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difference between the coupling mechanisms in these

two cases could be responsible for the drastically dif-

ferent behaviors at the cutoff, but no convincing phys-

ical interpretation can yet be offered.

.%CKNOWLEDGMEPJT

The author wishes to thank hIrs. C. ILI. Kimme for

her assistance in carrying out the computational pro-

gram, and Loren Dale for hk assistance k making the

measurements.

[1]

p]

[3]

[4]

[5]

REFERENCES

H. Unq-er, ‘[Circular waveguide taper of improved design, ” Be,lJ
Sy.Y. Tech. J., vol. 37, pp. 899-912, July- 1958.
S. K. Savvirykh, “011 the theory of tapered circular waveguides, ”
Radiotekkn. i Elektron.J vol. -+, pp. +72–1002, April 1959.
C. C. H. Tang, “Optlmizatlon of waveguide tapers capable of
multimode propagation, ” IRE Transactions on Microwave Theory
and Techniques, vol. ilITT-9, pp. 442–452, September 1961[.
S. A. Scheikunoff, “Conversion of Maxwell’s ec[uations into gen-
eralized telegraphist’s equations, ” Bell Sys. Tech. J., vol. 3.4, pp.

995-1043, September 1955.
Y. Klinger, “The measurement of spurious modes in over-moded
}vaveguides, ” Proc. IEEE (London), vol. 106, Pt. B S(]ppl.,
pp. 89–99, January 1959.

Computation of the Performance of the Abrupt

Junction Varactor Doubler

ALFRED ~. GRAYZEL, MEMBER, IEEE

Absfracf—A computational procedure is given for the solution of

the large signal abrupt junction varactor doulbler as the input fre-

quency is varied, given the available power clf the source and the

source and load impedances. The basic equations are presented in a
convenient form. The steps in the procedure are then outlined, and
an example is given to demonstrate their use.

SYMBOLS

Eff = efficiency of doubler

E,= Th6venin equivalent voltage of input source

ml= normalized elastance coefficient at input

frequency

WZ = normalized elastance coefficient at output

frequency

P= parameter defined by (S)

Pav = avail:tble power of source

Pi. = input power to doubler

P norm = normalization power= ( V,y+q5) 2/Rs

Qmi. = charge on varactor when S(t)= O

g+= charge on varactor due to contact potential

R,, = real part of Th&enin equivalent source im-

pedance

i?%= real part of (Z,+ Rs+S,/2jIJ)/RS

RS = series resistance of the varactor

SO= average value of S(f)

S(t) = instantaneous value of elastance

S,,,,,X = value of S(t) at breakdown

S~,. = minimum value of S(t)

ZLQ (27’?’22/??21)2
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VB = breakdown voltage

170= direct voltage across varactor

VSWR = voltage standing wave ratio

X,= imaginary part of Th6venin equiva lent

source impedance

y Q wz2(c0c/u)cos e

ZW = impedance looking into terminals bb’ (Fi~. 1)

Z,,, = voltage across diode at input frequency di-

vided by current at input frequency

22= load impedance

u = input frequency

me= cutoff frequency of varactor = S,,,.JRS

O= phase angle by which input current leads

output current

paa, = reflection coefficient at terminals aa’ (Fig. 4)

pbb, = reflection coefficient at terminals bb’ (Fig. 4)

@= contact potential

IJJA= angle at which S(f) is a maxirnulm

~B = angle at which S(t) is a minimum

INTRODCTCTION

H

~ AVING DIZSIGNED a doubler circuit quite

~ often, one would like to know its efficiency and

output power as the input frequency is varied

about the design frequency. In this paper we therefore

consider the following problem: Given an abrupt junc-

tion vat-actor doubler circuit whose load and source

impedances have already been chosen, driven by a sirlus-

oidal source whose frequency we are free to vary ;and

whose available power is a known function of frequency,

what is the output power and efficiency as a function
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of frequency? The input and output circuits may be
~–io

tuned circuits and traps or more complicated networks;
Zin – RS – SO/jW = Rsy ——

cos e

however, it is assumed that currents flow only at the

input frequency and the second harmonic. The analysis
~+.le

Zz + Rs + SO/2ja = Rsy/u —

is therefore valid only over that band of frequencies for Cos o

which this assumption is approximately true.

A solution to this problem has been givenl which in-
Pin = Ty’(y + 1)/’U

volves solving a cubic equation whose coefficients are
y–u

functions of the average elastance. Since the average
Eff = —

y+l

elastance is a function of the operating point, one solves

by an iteration procedure until one converges to the
and taking the real part, (10) yields

value of the average elastance. While such a procedure

(

Z~ + R. + So/ju
i?z ~ R.

is well suited to computer solution, computation by R. )
= yju.

hand is quite laborious. In this paper an iterative pro-

cedure is given which is well suited to hand computa- Equation (11) can then be rewritten as

tion. In the first part of the paper the basic equations

are given, rewritten in the form required for their solu-
y2=y_5

—— =0

tion by this procedure. The steps in the iterative pro-
PRZ

cedure are then outlined and an example given to dem-

onstrate their use. ‘= 1’2(-1’ d~z)

BASIC ECXJATIONS Equations (9) and (10) yield the relationship

The basic equations of the abrupt junction varactor so

( )

*

doubler have been derived by Pen field and Rafuse.2
Zin=Rs+7+u Z2+R~+~ .

2jL
The equations that we require are rewritten here. For

jJw

MAY

(9)

(lo)

(11)

(12)

(13)

(14a)

(14b)

(15)

. -.
simphclty, we have assumed Srni. = O, and hence Q~i. This is a very important relationship since it enables

= –~+.
us to draw a simple equivalent circuit of the input cir-

cuit of the doubler from which we will find its operating

Zi. = RS + SO/jcc + RS 2 mze–~% (1) point at each frequency. The equivalent circuit is shown
u

in Fig. 1, where EQ is the Th6venin equivalent source

Z2 == — RS — SO/j2u + Rs ~ ~ e~a (2)
voltage, and Rg and XQ are the reaI and imaginary parts

of the Th&enin equivalent source impedance. The

() (

‘U 2
power Pin is given by

Pin = 2Pno,~ — m,’ 1 + m, % cos O
)

(3)
tic co

Pin = P.V(l – ] pa., Iz) = P.v(l – \ ~~~, 12). (16)

(coC/2ti) cos 0 – 2m2/m12
Ejt =

(coC/2w) cos 0 + 1/2 mz

s(t)
— = SO/S~,x + 2m~ sin cd+ 2mz sin (2d – 6’) (5)

s max

However, it k more convenient to find the VSWR, using

(~) a Smith chart, and then use the relationship

(17)

Vo+cj so 2()
to find the magnitude of the reflection coefficient.

— ——— -t- 2m12 + 2mt2.
VI?++– Smx

(6) In the calculations that follow it will be necessary to

compute SO, the average elastance for each operating

Let us define three new parameters: point. We therefore require the relationship between SO

~ 2mz :

()

and n and mz.

~~.— (7a) For fixed bias, (6) yields
ml

so

–d

vo+#

y&2~cos0 (7b) s= ()
–2m,2 l+:

vB+@
(18)

QJ
max u

2Pnorm 2CJ 4

()

while for the self-bias case, So is such that S(t) has a

~~———— . (8) minimum value equal to zero. Equation (5) thus yields
COS26 u.

for self-bias

In terms of these three parameters, (1) to (4) become so
—.

(
– 2?’% + sin+. + sin (’+B – 8)

s )

(19)

1A. 1. Grayzel,
max

qhe bandwidth of the abrupt j UnCtiOn Varactor

frequency doubler” (to be published).
2 P. Pen field and R. P. Raf use, Vamctor A @~Zications, Cambridge,

where +~ is the value of d which minimizes S(t).In Fig,

Mass. ~MIT Press, 1962, equations 832, 830, 841, 847, 850, and 849. 2 #B is plotted for different values of u and 0.
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I b’

w O.-J
a’

Fig. 1. Equivalent circuit of the abrupt junction frequency doubler.

Fig.2. +BVs.6.

We have now derived all the relationships necessary

to solve for the operating point of the doubler at each

frequency.

1)

2)

3)

4)

5)

6)

7)

8)

9)

PROCEDURE

Assume ,SO = Sm.x/2 and calculate the real and

imaginary parts of Zg +Rs + SO/2ju and the angle

8.

With this value of O, calculate ;P using (8).

.%sume Pin= Pa,..

Find y from (14), u from (13), and mz from (7 b).

Find So/S~ax using (18) or (19).

Recompute Z2+Rs+So/2ju, d, and ~ using the

value of So found in Step 5.

Find the value of pbb, (see Fig. ;!) using the value

of u found in Step 4 and Z2+Rs+SU/2ju found in

Step 6. (A Smith chart should be used to simplify

this calculation. )

Let Pin= P.v(l– lpb~,l ‘).

Repeat Steps 4 through 9 until the solution con-

verges.

Having determined the operating point, we must now

determine whether breakdown has occurred. As can be

seen from (5), the conditions under which breakdown

does not occur are

so

[ 1—— + 2wr2 * sin y!JA+ sin (2+. – O) <1
s

(20)
max

so
— + 2m,
s [ 1

~ sin *B + sin (24B — ~) >0 (21)
max

where *.4 is the value of u(t) which maximizes S(t) and

L, L3

L2 5 z
‘1 C4

..11

‘4

Rq R2

Fig. 3. f)oubler circuit, Example 1.

TABLE I

R, L, .,I C, L, L4 C, R,

39.8 0.375 0.100 6.35 0.339 0.635 4.00 i8.8

*D the value which minimizes it. It can be shown’ t hat:

l~(o) = – *.(–o) (22)

and hence $A and $B can be obtained fro~m Fig. 2. Sub-

stitution of *A, IJB, u, mz, and 6 in (2o) and (21) will then

determine whether breakdown has occurrecl.

IHaving determined ZLand y, the efficiency can be de-

termined from (4), The output power is then given by

P.Uh = EffPin = P.v(l – I phh, ]2)Eff. (23)

Example 1

Let us consider the doubler circuit of Fig. 3. The

varactor has the following parameters:

w= 400 Gc/s, Cmi. = 2.5 Pi?, &= 1> v~-++= 100 vo~ts.

The element values are given in Table 1. The avail i~ble

power of the source is 55.5 m W and the varactor is filxed

bias such that Vu+@ =27 volts. The doubler was, de-

signed such that at an input frequency of 100 Me/s the

input and output circuits are resonant and the source is

matched. This can be verified in the following manner:

At 100 hfC/S

smm
— = 637

u

and if we assume that SO= S~.J2

~, = 18,5 X,=o Cosfl=o

R, = 39.8 Xg = 318.5,

Since X,= So/co and cos 8 = O, we see that the input and

output circuits are both resonant. Equation (8) yields

~= 1.948x 10-~ and if we assume Pin =P.v then Pin/~

=28.5 X 10s, and (14b) then yields y= 38.8. ‘Taking the

real part of (9) yields

Re (Zln) = 1 + y = 1 + 38.8 = 39.8.

s A. I. Grayzel, ‘(The bandwidth of the abrupt junction varactor
frequency doubler, ” Ph.D. dissertation, Massachusetts Institute of
Technology, Cambridge, Mass., 1963, pp. 27–28.
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We thus see that the source is matched.

Let us now calculate the performance of the doubler at

95 Me/s. At 95 lUc/s

sm ax
— = 670.5.

w

Step 1: Assume SO= S,J2, then

~z = 18.5 X, = – 52.8. cos e = 0.331

R, = 39.8 x, = 300.75.

Step 2:

~ = Lx 104
— [2 X 1.49 X 10-3]4 = 18.25 x 10’.

(0.331)’

Step 3: Let Pin= P.v=55.5 mW, then

Pin
— = 3.04 x 103.

P

Step 4:

y=–l+

12.3
~=—

18.5 =

12.3 X

V’1 + (4)(3 .04)10-3 = 12 s

18.5

0.665

1.49 x 10–3= 0055
mz = . .

0.331

Step 5:

– 02’- (2)(00’’)2(1++3)=0’76so

s=m ax d
Step 6: Using this new value of SJS~~. we non- recom-

pute Z,+R~ +SU/2j0. The real part does not change.

So/a changes by (0.5 – 0.476) 670.5 = 15

and

SJ20J changes by 7.5.

Hence,

so— = 320.25
u

~z = 18.5 X2 = – 4’5.3

COS ~ = 0.378 F = 14 x 10–6.

-j 32~.25

E:r’s=d
I I

b’ a’
n

w U

Fig. 4. Equivalent circuit, I+ample 1 (first iteration).

TABLE II

Iteration 1 2 3 4

z, 18.5 18.5 18.5 18.5
x, –52.8 –45.3 –49.4 –48.1
Cos o 0.331 0.378 0.351 0.360
IPI o 0.524 0.535 0.565

+’ 18.25 x10-’ 14 X1 O-6 16.2 X10-’ 15.4 X10-’
Pin/F 3. O4X1O3 2.87x1O’ 2.4+X103 2.5x1O’

Y 12.3 12 11 11.15
u 0.665 0.649 0.595 0.60
‘m 0.055 0.047 0.047 0.046
So/smax 0.476 0.490 0.486 0.488

Step 7: The equivalent circuit of Fig. 1 takes on the

values shown in Fig. 4, and p~~, = 13.2 +j10.4. Normaliz-

ing to 39.8 Q and plotting on a Smith chart, one finds a

VSWR of 3.2. Then I p I equals

3.2–1
= 0.524.

3.2+1

Step 8: Letting P,n=Pav 1– p ‘), then Pin/~ =2.87(11
x 10-3.

We now return to Step 4 and repeat through Step 8.

The calculated values are shown in Table II for four

iterations. The operating point converges to

z~ = 0.60, m~ = 0.046, SO/S~ax = 0.488.

Substituting these values into (20) and (21), we find

0.04< p <0.74
nlax

and hence the diode is not in the breakdown region. The

efficiency is found from (12) to equal 0.868, and using

(23) , Po,,JPav = 0.602.


