DIODES

GAIN

(a) FREQUENCY

CONF IGURATION NO.!

GAIN

(b) FREQUENCY.

74 -1068-BA-40

Figure 6-13. Amplifier Characteristics for Various "Failure"
Configurations (5 dB/div., 14.5 to 15.5 GHZ).
(Sheet 1 of 3) ‘
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“ 4 CONFIGURATION NO.2
caIn §

{c) FREQUENCY

: CONFIGURATION NO. 3
: GAIN i

(d) FREQUENCY

74-1068- PA-45

ifi ' isti for Various "Failure"
ioure 6-13. Amplifier Characteristics
e Configurations (5 dB/daiv., 1h.5 to 15.5 GHz)
(Sheet 2 of 3)
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CONFIGURATION NO.4
GAIN

(e) FREQUENCY

CONFIGURATION NO.5

(f) FREQUENCY

74-1068-BA-46

Figure 6-13. Amplifier Characteristics for Various "Failure"
' Configurations (5 aB/div., 1k.5 to 15.5 GHz) -
{Sheet 3 of 3)
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None of the failure cbnfigurations caused oscillations or parametric
instabilities,

Thermal tests were carried out on the complete amplifier over the
range - 25°C to +50°C. The pass - band characteristic wa: monitored at a
2-¥ irput power level. Figures 6-14a through 6-14f illustrate the variation

of gain with temperature. The overall gain sensitivity was 0.021 dB/° Ce
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Figure é-1L.

o
Ambient - -25 C
Heot Sink - -2°C

o
Ambient- -9.2 C
)
Heot Sink - +13 C

3

(b)

74-1068-BA-4]

Amplifier Gain Variation As A Function of Temperature
(0.4 dB/div., markers at 14.91 and 15.01 GHz)
(Sheet 1 of 3)
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Figure 6-1L. Amplifier Gain Variation As A Function of Teﬂperature
(0.4 dB/div., markers at 14.91 and 15.01 udz)
(Sncet 2 of 3)
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Figure 6-14. Amplifier Gain Variation As A Function of Temperature
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(Sheet 3 of 3)
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7. CONCLUSIONS AND RECOMMENDATIONS

Although the original goals of this program were not achieved, the
results of the program have made a substantial contribution to the sta".;e -
of-the—aﬂ; of high power IMPATT amplifiers. The emplifier which was
delivered is, at this time, the highest power solid-state amplifier above
X - band, | Aside from the hardware aspects, however, much knowledge waé
gained about power combining, stabilization techniques, parametric oscillations,
and “graceful failure".- In addition to these specific areas, much additional
informabion. was obtained about IMPATT devices in general amd the critical
role playe'd by thevdiode package in tixe overail design of the amplifier.

As is true in most such programs, many of the things which were

- learned could not be applied to thc immediste- program because of the con-

straints of funds available and.the demands of the schedule. The knowledge
gained will, therefére, have to wait for applicaticn in future programs.
Following is a brief discussion of the recommended design procedure to be
useq in future programs. |

Choice of Diode

Assuming that one of the primary goals is maximum dc~to-RF conversion
efficiency, the choice of diode must be made on the basis of the maximum
available gain of the device at its maximum power aaded point. This char - -
acteristic is different for different semiconductor materials- and different
doping profiles. In the present case, for example, the large variation

between tﬁe small signal negative conductance and the negstive conductance
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: MAX
at the PADD
PADD . This gain is further reduced by the circuit losses (especially the

point established a maximum gain of approximately 4.5 aB at

stabilization loaa). It was necessary, therefore, to use a large number
of aiodes, operate at a lower RF voltage level where the gain is higher,
and concede a loss in efficiency. If there is a substantial variation of
susceptance with RF voltage an additional available technique is to set
f:gg and rely on the
detuning effect of the susceptance variations to ensure stability under

the circuit admittance to give the required gain at P

small signal conditions. This technique was used in the present amplifier
to some extent. i

Choice of Package

The diode package is a complex impedance transformation network. It
w.ill affect the apparent adiode impedance and will increésc_a the loaded Q of
the circuit. The ideal situation would be to use the unpackaged chip and
thereby regain some cohtrol over the parasitics associat.ed with the diode
and its. mounting configuration. At the operating frequency, the package
parasitics will determine what form the resonating network will take to
maximize bandwidth. At other frequencies, particularly in the vicinity of
the subharmonic, the parasitics (especially inductances) can affect the
maximuam conductance presented by the circuit to the diode chip. This cir-
cuit conductance can have severe effects on the presence (or absence) of

parametric oscillations under large signal conditions.

Choice of Elemental Amplifier Circuit
4 The elemental amplifier circuit must be chosen with the following

criteria in mina:

7-2
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a. Proper impedance locus in the vicinity of the operating frequecy
(gain, bandwicth). v
b. Proper impedance locus in the vicinity of tixe subharmonic.
c. High circuit efficiency.
" d. Low loaded Q.
e. Proper bias circuit impedance (low frequency).
f. Proper coupling to cavity. |
g. Reproducibility.
h. VEase of fabrication.

Choice of Power Combiner

Assuming a cylindrical cavity combiner, the fundamental decision is
whether to use a dominant mode cavity or a cavity operasting at a higher mode.

The decision is based on the rumber of diodes that are required and in the

- efficiency of the mode suppressing structure used to eliminate all unwanted

modes. In the present case a dominarmt mode approach was taken. The height
of the covity will affect the unloaded Q. It will, however, also affect _
the coupling factor between the cavity and the elemental amplifier and will
affect the location and character of the cavity equivalent circuit as seen
by the ciode. .

Adjustment of cavity frequency and RF coupling into the cavity must

be accomplished by a technique which minimizes losses since these losses

will tend to reduce the effective cavity unloaded Q.

7-3/7-4
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o APPENDIX A~
'DERIVATION OF GAIN - BANDWIDTH RELATIONSHIP FOR A
NEGATIVE RESISTANCE AMPLIFIER

Assume the follovnnﬁ m1crowave c1rcu1t-

IR—G;,;" e _‘_{__

As'su'me,r i‘u’rther ‘that we:cah choose 'Z and Jl-l such that thc device

1mpedance w111 annear purely real at the cavily tennlnals at, the

- resondnu frequency of c1rcu1t (for a canty w1th neg 11g1b1e los.acs) ’

-~

SPCSEILNR S B

where C_y L, érg cavity ‘parametefs.v_alia'in‘ the vicinity of the

resonant frequency. The. loaded Q of the circuit.is given by

QL= .
R

Let us now define a new parameter, QG' _gii/en by

BESLIES

e A. s (A1)

. :-' :-. _.“'(A-A-A2')_
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Combining (A-1) and (A~2), wec get

Ry G Q

(a-3)

Q

= [ = "\i'
Re+lp 1Ry

And since QI is .a mzasure of the relstive half-power bandwidth of

the- circuit,

, w ) .
QG.- [} =. °— = . (A"ll)
14 RD/RG b . . -

Now at reference plane A we may define a voltage reflection

coefficient, T’y given by

D G T (a-5)
RD+RG :

)

- _.R_P/__RE_:_I_.._ A - (A=6)

) n]')/R('}+1

Solving for I'_;)/R(: in equation (A-6) anda substiiuting into (A-4),

wc get

: 14T
= == (1 4+ =)
%S 7 WA

(A~7)

Qc=”:-7(1-rf') .
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Up to this point-in the derivotion no assumption was rade as to whether
L]
P‘D wcre a positive or negative resistance. It is apparert however that
t L
if RD were negative and smzller in magnitude than RG (as required for .

stability), the condition

r < -1 . (a-8)

would hold.,
In practice, one woula of course have to embed the cne port
n.igative resistonce device in a nonreciprocal network (ferrite circula-

-t

tor at point A) in order to separste incident and reflected waves and

- obtain useable power from the device, Under these corditions the gain

of the amplifier can be defined as the ratio

outrut pover . ( A—9)

G = - e
maximum avolladle input pouer

or

Ga=|r? (A-10)

L en/G. : (A-11)

Substituting (A-11) into (A-7) we get

2 (A-12)
%=T+/00

Equation (A-12) statcs that for a given gain and bandwidth only the
pzssive parts oi the circuit will determine the required Q. This
result assumes that the cavity is the only, or at least major, energy

storage element in the netwoirk.
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APPENDIX B

: : ) AMPLIFIER TEST PROCZDURE
B.1 INTRODUCTION

Testing of the amplifier was carried out using the circgit
illustrated in Figure B-1. It should be noted that the sbove circuit is
one of se'veral possible configurations, all of which will yiela accurate
dat‘a. This particular circujt, however, was found to be flexible enough
to accomodate the varioﬁs required tests with minimal changes, while
mainteining accuracy arxd esse of calibration. The HP 8755M Swept Amplitude
Analyzer was inclm-ieQ in the circuit due to if.s flexibility, accuracy, and
ease of operation. A ratio meté; mgy be substituted if proper care is

.- taken in calibration.

Operating instructions, including initial set-up procedure and
instructions for amplifier adjustments are given in section B2. 1In
operation, the amplifier should be placed securely on a flat surface with
consideration given to maintaining enough open Space around it not to
restrict air flow. The rear of the Auxiliary Power Supply (APS) shoula,
likewise, not be blocked in order to allow cooling. Following is a list
of general precautions:

a. Do not exceed rated diode bias current. Note that some diodes

are rated st 160 mh and others at 180 mA.

b. Adjust bias current slowly. Be sure meter is switcheda to

Current position.

c. If a dicde is to be removed during operation, reduce current to

zero before disconnecting.
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" d. Periodically check that all diodes are operating by using °

Di_eo.e rotary switch.’

Be sure that all-bies leads are secure]y'c'oﬁnected.
'When replac:-.ng a dlode, be _sure. that t.he dlode stud is
securely tightened. _ -
Use a sultable hngh power wevegulde ter-mlnatlo'x.

Always reduce 1nput RF level 11‘ ampllrier is to be removed .

from test circuit. .

B-1, 1 CALIBRATION OF ']:EST CIRCUIT _
It is assumed here tha’o all the components mcluded in the Test

Circuit’ are availeble andhave been proper:ly callbrated.

B-l 1. 1 Insertlon Loss

Us:o.ng elther oné or two power meters or detectors measure the

‘ insertlon loss b°tween the coupled port of 20~ch coupler #2 ana the

ampliﬁer :mput port at 15.0 GHz.

Measure 1nserb10n loas between the ampllﬁer output port and

' t}lv coupled port on 30—c1B coupler #1

Measure 1nsert,10n loss between the arrpllner output port, and

" detector #2

Repeat at other frequencles.

- B.1,1. 2 Modulation

' Uéihg a powex.' meter on the cloupl'ed'po'rt,' of 20~dB coupler #2,

- adjust input power using precision attenuatioh'#l to re‘a‘d, 1.0 mw
Recom attenuator sett:mg Remove modulator.~ Increase attenuator

sett.mg t.o return _power read.mg to 1.0 mA. mrrefence in eettings :

_is the correction whlch must be applied. to. all power meher readlngs

‘if signal is moaulated.
1. .
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B-1.1.3 Gain (Swept)

Set zero gain reference line on HP 8755M by removing amplifier

and replacing it with a short section of waveguide. Adjust level

. set attenuator #3 ana precision attemuator #2 to obtain reference

line which does not vary in pocition as a function of RF drive level

up to the maximum anticipated power level. Record §ébting of pre-
cision attenuator #2.

At several power levels, check that the reference line tracks
settings on precision :attenuat.or #2. Reset attenuator to zero gain

reference.

B-1.1.L TWTA Intermodulation Products

Using fixed frequency source and swept signal source set to
single frequency operation, adjust frequencies and desirea Af. Place
terminatiqn on output port of 20-dB coupler #2 and remove modulator.
Connect power meter to coupled arm of 20-dB ‘coupler #1 ana spectrum
analyzer to coupled arm of 20-aB coupler #2. With precision atterma-
‘tor #1 set to 3 dB, edjust powers to give a total of 1.0 watt cw and
equal powers in the two main lines. Record power in each main line
énd power in each third order intermodulation line (21‘1 - f, and

2f, - f,). Repeat at other power levels and other frequencies.

B-1.2 MEASUREMENT OF AMPLIFIER CHARACTERISTICS
The following table outlines the specifications to which the test

procedure was to be directea.

.
ant veriot b onie o
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PARAMETER
1. Center Frequency
2. +dB Banawidth
3. Ripple within Pass-Band
4. Power Output at Full Gain
5. dc Power Input Maximum
6. Gain at Maximum Output Power Level
7. Maximum Noise Figure &t Full Gain
8. Maximum Volume
. 9. Maximum Weight
10. Maximum Input/Output VSWR
11. Input and OQutput Connectors

12. Intermodulation Products

13. dc Power Input

14. Operating Temperature Range

T i it T et e e e wae e

SPECIFICATION

15.0 GHz

100 MHz
+ 0.2 dB

5 watts

150 watts

L dB

30 apll)

0.25 £t

2.8 1b

1.2:1

UG-419/U
2 tone test, Af =10 MHz:
10 dﬁ down from each of 2 tones
at output, design goel.

Supply as accessary
- 25%¢/+50°¢C

B~1.2.1 Center Freguency, Bandawidath, Ripple, Power Qutput, and Cain

The measurememnt of these parameters is facilitated if a

leveled swept frequency source is used., If a leveled sweeper is

not available, a point by point (in frequency) measurement can be

made.

measurement.

(1) The measurement of this parameter was replaced by an alternaté

[RE———
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The measurement o these parameters is carrled out on’ _
swept b8515 with the modulator in the c1rcu_1t  Set the peak 1nput
power to 2.0 watts into the ampllrler, applylng correctlons for
couphng and modulatlon.
' The measurement of the above parameters 1s camed out o
:v1n a stralghtforward manner, wlth cons;.deratlon be:.ng glven ‘to the
Vfollom.nb 7

» a. Cov'rect measured gain and P values for insertien loss
o between the amphner output port and the measurement port.

. b, It was suggested that’ the swept. measurements be v‘erlfled_by

single- freguency measurements, using a power meter, at several

frequer;eies in the band.‘ “The modulator was removed from-
the c1rcu1t for these measurcments. ’
Te. If any ampln.rler ad:)ustments are requlred refer to sectlon B—2

B-l 2 2 Ampllfler Spurlous Output

The measurement of amphf:.er noise 1‘1gure was replaced by a .

measurement or the spurlous RF output relatlve to the s:.gnal amphtude '

under various urive . com:l.tlons. The measurement ‘was relatively , '
stralghtrozward.
a If the amplii‘ler has been off, allow approxlmately 20 mnutes
for warm up (a low - level osc111at10n may be present on
_ initial turn on) ' '
. 'b. Connect a power= callbrat.ed spectrum analyzer to the coupled

-'port of 30-dB coupler #1.
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c. Vary the input power (using a single frequency source)
using precision attenuator #1.
d. Record the relative magnitude and frequency of any observed

spurious signal at each drive level.

B-1.2,3 Input/Output VSWR

Input VSWR was measured either under fuil or low drive by
reversing 20-dB coupler #2 so that a reflectometer system was set up
at the amplifier input. For this test, detector #2 was moved
to the coupled arm of the coupler and a reference short used to
establish a return less reference. |

The measurement of output VSWR was made under zero input drive
conditions since that situation wou.]dv preser%t a '"worst case" {greatest
amplifier reflection gain). Using the refleciometer system in the
previous éeasurement, the amplifier was reversed such that the output
port was connected to the output port of 20-dB coupler #2. Terminated

the amplifier input port in a matched load.

B-1.2.4 Intermodulation Distortion

The measurement of third order intermodulation distortion was
carried out using the technique described in paragraph B-1.1.4. The
major difference was that the spectrum analyzer was mcved to the
couplec _~m of 30-dB coupler #1. The measured intermodulation prod-

ucts now consisted of components generated by the aﬁplifier as

well as those generated by the TWTA. It was essential, therefore,

that the characteristics of the TWTA be known at the output darive

level requirea for the amplifier, Minimum TWTA distortion would

-

[l Y
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obviously occur at the lowest possible drivé level which would
produce 2.0 W input power into the amplifier, requiring minimum
attenuation in precision attenuator #1.

Once the amplitudes of thé tﬁim omér produc;'ts - were obtained'
for the cascaded amplifier system, it was necessary to separate the
effects of the two. This could be done subject to the following’

_assumptions:
a. Inté:modulation between the carriers ama i,ff“- TWTA IMP's
in the ampiiﬁer is negligible. 4

b.. In-phase addition of AM phasors will occur.

By making the abuve simplifying assumptions one can convert
the measured distortion‘sidebands into equivalent voltages, subtract,
and reconvert back to power.

B-1.2.5 Operating Temperature Range

The performance of the amplifier over the - 25°C to + 50° ¢
tempersturc range was measured by placing the entire amplifier
(excluding power supply) into an oven of suitable size. The cooling
fans included in the amplifier essembly were used.

B-1.2.6 Miscellaneous Measuremernts

It was assumed that measurements of parameters not'covered in
the preceeding (i.e., dc Power Input, Volume, etc.) did not require

discussion.



B-2 OPERATING INSTRUCTIONS

Initial set - up:

ae

b.

d,

€.

fl

go

Connect bias harness to receptacle in rear of Auxiliary Power
Supply (APS).

Conn.ct fan power cord to receptacle in rear of APS,

Connect each APS bias lead to the corresponding numbered flexible
cable (black) on amplifier chassis. Hand tighten each black cable
at its mating point with amplifier body.

Plug APS power cord into 110-V, 60-Hz outlet.

'Iﬁrn on APS using toggle switch on front panel. Red ligsht on APS
panel will light and fans on amplifier chassis will operate.

Switch meter to "Current". '

Adjust biés current on each diode by successi\'rely switching rotary
diode sele‘ct,or switch and adjusting corresponding potentiometer
using small screwdriver. Initial current setting should be approxi -

(2)

mately 5 mA below Imax shown on diode list.

Amplifier adjustments

e

b.

Using a swept - frequency test set-up (network analyzer, reflecto-
meter, etc.) covering 14.5 GHz to 15.5 GHz, adjust input power to
amplifier to< 1 mW at iS GHz.

Using a screwdriver, detune cavity #1 approximately 500 MHz downward
in frequency using nylon tuning screw at center of cavity.

Loosen four clamping bolts using suitable Allen wrench.

(2) A schematic of the constant current regulator is given in Figure B-2.1, -
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i.

On cavﬁ_'.ty'#Q aqjest cavity coupling by gentg'x-exerting pressure
on cavity body (either»towarde 'cireulator or away"from circulaﬁoz)

wh:l.le rotatlng it through as small an angle as . poss:.ble. Adjust

" center frequency using’ nylon screw. Adjust for 13-dB gein at

15:05 GHz. Retlghten two clamplng bolts.

Detune cén y #2 uEwa in frequency approx:xmate]y 500 MHz,

Follom.ng same proceduv'e as’ :m step Ly adjus\, cavity #1. for 13-<1B~_ '

ge:m at 15. 05 GHz. '

Rehlghten clamp:l.n<> bolts. -

T\me canty #2 dovnward in frequency to- overlap gain character-
1°tlc of cavity #1. _ : o ‘

Sma.ll slgnal galn peak of tuned ampllﬁer w111 be appr“nmate]y

19 4B, -

© B-13/B-14. -
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APPENDIX C

SPURIOUS OSCILLATIONS IN IMPATT DEVICES
(G.I. HADDAD)
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APPENDIX C

SPURIOUS OSCILIATIONS IN IMPATL DEVICES (G. I. Haddad)

Spurious oscillations in IMPATT amplifiers and oscillators fall into
three main categories as follows:
a. Bias- circuit oscillations, which have a great effect on the noise and
power output. These have been described by Brackett 1.3
b. Parametric-type oscillations in which the sum of tre frecuencies of
the two signals equal the main strong signal.
c. Oscillations at a subharmonic frequency. This is a special case of
the second and may be considered as a degenerate parametric oscillstion,
Hineslzrecently presented a théory for parametric interactions in IMPATT
diodes and gave expressicns for the stability criteriaz of an IMPATT - ciode
microwave circuits. A
Some of the main results of Hines' theory are 'reviewed next.

He assumes the presence of a strong pump signal at wp.

Wy Q the lowest perturbing frequency

b w +ow
“ = p+ (o}
w Aw -«
-1 % ()

The equivalent circuit shown in Figure C-1 is applicable to smali-signal
parametric interactions when the diode is being pumped by some large signal at 'wp.

The pump frequency of the diode does not appear directly in the equivalent
circuit bubzthe pump state is introduceda threugh the admittance Ym’n

Hines derived the following characteristic equation which governs the
stability of the diode - circuit system: ’

A * * T *
-1 - { Q - - C-1
D2 1- MM S (S5 + 8 - M 58"« (00, M) S 85T -0 (c-1)

c-3--
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Figure C-1. Equivalent Circuit for Parametric Interaction
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Mn ﬁ the avalanche current at the nt—'}-‘ pump harmonic divided by -
the d.c. current.

. The subscript n in M refers to n wp, whereas the subscripts of the 5

quantities refer to the parametric frequencies e Also:

*
Moo= M,
M| =1

The compl{séc quantities Sm may be thought of as st,ability factors. They
are defined as : :

1 .
: 2. (w) + W C -
: X ‘'m m T 2
k w;“2
where r =
(- w?)

w, = avalanche resonance frequency of the diode

2 _ 20.(Ec) J, Vg

w
a
€
CT = total capacitance of the aioae
@ = the ionization rate

‘a! = do
dE

Ee

Zd(w) = the small-signal diode impedance 1°
sin 6 2 1 - cos %

xd-xd ed -waz + y(a( ed ) (0_3)
= 2
¥Cp (1 - =5)
w

a
X . = ratio of drift-region length to the total length of the diode

'ed =" uﬂ‘d = Transit angle of the drift region.

Cc-5

RPN

. i =t a s mem



The stability of the diode - circuit system may be studied by examining
the roots of equation C-1 for complex frequency. It can be seen that the effect
of the large-signal pump upon stability is completely described by the two
factors Ml and M2 since the stability factors S depend only upon the small -
signal aiode impedance and the circuit impedance. This is a very important .
result of the theory. 1If, for a given circuit and diode, the stability factors
are such that there are no unstable roots for O < |M1| <1 ana 0 < |M2| <1,
then the system is stable for any pump level.
Unaer certain conditions, there are simplified forms of the characteristic
equation which are valid and useful. If |M2| << |M1| , then equation C~1reduces to

2 * ~
1-[Ml%s (s +s8) T 0 (c-4)
Also, if ISll << |so' and (s_ll , then equation C-1 simplifies to:
1-Jml%s, s, T o . (c-5)

This is the one suggested by Hines for the degenerate case.

The justification of equation C-5 is as follows.

2

(1:2-0.)2
a

Forw<< ) the term is

much smaller than 1 ana S{«) approaches unity. For w ip the vicinity of R
u

Zu(a:) is quite aifferent from 4 and of course is large. Therefore,
~7 w"-w
a

S(w) is not negligible in general. However, there is no pole for S at w = w,
since the pole in Z cancels that of u.f’z/(t.ua2 - u.‘z). Since it is usually

desirable Lo pump the diode where the negative conductance 1is large,

w2 22w 2. Therefore
P a

for w> w
P

5 T2 -1 (c-6)
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.+ and S(w) tenas to zero. Therefore, equation C-5 is reasonable especially for
OETVC o |
I‘,ou?tlon C-5 can be successmlly employeci to determ:me t,he stablllty
cntema, if the diode 1mpedance and circuit 1mpec!ance are known. ' S Cor
It is obvious that -in order for’ equatlon C-5 to be satlsfled, S S* -1 mst be :
real and greater than one, Therefore, a plot of the real ‘and 1mag1nary ‘parts of .
S S as a functlon of frequency will skow whether such a. plot will 1ntersect .
' :the real axis or not and at what freguencies it will intersect.. If S S 1nter;
sects the real axis, and its magnltuae at that poimt 1s greater than 1 then the
poss1b111ty of a spurious osclllatlon exists. If S S .45 real at some frequency, E
then the magnltude of |M1| at which the spurlous 056111at10n is 1n1tlated is given :-
¥ .t o
.l_Mll. (303-1) LT S )

St bt 0

Ifw = wp/z,?he,,_ Wy - wp/z and 5= 5_) ana S,5.y = I5,1°,

Thus the phése eooditiOn for instability isg. aiways satAisfied'at'the subharnoriio
and thus it suggests that spurious- osclllatlon most .Jkely occurs at the sub-
harmonlc, note however that for this case IS | ‘must be larger than 1. -
Parametrnc type instabilities are also predlcted from this equatlon. _ . _
If the small- 51gnal admlttance of the diode is known (by either calculatlon rlf'
. or measurement) and if the circuit impedance. is known (either by cal-ulation or !

measurement), then equation C—5 can be readlly employed to det ermine whether spurl-; :
" ous osclllatlons are possible or not. : N ;

" On the other hand it is 1mportant to be able to derive some general criteria }
ir. order to be able to make some general statements concerning the circuits

i
H

requlred for stabllaty.



" In order to obtain unconditional stability, it is necessary to have an
*
SOS_1 function which does not intersect the real axis beyond unity for

0 sw < wp/z.

. This is the most general stability criteria which applies to both para-
metric and subharmonic oscillations. -

One way to simplify the problem is to make ,S S* l < 1 or to lie inside

the unit circle. Although this is restrictive (51nce actually this only apphes

to the subharmonic), it is sufficient to guarantee stability and makes the
problem more tractable to deal with analytically. Using thiscriterion, one can
concentrate on the magnitude of SQS‘)_(.1 and neglect the phase. We can also make
an additional requirement that ]'Sol and |S_1| be less than unity and therefore
use as a criterion for stability that

|S(w)] =1 for 0 <w< “ ‘ : (C-8)

Note that it is necessary to consider frequencies up to wp, because no matter

_how small S may be S_, could be such that it would yield an unstable product.

EquationCc-8 issufficient for stability but not necessary and may be too

restrictive in certain situations. One then has to resort to the more general
stability criteria.
From equation C-2 we have

[20) + 2 (@] [5 - 1] = r [2,(0) + 555 ]

;)u.C

and therefore,

T
Z,= %+ 558 - Tac )' L e

. 2

o
_where r = S >
w - w



For any set of Zd, r, wand C
between Zx and S.

T equation C-9 is a bilinear transformation

A bilinear transformation always maps circles into circles; a straight line
is regarded as a circle with infinite radius. Thus circles of constant IS' map
into circles in the external impedance plane. We can construct the circles
as follows: '

Let us write S = ,SIE’je - v,

l+r=a

7

1
r(z, ~ 3“’_0’1‘.) =c

X = Zx + Zd.
Surstituting into equation C-9, we find

C

X o =S : ’
a - bed® (C-10)

This is the equation of a circle and is shown below:

Im X :
ac be

' )
e b0 & -b®

: N R
(a—c:-b , 0)/\ ! /// (afb y 0) Re X

The radius of the X~circle is = % [l-;-:-:_—s - ?—%3”

1 -
st be . |s] r(za-:wcT)i
a° - b° (1 + )2 - [s]?

(C-11)

and is equal to the radius of the Zx circle.



L

The center of the X - Acircle_ . (z_a_c_z__, 0 ), 15 given by .

a -b

(1+r) r.(2, —l/ij)

(1 + r) !SI
- The center of the zZ, cirele is
| Qenrz <)
- _ac . : SRR Lok SR (S &)
: _ & ———— = <Z + - - : .
Xcenter . - a2-'b'2‘ ' d_ -4 RE S 1‘)2-.'" Islz-,

Therefore there is a regibn in the Z -piane (even though it may be quite limitea)

such that for any Z_ within this- region [s].s 1. The region is bounded.by a

circle ‘and in some cases,-it may be the entire Z plane "outsuie" of a circle.
" Thus if we know the properties of the diode, we can determine the Z values. as
a functlon of frequencles vhere instabilities \nll not occur. ’

It is relat.:vely stralghtforwara to program the pertlnent equatlons ‘on a
computer and thus be able to make. these computatlons relat:wely qulckly
As a summary, the procedure for cetermining whether 1nstab111t1es w:Lll
" occur is as follows:. ' ’ |

a..

Ce

_ After a particular dicde is choéén,‘ one can meas{n-e the small - signa_i ’

impedance 2 (w) of the diode from a very low frequency up to the

‘oneratlng frequency as well as the total capacltance of the tuode. -If

the diode doplng pmﬁle ‘and area are known, 'z

o can be computed.

"If a partlcular c1rcu1t is chosen one can measure. the impedance

- of the circuit as a i‘unctlon of frequency or it may be calculated.

NI

S(w ) is. computea usxng equatlon C-2 for 0 < w < w /2. wn is the operating

'frequency. 'I‘hen S [wkuch 18 S(wp -y )] is comput,ed from equation C-2 for
O < Wy s wp/2 The product S S is plot.tea in ‘the complex plane for

.0 s w, s wp/z. Ii‘,SQS_1 does not .in.tersect- the real axis beybnd.ur ity,’

then the diode-circuit systex is unconditionally stable. If it does .




intersect the real axis beyond.unity, then the magnitude of My at which

spurious signals are ini;iated is given by,

) lM1’ = ( 1* ) . (C-14)

If one needs to obtain an approximate idea as to the value of 2 which is
required to prevent instability, then equation C-~13 can be employed to determine
~‘this} it shoula be noted, however, that the values of Z, computed in this
manner may be too restrictive but will provide a good start. The way to proceed
here is to use equation C-11 and C-13 as follows:

8. Here again, the small-signal impedance and CT for the device have to
be-measured or calculated. From these w, can also be determined.

b. Using equation C-11 and C-13, we can determine the center of the Zx rircle and
its radius for ISI = 1; this circle provides the boundary for allowable
values of Zx at each frequency. In order to determing whether the
allowable values of Zx are irside or outside the circle, we can then
determine whether at each irequency 2. lies inside or outside the circle
for || > 1. 1Ir Z, lies outside the [s| = 1 circle for [s] > 1, then
the region inside the circle is the allowable region and vice-versa.
This procedure has to be carried out for 0 s ws . =

Ce I1f one can then design an externzl circuit whose impedance meets the
restrictions obtained in (2), then one is assured of no spurious
oscillations. However, if one has a circuit which does not meet those

" conditions, it is not necessarily unstable and one should resort
to the previous procedure for determining instability.

_ It is worth noting here, that the Zx employed here also includes the
- package parasitics.

c-11/Cc-12
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